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PREFACE

The purpose of the Institut filir Plasmaphysik, as laid down by its constitution, is to
conduct research in plasma physics and allied fields and also to develop the methods and

equipment required for such research.

At present the Institute comprises three Experimental Departments, a Theory Department,
an Engineering Department, Central Workshop, Administration and General Services.The
"Seientific Supervisory Board" consisted in the period covered by the present report of
the five departmental heads and the two directors of the Max-Planck-Institut fiir Physik
und Astrophysik who held office when the Institute was founded. One of the duties of
this board is to decide on the type of research and how it is to be conducted, close
contact being maintained at all times with the business management. Organization and
administration are based on the successful principles adopted by the Max-Planck-Gesell-
schaft and geared to the special requirements of the work being done at the Institute.

The cecllaboration with EURATOM dating back to 1961 under the terms of an agreement to

conduct a joint research programme was continued.

In the report year the main object of the scientific work undertaken was again to investi-
gate the possibility of producing hot plasmas and maintaining them over such long periocds
and at such high temperatures that a substantial quantity of plasma (if it consists of
suitable hydrogen isotopes) is converted by energy-yielding thermonuclear reactions. So

far this objective has not been achieved anywhere in the world,not even with a modest
degree of success. Nor were any of the experiments conducted, started or planned in the
Institute intended to bring about these conditions directly. Even the relatively large
experiments constitute only preliminary stages for clarifying in three ways the conditions

essential for realizing the state sought.

The first approach consists in producing by rapid magnetic compression (theta pinch) a
plasma of as high temperature as possible and of not too low density. This way comes
nearest to achieving the state sought but in its analysis certain difficulties arise,
firstly because of the complications involved here in all measurements of physical quanti-
ties and secondly because of the essentially dynamic behaviour of the plasma, which has to
be clarified by elaborate numerical calculations. In order to achieve any worthwhile
progress by this method the confinement times have to be extended considerably. Special
attention is therefore devoted to the phenomena at the ends of elongated devices and to
the possibilities of devices closed upon themselves ("M+3").

The second approach consists in producing an almost fully ionized plasma in almost statio-
nary thermal equilibrium. Such a plasma therefore has properties that are largely under-
stood. By methods whieh can be regarded as relatively conventional temperatures of 10
degrees (C) and a little over have been reached (Experimental Plasma Physics 3, "Hour-
glass") so as to produce a plasma particularly suitable for experiments that point the

way ahead.

The third approach consists in investigating model plasmas, there being no intention of
seeking an approximation to the state variables of a fusion plasma. This way does allow,
however, a detailed analysis of the behaviour of the charged particles confined by a

magnetic field. For this purpose alkali plasmas in varlous geometric configurations are

used.




All these experiments and also a large number of others whi;h are concerned with subordinate
problems in physies, or clarify technical difficulties, or devise new measuring methods are
being conducted more and more in collaboration with theorists. The report therefore des-
cribes a fairly large amount of theoretical work connected with the relevant experiments-

Both the investigations at the Institute and the knowledge gained from the remarkably close
cooperation with a large number of other laboratories, mostly abroad, indicate that the
desired extension of the confinement time, in particular, is possible with magnetic fields
'which are stable against so-called "exchange". Appropriate experiments with plasmas

produced in various ways are being prepared.

Work in the field of magnetohydrodynamic generators was continued in the report year. This
involved, in particular, investigating the possibility of maintaining the electrons at a
higher temperature than the rest of the gas. Shock tubes are used for supplementary

measurements.

The sections of the report relating to the various groups of the Engineering Department
describe the extensive work being done in the field of technical developments, such as
were necessary, for instance, for constructing the 1.5/2.6-MJ capacitor bank, and in
special fields of physies, such as ultra-high-vacuum physics.

The Institute arranged two international conferences: "International Symposium on Diffusion
Across a Magnetic Field" from 29th June till 3rd July 1964 in Feldafing and "Third Symposium
on Engineering Problems in Thermonuclear Research" in Munich. An account of the proceedings
was published by the Institute.
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EXPERIMENTAL PLASMA PHYSICS 1 (PROF. DR. FUNFER)

1. Summary

a) Theta Pinch

In 1964 the Department concentrated attention more than ever on the rield of the linear
theta pinch. Available in addition to a few small banks used mainly for diagnostic purposes
were two banks with energies of 30 kJ and 80 kJ respectively. At the present time the
1.5/2.6-megajoule bank is still at the technical testing stage.

Experiments with the 30-kJ bank served first of all for providing comparisons with
calculations obtained by the three-rluid theory. Previous measurements of electron density
and magnetic-field distribution do not afford any satisfacotry conclusion as to the
suitability of this model and were supplemented by spectroscopic temperature determinations
from line intensities of additional components. Moreover, the electron density and tempera-
ture were established from light scattering measurements with a pulsed 5-MW ruby laser.
Within the relatively wide, cxperimental margins of error agreement was satisfactory. In
order to provide a further comparison with theory an experiment was conducted to find the
ion temperature by measuring the line profiles of additional components. For this purpose

a speclal installation comprising monochromator and Fabry-Perot interferometer with a

system of concentric ring mirrors was used.

With antiparallel, trapped magnetic fields macroinstabilities were observed. These consisted
in the plasma cylinder breaking up into seperate rings. These instabilities are particulary

pronounced when perturbations, such as are caused by probes, probe ports and the like, are
If the wall of the discharge vessel 1s smooth the formation

present in the discharge vessal.
of water films on the wall as airesult of previous discharges is responsible for the break-up.
With appropriate treatment beforehand this effect could largely be eliminated. The rates of
growth of these instabilities could be better accounted for in terms of reslstive diffusion

than in terms of the times postulated in theory for tearing-mode instabilities.

With the appreciably faster 8o-kJ bank it was possible at initial pressures as low as B/u to
reach relatively high ion temperatures. With antiparallel fields neutron bursts were mostly
symmetrical to the field distribution. With BO = 0 the neutron maximum precedes the maximum
of the compressing field. This premature decrease was probably due to end losses since the
plasma was macroscopically stable. Estimates of the ion temperatures were obtained by three
methods: from the total neutron emission, from the equilibrium radius and from the kinetic
energy of the ions on the first compression, assuming a subsequent adlabatic compression.
Values of 1 - 2 keV were obtained for Ti. Electron temperatures of between 100 and 400 eV
were determined (rom absorption measurements of the soft X-radiation and from conbtinuum
measurements with an X-ray spectrometer in the region of § - L4 R. with antiparallel fields
in particular, a rotation of the plasma with a frequency of a few Me/s was found towards

of the end of the half-cycle. Even with no trappsd {ield a rotation of even higher frequency

was ocecasiocnally observed.

Preionization with the aid of a fast theta pinch discharge showed remarkable behaviour as

a function of the filling pressure. In a certain pressure range the plasma cylinder
oscillates in phase with the magnetic field, which results in periocdic contact with the wall
and thus gives rise Lo impurities. In other pressure ranges the plasma cannot follow the
time variation of the force and with approximately constant diameter remains clear of the

wall, the result being a lower percentage of impurities.




Construction of the 1.5/2.G-megajoule bank was sufficiently far advanced to allow a staru
on technical tests toward the end of the year. The properties of the z-pinch preionization

had previously been investigated in the original discharge vessel.
: %

The three-rluid model was improved in several respects. Cases with antiparallel fields and
fieldless plasma can now be calculated as well. Moreover, much better constancy of the total
mass of the plasma was attained. In addition, the degree of lonlzation was calculated more
accurately and the influence of impurities investigated. Detailed treatment of the energy
contributions, i.e. the kinetic energy of the plasma and the thermal energy of 1ons and
electrons, showed that up to the first compression the influence of impurities and radiation

losses on kinetiec and thermal energy is remarkably small.

Theoretical consideration was given to the extent to which the kinetlic energy of particles
can be raised by reducing the initial particle density n in the theta pineh. The various
pinch models all show an inerease in the particle energy of LAM. This still does not take
into account the question of thermalization. Theoretical and experimental results with the
turbulence heating investigated by Babykin et al. would seem to indicate, however, that
thermalization may be expected in a collisionless plasma as well. Tt is thereby assumed
that, as a result of two-stream instabllitles, waves are excited which enter into non-
linear interaction and on being absorbed raise the thermal energy of the plasma. An attempt
is being made o transfer these results to the case of the theta pineh with very low initial
density. In this connection experiments were conducted to try and verify ideas on space-

charge coupled electron and ion oscillations of a low-density non-diamagnetic plasma.

In order to devise ways of reducing end losses, a starft was made to caleulating vacuum

cusp fields at the ends of the linear theta pinch.

b) Preionization Methods for the Theta FPinch

1

Due consideration was given to the decisive role of good preiouization in the casce of the
theta pinch by investigating a series of preionizztion methods. First a fast theta pinch
predisehar e was investipgated, then a linear z-vinch discharge and finally plasma injection
with conical 2z and theta pinches. Work was also begun on photoionization by means ci" the

UV radiatlion from gas discharges. A z-pinch prelonization was chosen for the megajoule

experiment also pecauseit brealks down right to the lowest inltial pressures.

o) Other Plaswa Confipurations

Theoretical considerations of the magnetohydrodynamic equilibrium between an external magnetic

field and a field-free plasma for plane geometries were concluded. For the special case of
the two-dimensional M+8 torus, the so-called Quasilimus, analytical solutions were obtalned

and compared with experimental results.

An antipineh for producing shock waves was constructed and the distribubion of the electron
density gradient in the shock front investigated with a differential interferometer. This
yielded appreciably higher density gradients than those measured with magnetic-field probes.

d) Diagnostics

Substantial progress was achieved by further development of the light scattering method. By
introducing a multiple slit comprising glass-fibre pundles it was rossible to carry oub
simultanesous measurement from 7 wavelenghhs of a scattered-light spectrum. In the ftransition
region between Thomson scattering and the region where collective effects are encountered

possible

the oceurrence of satellite lines could be shown for the rirst time. Iu was




to verify the central line, but without spectral resolution. An apparatus enabling the
spectrally resolved central line to be measured for very small scattering angles has been
developed and is to be used for measuring the lon temperature.

With the aid of the Doppler effect in a travelling-wave Kerr cell it was possible to shift
the frequency of the ruby laser line so as to put the difference frequency in the range of
the plasma frequencies.

Progress was made in the construction and testing of differential interferometers, electric
double probes, plezoelectric probes, detectors for infra-red radiation, methods of measuring
line profiles with image converter and multiplier, spectroscopic measurlng devices, pulsed
neutron sources and electronic measuring devices.

In 1964 there were 21 regular scientific staffl members, 3 guests from abroad, 8 doctorate

candidates and 6 diploma candidates.




2. Theta Pinch

2.1 Theta Pinech I (H. Herold, G. Decker, M. Kornherr, F.L. Ribe+, H. Rshr)

Data of installation:
Bank for bias magnetic field:

C = EOO/UF, U, fiidse = 10 kv, T = 55 ,usec, crowbar in field maximum.
P - ~ /

Bank for preionization (across the theta pinch coil):
C = 1.6,uF (}.Q/UF}, U, = 25 kV, T = 1.7 usec, additional RF cable discharge
i i

Main banic:
T o= 8 ¥ = = e = 3 5 .
E=80kJ, U =40 kv, B =100 kM, T 5.3 jusec

Coil:

30 em long, 7.1 em in diam.
In the discharge vessel a base pressure of about 5-10_8 torr can be achieved after baking.
At the beginning of the discharges the degree of impurity of the filling mas due to the
leak rate and the [illing time is <5-10“D' (vol/vol) at lO/u filling pressure., After the
First half-cycle a vacuum switch in parallel with the coil takes roughly half of the total
current. In this way the stress on the discharge vessel in the lollowing hall-cycles is

appreciably reduced.

The installation was put into service in the middle of the year. The results of investigations
so far can be summarized as follows: sucess was achieved in producing a hot, neutron-emitting
deuterium plasma (106 - 1o! neutrons per discharge) which is stable at least over the greatest
part of the half-cycle. The electron temperatures lie between 100 and 400 eV, depending on

o |

the experimental conditions, and the ion temperatures are estimated at between 1 - 2 keV.

The degree of purity of the plasma is stilll unsatisfactory.
Below are a few details relating to the measurements:

a) A few properties of the preionization discharge were investigafted. Measured from the ratilo

of continuum te Dg line intensity, the electron temperature is about C.5 eV at 20 and 60/h
filling pressure. The concentration of oxygen impurities as measured from 0 IT line intensitiles
by the addition of oxyzen and by extrapolation was a minimum of about 0.35 %. Noteworthy is

the dynamic behaviour of the predischarge as a functlion of pressure and bias field. End-on
streak photographs and the observatlon of 0 II line intensities indicate the following inter-
pretation: in certain pressure ranges (e.g. 20 - Ho/u, DE} the plasma cylinder oselllates
roughly in phase with the sinuscidally decreasing magnetic fleld or in phase with every sazcond
half-cycle (Fig. 1 ¢ and 1 b). Because of successive contacts with the wall this gives rise

to strong impurity concentrations. In other cases (e.g. at 60/u and B, = 0) the plasma cannob
follow the time variation of the force and remains confined in a plasma cylinder of
approximately constant diameter, clear of the vessel walls (Fig. 1 a). Impurities are there-
fore not so pronounced. Accordingly, the properties of such frequently applied radio-

frequency predischarges vary intensely with pressure and appropriasely modify the behaviour

of the main discharge.

+ Guest from Los Alamos, USA




b) The purity of the main discharge was determined from time-integrated spectra and
observations of line intensities. The time-integrated spectrum shows only oxygen and

siliconn lines. No carbon lines could be detected. The oxygen content of the discharge

was mostly 1 % and with antiparallel bias field {BO =4l ) was greater than for B, =0,

The observations were conducted on an O II line (4075 ﬁ) and with an X-ray spectrometer on an

0 VIII line (15.18 ﬁ). On addition of 0O, the intensities of both lines varied in proportion.

2
¢)Neutron emission was established both for B, = 1l and B, = 0 in the first half-cycle of

the main discharge. In both cases the yields attain a maximum at relatively low pressures
(Fig. 2). Fig. 3 shows ¢the dependence of the mean neutron yield on varicus bias fields.

The neutron burst commences on the 2nd - 3rd compression of the plasma and for BO =0
attains its maximum prior to the maximum of the compressing field. For EO = -2 k[" the burst
is mostly symmetrical to the fleld. As streak photographs of the plasma at B0 = 0 usually
show a macroscopically stable plasma columm, the early decline of the neutron burst at

Bo = 0 can be explained in terms of end losses. No displacement of the burst maximum at
various pressures ( 3 - 60/u, Dg) and B = 0 could be detected. The resulting assumption
that the rates of loss are independent of the filling pressure is to be checked by inter-
ferometric investigations.

d) At B, =1l streak photographs show (stereoscopically as well) in the last third of the
haly-cycle a rotation of the plasma with a frequency of 4.5 to 2-10° c¢/s. Ab BO = 0 as well
a rotation of higher frequency (about 6-106 e¢/s) can occasionally be detected.

e) An X-ray spectrometer was used in end-on observation at Mo/u, D2 and B = -2 k[ ., with
and without oxygen added. A KAP crystal (2d = 26.56 %) was used as analyser crystal and a
plastic scintillator as detector. The continuum radiation was measured in the interval from

8 - 14 R. The measurements without oxygen added gave values of 360 eV for T, while with

10 % oxygen added a value of 155 eV was obtained (Fig. 4). An O VIII line (LX, at 15.177 R)
was measured. With the given resolution of the spectrometer, which is determined by the
Soller collimator, it is net possible to establish the true line width at the ion temperature

concerned.

f) An estimate of the ion temperature was made for the cases B, = 4ok, Py = 60/u, D, and
Bo = 0, Py = lO/u, D2 by three different methods: from the equilibrium radius at the time of
the field maximum (assuming ﬂ = 1), from the neutron yield and from the kinetiec energy of
the ions at the first compression, assuming the succeeding compression to be adiabatic. The

estimate gives for Ti values between 1 and 2 keV.

g) With a laser beam of approx. 1-MW radiation pbwer pulsed by a Kerr cell, scattering
measurements were carried out at 900 to the direction of incidence. At low filling pressure
(10/u) there was definite evidence of a scattering signal. The poor reproducibility of the
scattering signal, however, does not allow a spectrum to be measured point by point in
successive discharges. At higher filling pressures (up to 60/u DE) there was no longer definite
evidence of the scattering signal. This is due to the bremsstrahlung of the plasma which
increases with n2 (scattered light ~ n). That is, the ratio of scattered light to plasma

light is appreciably poorer at higher electron densities.
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Fig. 1: End-on streak photographs of the predischarge
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2.2 Theta Pinch II (A.Eberhagen, M.Bernstein, H.Glaser, H.Griem+)

[

Data of installatiocn:

Bank for quasi-stationary magnetic field:

_ . - = =
W, = 8.1 kT Ugroy 2.5 kV, T = 260 usec, 028, =T k.

Bank for preionization:
- _ L1010 3
Wk = 0.6 kJ, U, . =25 kV, T = 2.0 usec, B . =67 w[", dB/ds = 2.2:10° " /sec.

additional RF cable discharge.

Main bank:

) _ B B ‘ ~ o 1al0or
W = W 65 Ugpay = 50 KV, T = 6.4 jusec, By, = 68 k[, aB/at = 6.7-10 [ /sec.
Theta pinch coil:

Length = 30 cm, minor diameter = 5.4 cm.

After critical examination it turned out that the results of the measurements of electron
density distribution and magnetic—field distributions described in the annual report of

the IPP for 1963 do not justify on their own any conclusions as to whether the ghree-fluid
theory developed describes adequately the behaviour of the plasma in the main discharge of
a theta pinch. No statement on this point will be forthcoming until additicnal measurements
of the plasma temperature have been completed. Attempts were therefore made to obtain
experimental data on this subject in the three ways indicated in the flrst three sections
following. The last three sections then proceed to describe investigations of the behaviour
of the entire plasma column - particularly with antiparallel, trapped magnetic fields -
the search for causes of macroinstabilities encountered also heing of major importance.

a) Spectroscopice temperature determination by measuring line intensities.

For the temperabture ranges to be expected with the present theta pinch discharge this method
relies on the emission lines of components added to the hydrogen plasma. Carbon, less than
0.0% % of which is contained in pure H plasma, 1s particularly well suited as a temperature
indicator for such measurements since 1t has emission lines of higher jonigation levels in

the wavelength range between 2200 % - 2600 ﬁ, still relatively feasible from the experimental
standpoint. An estimate of the occurrence of these emission lines showed, however, that their
relaxation times at the pbeginning of the discharge are comparable with or greater than the
variations with time of the plasma parameters (kTe and ne). At the earlier stages of the
discharge,especially during the implosion phase, it is therefore no longer possible to
determine the temperature distribution by simple means from the line intensities obtained.
The three-fluid model was therefore extended by the addition of carbon, whereupon it
afforded also the spatial oecurrence of carbon lines at the various times (v. 2.4)., These were
to be compared with the ¢ line distributlons obtained expefimentally. with 0.7 % carbon

added the intensity distributions of the following C lines were measureds: CILI (2509 R+

o512 R), CIIT (2297 %)y, crv (2524 R), cv (2271 2). The seid comparison of these 1ines with
the statements of the three-fluid theory has not yet been concluded.

For the later times (t E}O.T/usec) the determination of the plasma temperature from the line
intensities in the case investigated: Py, = 0.15 torr, B, = 0.8 k[ﬂ1F is simplified as a
result of the simultaneous OCCUrTEnce of the CIV (2524 ﬁ) and the CV {2271 R) lines and by
the fact that the plasma parameters (1{‘1‘e and ne) vary nore slowly here than the relaxation
times of these lines. Because of the uncertainties involved in the cross sections used,
however. the range of error for the temperature data thus obtained (Fig.5)} for these later

“imes exbends roughly from + 100 % to - 35 B.

i

+ Guest from the University of Maryland
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o) Local determination of the plasma temperature with a laser,

rn order to provide temperature data for the earlier times as well, profile measurements

»f the laser light scattered at 00” were conducted on the theta pincn discharge. For

this purpose a pulsed ruby laser (output 5 Mwatt,pulse duration 30 nsec) was used, while

, monochromator with glass-fibre bundle wavelength resolution (v. 6.1) served to record

che scattered light profile. The results were as follows: 1) At the first maximum compression
, maximum electron temperaturs of 20 - 25 eV was obtained; 2) At the second maximum com-
sression (]qT)max = 25 - Z0 eV; %) At the moment of maximum plasma temperature (b = l.h/usec):
(kT)max = 50 eV (Fig. 5)[4#4]. It was possible here to obtain the radial temperature progile
in successive discharges by focusing the laser heam on a volume in the region of 0.5 mm™ at
sarious distances from the discharge axis. Because the radiation power of the laser beam

1sed was relatively weak for the purposesof the present lnvestigation, the experimental

spror for a single temperature determination was approximately + 50 %. Tor the later times

of the theta pinch discharpge, for which temperature data from both spectroscopic measure-
nents and measurements of scattered laser light are now available, the values in each

rase fall within the common range of error.

'n these measurements 1t was possible, moreover, to obtain data on the electron density
iistribution from the profile of the scattered laser light, in addition to data on the radial
emperature distribution. Sabtisfactory apgreement with previous spectroscopie results was

wehieved here as well within the experimental margin of error.

1) Measurements of line profiles.

jith regard to the comparison with the three-fluid theory it appeared desirable to supplement
she experimentally obtained eleetron temperature distributions with data on the ion tempera-
additional

ure. This is te be done by determining the profiles of those emission lines of
omponents for which the pressure broadening in the case of the present plasma parameters is

less than the Doppler broadening. The measuring equinment designed for thils profile

letermination makes use of a monochromabor for the spectral nre-selection and then a Fabry-

erot interfervometer for producing the line profile. At the suggestlon of J.G. Hirschberg

for the

spectral ceparation of the resulting interference fringe into individual ringswre wnderbako f

rpose of separate, reeording by a system of concentric ring mirrors. In the

rle mirrvor jolns up with the minor diameter of the

wocess the major diameter of each

It

Lenmment of ibs normal in relation to the

ieal

wext and by means of aliernatir

fabry-Perot to interference frinme, ezch indlividual ring uirrvor reflects in a different

wrobs then

lireetion the spectral amount of the §© ile impinging cn it. Concave

serve Lo focus the in ity quantities on individual photomultipliers. The selection of
o

hitherto for these investigations: CIV (5801.5 4),

commonents us

additional

lines of

from

SUTE

sible during the discharge a vrofile mec

general

1hout the the [irst

comnression (0.4/USCO> up to t2 1.0 usce. In

,
-he line oy les obbained were not cnly determinad by the Shermzl Doppler broeoadening, bul
tlzo broaden to a great extenit by veloelty components of the plarma. More exact
vzluation of weasurements far is being carried out at present.

1) Observations of masroinstabilities in the theta pinch.

‘revions investigations have already shown bhat with antiparallel, trapped magnetic fields

o
he plasma eolumn tends to break up along the discharge axis inbo separate rings. In order

£0 @stablish possible causes of such macroinstabilities, a discharge coil of perforated

copper was used and the axial behaviocur of the plasma column observed with a streal

converter [20; 1PP 1/27]. In this way the following causes of macroinstabilities
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were found: a) If a port of quartz glass,such as is used, for instance, in magnetic-field
measurements for protecting the probe coil, projects into the plasma,the plasma column
preaks up into two parts at the point of perturbation immediately after the first maximum
compression. b) A similarly pronounced break-up of the plasma column was also detected
when the quartz port projecting into the plasma was replaced by a side pocket projecting
rrom the dilscharge vessel. ¢) When smooth discharge vessels were used individual plasma
rings did not form till later, their number and place of origin varying from discharge

to discharge. It was also possible to eliminate these macroinstabilities, namely by means
of a preceding dischargé with parallel, trapped magnetic field. It was found that this
after-effect of a discharge on the following one was caused by the formation of water as

a result of the reaction of the hot plasma with the oxygen from the 510, structure of

the vessel wall., By simple pumping this water could be removed only partially from the
walls and was absorbed agaln as an impurity by the plasma of the next discharge. By means
of the said pretreatment it was possible to produce a plasma with antiparallel, trapped
magnetic field that was macroscopically stable up to the maximum Bz field. In these
investigations the times up to the break-up of the plasma column into separate rings could
be better accounted for by resistive diffusion times than by the tearing-mode resistive
instability times according to the theory of H.P.Furth, J.Killeen and M.N.Rosenbluth.

e) Measurement of electron density distribution along the discharge axis.

The behaviour of the plasma column was determined qualitatively by means of streak photographs
and at the same time measurements were made of the electron density along the discharge axis.
As described in the annual report of the IPP for 1963, radially resolved measurements of
continuum intensities were made for the purpose, but thié time through observation slits

at various distances from the midplane of the coil and outside the actual discharge
coil. Measurements were made both with parallel (BZO = 0.8 kfﬂ,pHE = 0.15 torr) and
antiparallel (BZD = - 2.3k, Dyyp = 0-10 torr), trapped magnetic fields. Evaluation cf the
extensive measurement data is at present being done on the IBM 7090 in ccllaboration with

the Data Processing Group. The latter was also responsible for compiling the necessary
computing programmes for the further processing of measurement values obtained, computing

the profile across the discharge cross section from the signals of the individual photo-
multipliers, approximating this stepped intensity distribution by smooth curves, solving

the Abel-type integral equation and convertingthe radial continuum distribution into electron
densities. In this cconnecticn tables [or evaluating intensity measurements of hydrogen
plasmas were also compiled [IPP 1/2%; IpPP 6/20].

2.3 Theta Pinch 1.5 / 2.6 MJ (C. Andelfinger, A. Eberhagen, M. Ulrich, R. Wunderlich)

In the course of the year the collector system for the large theta pinch (150-ecm coil length
at 180 krﬂ) was completed by the Engineering Department. After a sixth of the collector was
installed in summer initial attempts were made to put into service one-sixth of the bank
operating at a voltage of 30 kV. It was then found necessary to make minor changes on the
spark gaps, which then gave the desired maximum scattering time of 30 nsec for the spark
gaps. Moreover, the Hall probes, the purpose of which is to monitor the installation, had

to be taken out of the bank and removed to a room at some distance because thelr signals
Were being subjected to interference caused by the magnetizabtion of metal parts in the
installation. In the week preceding Christmas attempts'to put sections of the installation

into service were resumed.
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Meanwhile,investigations on the preionization were set in progress. The continuum and

Hs intensities were measured, resolved in time and space. In initial experiments with

a 3-m long =z-pinch,which was short-circuited at the time of the first maximum compression,
an ionization level of approx. 15 % and an electron temperature of approx. 0.5 eV were
obtained. More recent experiments with the original discharge vessel and prelonization bank

1

point to a higher degree of lonization, particularly at lower pressures (€107 torr).

Precise evaluation is now in progress.

In the meantime,various diagnostic instruments have been prepared for the experiments to
be conducted on the device,

2.4 Pinch Dynamics (D. Diichs)

a) Numerical methods used in the evaluation of the three-fluid model for pineh dynamics
have now been improved to such an extent that cases of antiparallel, trapped B fields or
the case without trapped B field can also be caleulated. Moreover, the total mass remains
constant at less than 0.5 %e during the calculation. (Previous numerical methods involved
deviations of 20 - 30 %)

b) The practice hitherto has been to use jonization and recombination coefficients derived
on the assumption that the plasma is optically thin for all excitation lines. For the
Lyman o line at least, however, the plasma is practically always optically thick. With the
collaboration of Prof. H.R. Griem the degree of ionization in the three-fluid programme

was therefore calculated more accurately.

¢) The influence of oxygen and carbon impurities was investipgated, again in collaboration
with Prof. H.R. Griem. For this purpose the differential equations for determining the
individual degrees of ionization had to be calculated together with those of the three-fluid

model .

Detalled consideration of the energy contributions (kinetic energy of the plasma, thermal
energy of the lons and electrons) shows that up to the first compression not only the kinetic,
but also the thermal energy of the plasma is influenced relatively little by ionization of

impurities and radiation losses.
d) Comparisons of caleculation results from the three-fluid model with those from simpler
models, such as the snowplough, arford an estimate of the quantitative usefulness of these

simple models.

An account of work in progress was glven in Jiilich, February 1964 and in Varenna, October
1964,

2.5 Theoretlcal Studies of the Behaviour of a Theta Pinch at Extremely Low Plasma Density

(R. Chodura)

a) Breakdown mechanism of a theta pinch discharge

Taking as a basis the mechanism, dealt with briefly in the last annual report, of the space-
charge coupled motion of electrons and ions in a time-varying magnetic field, ionization in
a theta pineh discharge was discussed for various time dependences of fthe magnetic field. An
account of the results was given at conferences of the Group de Liaison, Jiilich, February
1964 and of the Fachausschuss fir Plasmaphysik of the Deutsche Physikalische Gesellschaft,




Karlsruhe, March 1964, and these were published along with previous results relating to
jonization at fairly low electron densities [16; IPP 1/21].

b) coupled electron-ion oscillations of a collisicnless, cylindrical plasma column in an
axial magnetic field.

The object here was to verify in a separate experiment the non-linear oscillations mentiloned

in a) by measuring with the aid of a microwave interferometer the density changes occurring.

For this purpose calculations were made to find the most favourable dimensions for the

experiment.

¢) Heating a collisionless plasma in the theta pinch

Simple models of magnetic compression in the theta pinch show that both the kinetic energy
per particle of the azlmuthal electron current we and the kinetic energy per ion wi of the
radial motion at the time of the first compression is of the order

Wy ~ W~ M L E

n

where my stands for the ion mass, n for the initial density of the plasma and E for the
azimuthal field strength at the boundary of the evacuated vessel. A decrease in the initial
density n of the plasma would accordingly cause an increase in the particle energy. More
recent investigations by M.V. Babykin and colleagues of so-called "turbulence heating"
shown that it should be possible to thermalize such directed particle energies quickly and
effectively in a collisionless plasma as well. The theoretical explanation for this turbulence
heating assumes that electron plasma osclllations increasing exponentially with time as a
result of the directed electron motion (two-stream instability) are excited. These enter

into non-linear interaction giving rise to new oscillations, which may in some cases be stable
and can in turn be absorbed by the plasma particles owing to Landau damping. The time scale

of thermalization should be given roughly by (mi/me)l/ﬁgn -1

pe
frequency), its efficiency being given experimentally as~0.2.

have

5 (‘Dpe = electron plasma

With regard to this possibility of thermalization the production of the directed particle
energy was investigated in various density ranges, namely for the coupled or uncoupled
motion of ions and electrons in a homogeneous magnetic field increasing with time and for
compression with conservation of magnetic flux in the plasma, according to the free-particle
and snowplough models. Moreover, a start was made to investigations of the collislonless
compression of the plasma in more general conditions by numerical treatment of the relevant
magnetohydrodynamic equations.

d) Resistive instabilities in the theta pinch

In connection with observations of the break-up of the plasma column in theta pinch dis-
charges with antiparallel, trapped magnetic fields, it was discussed whether these phenomena
can be interpreted as tearing-mode instabilities according to the theory of Furth, Killeen
and Rosenbluth. The experimental data and data of the sald theory are compared in the
laberatory report [IPP 1/27].
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rimental Investigations of the Collisionless Compression of a Low-Density

2.6 Expe
Theta Pinch Flasma (P. Tgenbergs)

as attempted to verify theoretical results rélating

As part of these investigations it w
nsity non-diamagnetic

to the space-charge coupled electron and ion oscillations in a low-de

plasma by measuring with the aid of microwaves the density fluctuations involved.

Experimental conditions:
t time the charged

o low that during the measuremen
.5-1011/cm3.

a) The neutral-gas density has to be s
s condition for the density n €1

particles do nof collide. This gives a

b) The magnetic field within the coil should be homogeneous.

¢c) The plasma should be "cold" and homogeneously dlstributed at the start of the theta

pinch discharge.
a) by means of theta

pﬁed for lonizing the H2 gas,
ith theta pinches it was

b) by means of a z-pinch. W
ified above the pinches do not preak down

Hitherto,two methods have been ado
pinches of various electrical data,
found that in the pressure range spec

(py < 4+1077 torr).

r-ionlzation made it possible to lower the pressure range appreclably.
breakdown delay, auxiliary electrodes were {ntroduced inte the
-pinch by point discharge. Investigations

The use of a z-pinch fo

Tn order to curtail the

vessel which generate a spark in front of the z

with the z-pinch have not yet been concluded.

2.7 Vacuum Magnetic Field in Theta Pinch Coils and Cusped Geometries (F. Pohl)

ripution and magnetic field in theta pinch coils of finite length with an obs
ere calculated numerically. Only azimuthal

under these conditions the magnebtic flux through
insulated wire rings whose

Current dist
tion slit perpendicular to the coil axis w

ace currents were taken into account;

surf
ehaves like a bunch of

the doil is constant and the coil b
inductances bring about the current distribution

The magnetic field was calculated from the current distribution; results are given in

[zpp 1/31].

In addition, current distribution and magnetic field were calculated fo

1. Two identical colls separated by a slot Cor the following two cases:

la. when one of the colls is short-cicuited and

1b. when the voltages in the two colls are equal but opposite (cusped geometries).
2. p coll separated from a disc by a slot

2a. Added to geomebry 2. are two coaxial DC-carrying rings,

configuration 1ls attained in the half-cycle when the coll curr

the current in the rings.

whereby a cusped magnetic—field
ent flows antiparallel to

erva-

r the following systems:
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2.8 Brightness Distribution along the Axis of a Theta Pinch with Unperturbed Coil

Geometry (E. Glock, K. Hilbner)

In end-on observations on the theta pinch results are integrated over the entire coil length.
In order to observe the axial distribution it is a frequent practice to use colls which are
slotted or perforated,but these give rise to uncontrollable field distortions. The use of a
plate-type light conductor in the collector slot enabled the coil axis to be reproduced on
the slit of the spectrograph and 1ts spectra to be recorded with an image converter shutter.

Electrical data:

o 17.6/uF, U =24 kv, T = 6.5/usec.

o
Data of the coil:
L= 100 mm, diam. = 50 mm, filling gas being N2 with P, = jOO/u.

The photographs were taken in the first half-cycle and show that

a) the plasma remains a few cm short of the ends of the coil,

b) the N III lines (2 - 5 eV) occur only in the middle quarter of the coil, the N II line
(1 - 3 eV) only in the middle half and the brightness along these lengths 1s uniform,

¢) the continuum is luminous only during the most powerful compresslon and then only
unevenly along the middle quarter of the coil.

The experiments are being continued.

2.9 Preionization in the Theta Pinch

2.9.1 z-Pinch Preionization (R. Wunderlich)

As of May the spectroscoplc measurements on the long z-pinch (preionization for 2.5-MJ

theta pinch) were continued. Image converter photographs had shown at which times the

bank, depending on the filling pressure in the vessel, has to be crowbarred in order to
produce a falrly stable homogeneous plasma. Electron denslty and electron temperature

should then be measured in the conditlions thus obtained. Thé intensity of the Dg line

(4861 R) and of the continuum in an adjacent wavelength band (4976 %) was measured, resolved
in time. Observations for thls purpose were made axially at three different radii (r = C,
r=1.5¢m, r = 3.5 cm). Such small values (Te'(O.S ev, N, (5-lolu cm“jj for temperature
and density were obtained on evaluation that the assumptions (local thermal equilibrium)
used as a basis are no longer valid. For calculating the degree of ionizétion consilderation
has to be given rather to the primary prccesses of ionization and recombination. The

relevant calculations are now in progress.

Finally, some comment should be made on the degree of impurity. In slde-on observation a
time-integrated spectrum showed impurity lines of 02, Cu, Zn, C and Si.

Time-resolved observations gave no indication of axial diffusion of electrode material.
The impurities are released from the wall surface and exclted immediately after breakdown.

2.9.2 Conical z-Pinch as Preionization Method (C.Andelfinger, E.Glock, R.Wunderlich)

A conical z-pinch comprising a plate and a ring electrode and operated with 38.5/UF at

18 kV with an 8-usec cycle propels a plasma cloud into a tube 1000 mm long and 100 mm in

diam. The turbulence of the resulting flow does not allow reliable spectroscopic debter-
mination of temperature and density and excludes this as a method of preionizing a theta pinch.
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This flow was examined by photographing helium discharges with narrow-band filters and
image converter shutter in the light of Hel (4471.48 ) and of HeIT (4685.75 ).
Superimposed on the measurement values of the flow veloclty was a statistical component,
which was eliminated by averaging out.

Variation of the pressure and loading capacity and also assessment of the photographs

gave the following results:

a) The tendency toward turbulent flow increases with the electric energy and decreases
with rising initial pressure.

b) A shock wave does not occur in the investigated range p, = 80 + 300/uHe. The front
boundary of the plasma has the form of a paraboloid, the hottest point being the
tip.

¢) The flow in the tube is produced solely by the first compression of the pinch. Its
velocity is proportional to [dJ/dt] .. - M 1/% (M = mass density).

The investigations were discontinued at this stage.

2.9.3 Preionization by UV Radiation (G. Hofmann)

For heating experiments on the theta pinch it is intended to produce by photoionization
a fieldless initial plasma which is as homogeneous and highly ionized as possible.

As the photoionization cross section of hydrogen decreases rapldly at 1/® j,from the
longwave limit (800 %),and the cold plasma thus produced recombines within a very few
microseconds,1t is necessary to produce within a tiﬁe not exceeding this recombination
time a very intenslve radiation pulse Jjust below 800 ®. For this wavelength band there
are no practicable windows and so the separation of the UV source from the hydrogen
volume to be ionized should be performed dynamically.

Tn a first phase the discharge vessel of a z-pineh is filled for a short time with a
suitable luminous material of high density; in a second phase a fast high-voltage z-pinch
heats the luminous material (data of the z-pinch: 120 kv, 6 kJ, f% 500 ke/s). The
hydrogen volume to be jonized 1s contained in a tubular attachment perpendicular to the

z-pinch.

With inductance being kept to a minimum, the high-voltage pinch was set up together with
s switeh conslsting of a dielectric foll. The compact construction necessary for this
purpose caused flashover,which has so far prevented the full charging voltage from being
attaiped.

From various models estimates were made as to the degree of jonization possible with the

present installatlon.
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3. Antipinch

(W. Engelhardt, W. Kdppendorfer, P. Merkel)

Further to the orientating experiments with an antipinch in the preceding year, a new,

improved device for producing and observing shock waves in plasma was constructed.

Data of installation:
W = 60 kJ, UO = 40 KV, T = 16/usec

Discharge vessel:
Hollow cylinder D = 45 cm, d = 16 em, T. = 50 cm (25 cm)

Predischarge:
wv =3 kJ

The large vessel was chosen so as to obtain an approximately plane wave ftravelling radially

outwards from the centre.

The veloclty and steepness of the shock front are observed with a differential interferometer
which enables electron density gradients to be measured. The streak interference photographs
of the l13-cm long, observable path show a constant velocity of the magnetic plston of

8-10 cm/sec at 5.10'2 torr D, filling pressure. Although it has not yet been possible to
assess the photographs exactly, it is already evident that the density gradients involved
are very much greater than could be established from the magnetlc-flield probe measurements
in the preliminary experiments. In the subsequent course of the experiments it 1s intended
to obtain information on the velocity and structure of the shock front as a function of

the degree of ilonization or the particle density. It is intended to superimpose an axial
magnetic field for varying the velocity of sound and also to compare the differential
interferometer measurements with magnetic-fleld probe measurements.

4, z-Pinch

4,1 X-Radiation in the Linear z-Pinch (J. Sommer)

The experimental investigations on the mechanism causing a hard X-radiation pulse observed
Just before the first contraction of the plasma column were supplemented by solving
numerically the system comprising four coupled differential equations, namely the three
motion equations of the electron as a single partlcle and the motion eguatlion of the

plasme column. The caleculations confirmed the experimentally establlished influence of the
inhomogeneity of the external stabilizing field on the hardness of the X-radiation. Further-
more, with remard to the acceleration mechanism 1ltself new knowledge assigning a major role
to the external axial electriec field was obtained.

4.2 Electron Density Measurements with Microwaves (H. Hermansdorfer)

Electron density measurements were carried out with an 8-mm microwave reflection probe on a
fast linear z-pinch discharge without prelonization and without By field. In successlve
discharges the density distribution in time at various distances from the axis was measured.
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Reflection measurement with a microwave probe 1s a new way of measuring dense plasmas
locally; the plasma frequency exceeds the measurement frequency. In principle, electron
density and electron collision frequency can be determined by measuring the transition
to metallic reflection with increasing electron density. It was possible to measure
densities between a few loljcm—3 and a few 10l cm“3 by using an 8-mm interferometer of
high time resolution which was developed here and which afforded an angle accuracy of
approx. 30 and an amplitude accuracy of approx. 5 %.

5. Fieldless Plasma Configurations in Equlilibrium with Plane

Magnetic Fields (P. Merkel)

The magnetohydrostatic equilibrium between an external magnetic field and a fleldless
plasma was investigated in the case of "plane" geometries. The latter term 1s used to
refer to linear, infinitely long configurations in which all currents flow parallel or
antiparallel to a defined direction. For this two-dimensional problem of potential
theory a function-theoretical method providing simple solutions can be found, if the
conductors for the external currents are wires and the complex potential has there-
fore only 1solated, logarithmic singularities.

Besides the general treatment of the problem, analytical solutlons were gliven for the
two-dimensional analogon of the M+S torus ("Quasilimus"),which is a cylindrical,
doubly connected plasma, and for the linear cusp and picket fence device, which are
singly connected plasma configurations.

Part of the results were announced at the 10th MEETING OF THE EUROPEAN STUDY GROUP ON
FUSION in May 1964 in Jilich.

6. Measuring Methods

6.1 Use of the Laser in Plasma Diagnostics

(B. Kronast, H.-J. Kunze, H. Rohr, G. Welser, H. Zletemann)

a) Further development of the 90° light scattering method

Investigations of the llight scattered in a plasma make it possible, as is already known,
to determine local plasma parameters such as electron density, electron temperature and
ion temperature.

After light scattered at 900 was found for the first time in a theta pinch plasma, as
announced in the annual report for 1963, investlgations of scattered light were continued
this year. The measuring equipment was improved; among cother things, a multiple slit
consisting of glass-fibre bundles now allows 7 wavelengths of a scattered light spectrum
to be measured simultaneously. The entire measuring device can, moreover, be wheeled to
any other installation. Severing as light source is a glant pulse laser operated by a
Kerr cell [IPP 1/26].

This method was tested by conducting light scattering measurements at 90O on a small
theta pinch installationof 7.5 kJ for the time being. In additlon to spectra whilch have
a virtually Gaussian profile with a half-width corresponding to the electron temperature,
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the main concern was to measure those spectra in the transltion region 1n which correlatlon
effects between the plasma particles begin to modify the spectrum: the occurrence of so-
called satellite lines could be shown here for the first time [45]. Electron density and
electron temperature are hereby obtained from the spectrum alone. Further improvements

even made 1t possible to show the simultaneous presence of the central line [IPP 1/30],
which, however, could not be spectrally resolved. The results were completed by absolute
measurements of the intenslties. A detalled discussion of the problems, method and results

of the 90° scattering ls contained in [IPP 1/30], second part in [4}].

This method was used finally on a 26-kJ theta pinch for measuring the radlal distributions
of electron density and electron temperature [44], (v. 2.2). As the laser output of 5 MW

is too low for this purpose, however, the data obtained involve a mean error of roughly

50 4. Attempts are therefore in progress to use two ruby lasers already avallable as a
combined oscillator-amplifier and thus to increase the output. It has already been possible
to intensify the output of the laser oscillator fivefold.

b) Measurement of the ion temperature of a plasma

At scattering angles @, for which the parameter « = EWTETéTﬁ§7§ 21 (W= light wavelength,
D = Debye length), the scattered-light spectrum consists of a narrow central line and two
satellite lines symmetrical to it (v. [IPP 6/21], p. 49/50). If & 1s not very large in
relation to 1 the central line will be broadened mainly by the lon motion, and this affords
the possibility of determining mean ion velocities.

In the case of plasmas with a temperature of a few 100 eV the scattering angle © for gf > 1
will be really small, even with electron densities of 1017 cm_j. An apparatus which can
absorb light scattered at small angles from defined volume ranges and convey it without
great losses into a high-resolution monochromator has been tested and the final verslon
constructed. The high-resolution monochromator with multiple glass-fibre slit was developed
by E. Glock (v. 6.10.b) and is also under construction.

¢) Light scattering measurements on a theta pilnch plasma of high electron temperature were
conducted on Theta Pineh I, the results being included under that heading.

d) Measurements of the second harmonic , produced in the plasma,of laser radiation

One major difficulty encountered here was the harmonic-free penetration of unavoldable
windows and the harmonic-free separation of the primary beam from the beam to be measured.
Both requirements could be satisfied by widening as much as possible the primary-beam
bundle at the location of the window and filters and by uslng fluid filters, the result
being that the power of the hamoniec in the beam to be measured was less than 10—12 of the
primary radiation. The final experiments with plasma dild not materialize, however, because
more accurate calculations completed in the meantime by W.H. Kegel (Theory) polnted to &
harmonic yield from the plasma substantlally smaller than 10“14 and both laser and

measuring apparatus were inadeguate 1in thils case.

e) Modulation of laser light

-
Work on this aspect was concluded, the results being summarized in [IPP 1/26] and [T}Ju
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6.2 Frequency Shifting of Laser Radiation by the Doppler Effect (F. P. Kipper)

Two experiments for shifting the frequency of ruby laser llght by means of the Doppler

effect were conducted.

L4 V/cmrsee) in

1. By enlisting fields with extremely short rise times (aE/dt ~5-10
nitrobenzene it was possible to effect a time variation of the optical path, the result
being a frequency shift of more than 20 Q. This shift could not be verified, however, as

the field rise had an exponential time behaviour.

5. With the use of a Kerr cable (60 em long) the time variation of the optical path was
effected by an electric wave passing into the Kerr cable. With a constant fileld the extent
of the frequency shift is dependent here only on the veloeity of the electrlc wave. In this
way a time constancy of the displaced laser frequency is obtained. It was possible to
measure this shift spectroscopically. For an electric wave of I 2-105 V/em it amounts to
~2 R.

6.3 Laser Light Source for the Tnterferometer (R. Beck)

A laser light source was developed for the Mach-Zehnder interferometer. With a powerful
pumping capacity and a high-grade resonator it was possible toachieve constant emission

from the total laser surface for EO/usec. This light source is used for taking high-

speed photographs of the distribution of the interference fringes with more than 300 fringes.
Moreover, by means of framing photographs it could be shown that the laser developed
oscillates reproducibly in oscillation modes of type TEMpp.

6.4 Differential Interferometer (A. Heiss)

In the case of plasmas over 1 m long the Mach-Zehnder interferometer can no longer be used
because with large density gradients (dn/dr > 1017 cm"u) the beam is bent. For interfero-
metric measurements the measuring range can be extended by means of a differential inter-
ferometer. In this way the gradient of the electron density can be measured perpendicular
to the direction of observation. A differential interferometer was tested on a fast
preionization theta pinch. In this connectlion streak photographs and snapshots over the
entire discharge cross section were taken. The rotational symmetry of the discharge was
ensured by means of schlleren photographs, since only the density changes perpendicular

to the direction of the interference fringes can be ascertained with the differential

interferometer.

Preparations are in progress for using the differential interferometer on the large theta
pinch experiment.
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Fig. 6 Radial electron density distribution in a theta pinch, measured with differentlal
interferometer.

6.5 Testing Electric Double Probes in Hot Plasmas (D. Combecker)

On a 7.5-kJ theta pinch density measurements by electric double probes were compared
quantitativelywithinterrerometricmeasurements. At the same time the emission of spectral
lines from the probe material was observed spectroscoplically.

The radial density distribution of the discharge was measured with a Mach-Zehnder inter-
ferometer which integrates over the axial density distribution. The time resolution was
obtained by streak photographs., The electric probe was introduced radially and imaged

on the siit of the streak camera in order to obtain with the interferometer at the same
time the plasma density distribution at the probe iocation. Measurement of the probe
current was done with a microwave transmitter (v. [5&}).

From the light emitted by the evaporating probe a monochromator isolated oxygen, silicon
and iron lines, which were recorded by a multiplier. The results showed close qualitative
agreement between the densities measured by the probe and those measured by the inter-
ferometer. With regard to quaniity the probe measurements gave a density value smaller Dby
a factor of about 5. The cause is still unknown.

The probe evaporation is fairly strong. It begins about 0.5 Msec after the first break-
down of the plasma and reaches its maximum when dJ/dt passes through zero. The light
emitted by the vapours at the location of the probe is roughly 1000 times greater than
the inherent plasma luminosity without probe.

The fact that sometimes no probe signal occurs on the first breakdown of the plasma seems
to indicate that radial insertion of the probe prevents breakdown.
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The comparative measurement should be interpreted with caution since the probe measures
at a particular point while the interferometer integrates over the entire length of the
tube.

di
dt
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Fig. 7 0.07 mm hydrogen; probe location: centre of coll; probe in the axls
- - - - Intensity of a S1 line (5056 %) at the probe location
The indeterminacy of the density obtalned with the probe is due to the
indeterminacy of the electron temperature, which enters into the measurements
as the root and is estimated roughly. The probe signal was enlarged by &
factor of about 5.




. Development of Plezoelectritc Probes for Pressure Measurement in Very Fast

Discharges (W. Katsaros)

was endeavoured to reduce to a minimum the limitations of previous pressure probes.

exploiting every technical possibility:

the time resolution was improved by a factor of 3,

the sensitivity was increased by a factor of 2,

accurate reproduction of the pressure profiles to be measured was achieved,

the calibrating accuracy was raised to i+ 10 %.

-h, these improved probes pressure measurements are now to be carried out on very fast

scharges.

7 Infra-red Radiation of Plasma (D. Gross)

r frequencies equivalent to A\ = 100 which still exceed the plasma frequency ab electron
nsities of 101 to 1017 cm_3 the bremsstrahlung continuum 1ist optically dense up to a
w 100 eV at radiation distances of 0.1 - 1 mm, and so the electron temperature can be
termined from an absolute intensity measurement. The independence of Doppler effects
ans that measuring is uninfluenced by local perturbations of density and temperature

el

d by macroscopic velocities of the plasma.

]

He-cooled germanium monocrystal doped with Sb was tested on an IR calibration source il
h

. statlonary operation which was constructed for thils purpose, and calibration curves
re then recorded for varlous filters.

8 Infra-red Radlation 1n an Inhomogeneous Cylindrical Plasma Column in an Axial

Magnetic Field (H. Gratzl)

e infra-red bremsstrahlung was determined for an inhomogeneous cylindrical plasma and

raluated numerically for theta pinch values calculated by Dilchs. The neutral-gas

mponent of the discharge can practically be ignored here.

the observation frequency is not much smaller than the maximum plasma frequency the
tensity of the thermal radiation is almost attained, but wlth much lower or higher
equencies this is no longer the case.

ing to the Influence of the magnetic field in the gecmetrical optiecs and the local thermal
ullibrium any appreciable intensity change (at least several percent) would occur only abt
equencies smaller than about five times the gyrofrequency. At these frequencies the
cally variable electron temperature can be replaced to close approximatlon by the
mperature at the point where the radiation is reflected almost totally. Because or the
ometrical dimensions, however, the geometrical optlcs ceases to be a good approximation
these freguencies with this pinch. The question as to whether a radiation maximun of

e ordinary polarization, to be expected 1n theory and produced by the magnetic fileld,

n be measured properly in the meridian plane at a certain angle of observation depends
 particular on whether this polarization can be separated experimentally from the

Lraordinary polarization.
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6.9 Recording of Rapidly Varying Optical Line Profiles with Image Converter and

Multiplier (W. Nissl)

The principle of the method is described in the annual report for 1962. Work has now been
concluded with the construction of an efficient tube, which was tested with photographi-
cally produced phantom profiles at recording times of a few 10_7 sec. A luminous flux of
about 10'5 watts was required for a reproduction accuracy of 10 % in the profile maximum.
Determination of the electron-optical unsharpness gave, with reference to the photocathode,
a width of SO/u for the reproduction system used. The test profiles recorded were wide in

comparisan.

Full particulars of the accuracy of the reproduction of the profile as a function of
various parameters (ratio of slit width to half-wldth, luminous flux, quantum efficlency of
the photocathode, band width of the electronic system) are contained in the laboratory
report [IPP 1/29].

6.10 Spectroscopic Measuring Devices (E. Glock)

Because of the wide variety of measurement conditions the use of conventional equipment
with fixed data entails a good deal of difficulty and expense. By way of experiment two
flexible units have now been designed:

a) A rotating-mirror spectrograph which can be used alternatively with the following data:

Streak speed: Streak length: Rel. aperture:
0.4 mm//usac 3 mm 1 :1
2.5 mm//usec 20 mm 1: 6.8

Intermediate values are possible, depending on the optical systems avallable. The
calibrating system for wavelength and intensity are built in.

b) A monochromator in a Littrow arrangement, with slight aberration for line profile measure-
ments. £ = 150 to f = 2250 mm; rel. aperture 1 : 1.5 to 1 : 20, depending on the cptical

system available.

6.11 Further Development of a Neutron Source (H.-J. Schneider-Muntau)

The high voltage pulse generator required for boosting neutron yield was constructed. It
was developed aé a low-inductance, l0-stage Marx-type generator with cables as energy stores,
specially for an extremely high-speed pulsed neutron source. The pulse lasts 100 nsec at a
terminal resistance of 54fL and the maximum open-circuit voltage is 300 kV.

Tn order to measure the time distribution of the woltage, a differentiating, capacitative
voltage divider with following inbtegralor’ was designed, but has niot been tested sc lar.

In addition, the vaccum apparatus necessary for the neubron source was seb un.
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6.12 Electronic Systems (F. Lindenberger, M. Ulrich)

completion of the light-dividing monochromator attachment begun the previous year.

Development and construction of a coaxial voltage divider for voltages of up to 15 kV and
2 usec pulse duration, 60 {2 input resistance and a divider ratio of 20 and 100 and also a

coaxial spark gap which can be adjusted when live.

Development and construction of a 14-kV pulse generator with unearthed output. Cables and

capaclitors can be used as stores.

Development and construction of a trigger separator. This prevents premature breakdown of
the 14-kV thyratron by the anode. (A certain improvement in this respect can be achleved
simply by incorporating a separator spark gap) In conjunction with this device a low-
scatter pulse transformer with four ring cores was developed.

Development and construction of a generator for pulsing a Hg lamp; T . = 100 A. The length
of the square wave 1s infinitely variable up to 100/usec. The principle can be used for

longer times and at higher currents as well.
Construction of two neutron counters with amplifier.

Design of a monochromator attachment for 10 multipliers with light divider in accordance
with British specifications.

Development and construction of an electronic attachment for measuring the revolution
frequency of a turbine drum camera.

Development and construction of pulsed power supply system for a 40-kV double Kerr cell.
To eliminate the necessary of working with multipliers directly on the cable wave
resistance an emitter repeater was developed which was screwed on to the existing multi-
plier attachments on the signal bush. The power supply for the emitter repeater is

obtained from the calibration signal of an oscillograph, the signal cable itself serving
as power lead.

Design of a screening box for the leads through the floor, with flexible plug-in tubes for
the megajoule bank.

Construction of a device for measuring the magnetic field in the megajoule bank.

Electrical installations for screened rooms.
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EXPERIMENTAL PLASMA PHYSICS 2 (DR. G. VON GLERKE)

1. Summary

At the beginning of the year it was decided to shift the emphasis in the "Interactions"
Group slightly by ceasing to regard the interaction phenomena as such as the sole object
of experiments and using them directly instead for the production of high-temperature
plasmas. This raised the question of a stable confinement. This problem was sclved by
choosing mirror machines wilth minimum-B configurations. The ensuing HELIOS and HELIOSIS
projects were adopted as the main programme of the group, and the experiments still in
progress are to be concluded as soon as possible. Such experiments include primarily those
no longer directly connected with the new programme of the group, such as, for example,
diffusion and oscillatlion investigations on the CABINET I apparatus. On the other hand, it
proved possible to set up from exlsting components an ion beam interaction experiment
(JO-J0) with which a few prelliminary investigations for HELIOSIS can be conducted.

The instability found two years ago in the WW I apparatus during electron beam and plasma
interaction has now been investigated more closely. The experiment will probably be

concluded in the course of 1965.

The diffusion experiments on CABINET III are being concentrated more and more con the wall
problem, which, as is well known, occupies a decisive role in the case of finite plasmas

(e.g. instabilities in mlrror machines).

In the Mierowave Group the previous work in the field of measurement technique was rounded
off and concluded. Preliminary experiments for producing an electron cyclotron resonance
plasma are under preparation, for which purpose the now vacant CABINET I apparatus is

being used.

This year various investigatlions were conducted on the plasma of the HOKE hollow-cathode
discharge, this plasma being originally intended for ion cyclotron resconance experiments.
The plasma dlameter was raised to 3 ecm. This plasma still seems to provide a suiltable
basis farI.C.R. experiments, although somewhat overshadowed by the confidence placed in
the E.C.R. plasma. The HOKE plasma has been investigated by varicus diagnestic methods,
whereby the Whistler mode propagation seems to stand out as a reliable method of measuring

plasma densities.

In the course of the year operation of the hellium liquefiler was taken over completely by

the Engineering Department.

In the "Phermal Plasmas and Probe Diagnostles” Group the experiments on the radic-frequency
probe were concluded. The new experiments are concerned primarily with wave propagation in
thermal plasmas. In addition, the particle losses of a caesium column 1n stralght and

curved magnetic field were examined. These experiments showed that in the previus geometries
and with the investligation methods applied no statement can be made on the prevalling loss

mechanism at low densities.

Investigations of the wall problem in the "Ultra-high Vacuum" Group were contlnued according

to plan.
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The size of the staff showed an increase on.the previous year. Working temporarily in the
Department as guestswere: Dr. N. D’Angelo (Princeton), Prof. R.W. Gould (Pasadena) [25],
[24] and Dr. R.S. Harp (Stanford). Dr. K.H. Wshler was granted leave of absence (Monterey).

2. High-Temperature Plasmas

(F. Boeschoten)

2.1 Proposed Method for Producing High-Temperature Plasmas (HELIOS and HELIOSIS)

(F. Boeschoten, A. Borer, G. Cattanei, H. Grawe, W. Herrmann, G. Lisitano,
G. Siller, K.H. Wohler)

This year it was suggested that an electron cyclotron resonance plasma might be an excellent
initial plasma for the larger interaction experiments planned. It was therefore proposed

that a stationary (or semi-stationary) E.C}R. deuterium plasma be produced with the aid of

a microwave transmitter (40 KW, 20 Ge/s C.W.). In this way it should be possible to produce

10 to 20 litres of plasma (density ng o lO12 cm‘}; electron temperature Te:x 100 keV). The
deuterons of thls plasma were to he heated afterwards on the ion cyclotron resonance principle,
namely with the transmitter (1.5 MW, 2 msec, 5.5 Mc/s) supplied at the end of the year (HELIOS),
of high-energy deuterons were to be injected with the lon beam (100 keV, 0.5 A) belng

developed (HELIOSIS). The plasma was to be confined in a minimum-B field configuration [5].

In experiments conducted recently at Oak Ridge, however, it was found that there are also
many cold electrons (Te:3 10 eV) present in the E.C.R. plasma (ne also = 1012 cm_j). Their
presence is undesirable because they take away the energy of the heated ions. Investigations
of the E.C.R. plasma should therefore be directed primarily at avolding the cold electrons

and minimlzing the neutral-partlcle density (% 2-109 cm'3).

For coupling the ion cyclotron wave into the plasma,capacitive coupling seems to be the most
feasible proposition. The problems which may arise at the electrodes do not appear to be
insuperable. As an alternatlive 1t was suggested that the microwaves be modulated with the
T.C.R. frequency; the extent to whlch the plasma can act as a demodulator has still be
investigated.

Taking into account as well the latest experiments in Livermore, it seems that a hexapole
field is the most suitable lor ensuring stable confinement of the plasma.

The projects were dlscussed at length but no final decision has been reached so far.

The lon beam experiments were concerned primarily with the extraction and focusing of the
highest possible ion currents. As yet 1t has not been possible to obtain a high extraction
current and good focusing at the same time. Currents of over 100 mA were extracted with
energies of up to 40 kV; by means of a dlaphragm 3 cm in diameter at a distance of 1.85 m
from the source about 70 mA could be focused with up to 70 kV. An energy analyser for
investigating the energy distribution of the beam particles was constructed. In the final
quarter of the year operatlons were interrupted as it was discovered that without sultable
overload protection damage to the eleckrode system caused by breakdown is inevitable. An
overload protective device (tricde) for voltages of up to 100 kV is being constructed.

:-.f}i
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2.2 WW I (W. Herrmann)

Measurements on the electron beam plasma were continued [33].These were concerned primarily with
the energy losses of the beam. With instability present the energy losses reached values of
roughly 30 % of the injection energy. The energy losses are dependent primarily on the
pressure. They are greatest just above the critical pressure. They increase slightly as the
current increases. The absolute energy losses AE rise as the injectlion energy E. The

relative losses é% remain constant.

The electron beam was also injJected into a mirror field. With intense magnetic fields

(approx. 2500 gauss in the mirror) gamma radiation with an energy E » 50 keV is found in

the region Jjust above the critical pressure. The radiation originates at the collector.

The injection energy was only 4 keV.

Oscillation measurements were conducted primarily in the low-frequency range. Oscillations

of high amplitude in the ke/s range seem to accompany a rotation of the beam. Furthermore,
with instability present outside the beam osclllations were detected at a few 100 ke/s. For
these oscillations three to six harmonies could be found. The freguency of these oscillations
does not depend on the radius, but varies roughly in inverse proportlion to the magnetic

fleld and pressure.

2.3 Ion Beam Interaction (J0-J0)} (A. Borer)

Interaction between beams of charged particles, i.e. the conversion of kinetic energy into
oscillation energy, already ensues theoretically from the simple model of a plasma that
consists of a large finite number of cold components drifting against one another. Prelimi-
nary theoretical work on the basis of this model ylelded information on the corder of
magnitude of the effects anticipatedl). JO-JO 1s intended as an experiment which should
conform to this simple model as far as possible: two ion beams of a few mA with energles

of up to 10 keV, neutrallzed by electrons produced in the resldual gas, are fired at one
another in a magnetic field of up to 4 kG. Density and energy modulation of the beams make
1t possible to record the frequency properties of the system.

2.4 CABINET I (F. Boeschoten, K. Gsissler, G. Siller)

At the beginning of the year the diffusion measurements on the CABINET I apparatus were
concluded and the findings compiled in a laboratory report [IPP 2/35]; [6] . The survey
of diffusion measurements in a magnetic field which was announced in the last annual
report was published [4} . The osclllation measurements on ths beam were also terminated
this year, partly in collaboration with R.W. Gould.

2.5 CABINET ITIT (X. Geissler)

Hitherto the influence of boundary conditions on the diffusion of a plasma in a magnetic
field has not been understood very well rIPP 2/}5]; EGJ. A decaying plasma affords good

scope for investigating this influence. For this purpose a plasme (neutral-gas pressure

1072 to 107! torr , magnetic Ffield O to 4000 gauss) is produced in a metal cylinder

1) Internal reports: "Anregung von elekirostatischen Schwingungen in einem System von
zwel entgegengesetzt gerichteten Ionensirahlen mit strahlenparallelsm Magnetfeld”
(April 196&), "Elektrostatische Schwingungen in einem System von zwel entgegenge-
setzt gerilchteten Ionenstrahlen" (August 1964).
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(L =70 cm, D = 16 cm) with the aid of a pulsed electron beam, and the decay of the plasma
due to diffusion is observed. The wall and ends of the metal cylinder are split up into 17
rings insulated from one another so that the wall currents produced by the non-amblpolar
diffusion mechanism can be measured directly (ef., for instance, the "short-cicult effect“)1}
The apparatus enables the wall currents to be measured in the interval from 10'3 to 10~ k A
for every cm- of the wall, i.e. the plasma decay can be kept track of over a correspondigly
wide density range.

5.6 Microwaves (G. Lisitano)

In a concluding internal reportg) on the work performed in the field of microwave measuring
methods the systems developed and the measurement results from plasma experiments were des-
cribed. This paper was submifted without the section on plasma diagnostics to the TH

Munich as a doctorate thesis [u8].

Purther attention was devoted in particular to the measuring system for the automatic indi-
cation of the impedance transformation of a quadrupole in the mm wave range. A report on
the subject was submitted for publication.

In the case of the dual interferometer measuring system the technical principles were
formulated and a detalled investigation of possible measurement errors conducted [49].

In connection with a diploma work (M. Michaelis) the following developments were realised:

1. Frequency doubling from a 4-mm klystron; 2. Comparison between 2-mm Philipps detectors

and standard IN-53/4-mm crystals; 3. Microwave optical system with Teflon lenses; 4, Compari-
son between the following four interferometric methods in the 2.5-mm wave range: phase

bridge system, amplitude modulation system, Michelson interferometer, frequency modulation
interferometer with "Polar" and "Fringe" display; 5. Construction of an interferometer for
three wavelengths (8, 4 and 2.5 mm).

2.7 Hoke (K. Weinhardt)

First of all the experiments for increasing the arc diameter were continued. Ta cathodes
wlth internal diameters of up to 30 mm and arc currents of up to 400 A were used. The
influence of the separating walls on the neutral -gas pressure was investigated. A water-
cooled, hollow ancde and conilcal cathodes were prepared. In the external plasma ng and Te
were determined with a spherical probe and oscillations investlgated. A start was made on
spectroscopic measurements in helium. The mean density and the mean diameter of the arc

core were determined by means of 4-mm transmission measurements.

A Dicke radiometer was used without successto find at the harmonics of the electron cyclo-
tron frequency the same radiation observed by COCOLI 1n a similar discharge. Comparison of
the B-dependence of the inherent nolse seems to indicate that Hoke is too "quiet" for the

emission of cyclotron harmonics.

With two pin antennae forming a system similar to a double probe which is forced through
the arc by a lever mechanism, electromagnetic waves which propagate quite definitely in
accordance with the Whistler mode were excited in the plasma and verifled. At present the

1) A. Simon, Phys. Rev. 98, 317 (1955)

2) G. Lisitanc, "Ein Messverfahren zur direkten Anzeige des Ubertragungs- und Reflexions-
raktors im mm-Wellenbereich (mit plasmadiagnostischer Anwendung )", Nov. 1964




coupling between antenna and plasma is being investigated in order to create the conditions

for quantitative measurements.

3. Thermal Plasmas and Probe Diagnostics

(G. Miller)

5.1 Particle Losses of a Cs Plasma Column in Stralght and Curved Magnetic Fields

(E. Guilino, in collaboration with the "Wendelstein" Group, MPI)

See under Experimental Department (Plasma Physics) of the MPI, "Wendelstein" Group, of the
present report.

3.2 Excitation and Propagation of Plasma Oscillations

5.2.1 Bernstein Waves and Self-Excitation of Plasma Oscillations in the Vieinity of the

Electron Cyclotron Harmonics (R.S. Harp, G. Miller)

These investigations were begun in the summer of this year after the radioc-frequency
resonance probe measurements were completed. The self-excitation of plasma oscillations

at the electron cyclotron frequency and 1ts harmonics was verified to the 12th order

both in the thermal Cs plasma of the ALMA II apparatus and in an Ar low-pressure discharge
with a Helmholtz coll system in the region of 100 to 400 Me/s (0 to 150 gauss). The
oscillations were recorded with electric RF probes located inside the plasma column. With
normal operation of the discharge both the osclllation amplitudes and the order of the
excited cyclotron harmonics decreased as the neutral-gas pressure increased and vanished
at approx. 4-10"4 torr. In the presence of superthermal electrons these oscillations were
exelted at higher gas pressures cof up to approx. lO_3 torr as well.

In the Ar low-pressure discharge with large column diameter of approx. 4 em 1t was also
possible with probes at an oscillation frequency of 400 Me/s and a plasma frequency

2 400 Me/s to excite longitudinal electron waves perpendicular to the magnetic field, so-
called Bernstein waves, and carry out transmission measurements. In a magnetic field region
between the fundamental and first harmonics of the electron cyclotron frequency wavelengths
from 1 mm to 2 cm were measured and the theorstical dispersion relation for Bernstein waves
verified, Waves between the higher harmonics were measured as well, the wave propagation
coming to an abrupt end each time at the higher harmonic. Hitherto it has not been possible
to measure these wavelengths because of their appreciably lower amplitude.

3.2.2 Low-Fregquency Electrostatic Ton Oscillations (k // B) (E. Guilino)

In the secondhalf of the report year preparations were initiated for an experiment to
investigate electrostatic ion waves. With the aid of grids traversed by the plasma column
excltationis effected in such a way that a plane wave propagates along the axis parallel to
the magnetie field. In the contact ionization plasma of the ALMA II apparatus the frequency
range to be investigated, which is below and close to the ion eyelotron frequency and below
the ion plasma frequency, lles between a few kc/s and 100 ke/s. In the collisionless plasma
the wave is subjected axially to strong Landau damping .
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powards the end of the year the experiment apparatus was completed but for a few minor
improvements still to be attended to. It was possible to verify ion oscillations of the

desired kind.
The following investigations are planned:

a) Absolute measurement of the wave amplitude in the plasma. Comparlson between a theory
of R.W. Gould [24} and the experiment.

b) An attempt is to be made to measure the phase veloclty of the wave more accurately by
suppressing the plasma drift; on the other hand,if the phase velocity is known the
drift velocity of the plasma can be determined. In any other way the phase veloclty 1s
diffucult to measure in the Cs plasma, but 1t influences the evaluation of probe
measurements and provides valuable information on the emitter sheath.

¢) Measurement of the transition from Landau damping to collisional damping by raising the
impact frequency(admixing neutral gas). Transition from Landau damping amplification by
distortion of the velocity distribution of the ions. Later, dependence of the damping
on the temperature ratio Te/Ti by additional heating of the Cs plasma.

In order to obtain a more pronounced plasma column (steeper radial density gradient at the
column boundary) and a higher cyclotron freqguency, it is necessary to have a more intense
confining magnetic field. In collaboration with the Engineering Department (B. Oswald) a
new coil system producing a magnetic field of 13 kG was designed and commissioned.

A new, radially expanded vacuum vessel will also allow the introduction of axial probes in
double-ended operation (in collaboration with the MPI Design Office - P. Meyer, Allgeyer,

Melchior).

3.3 Probe Diagnostics

3.3.1 Investigation of the Veloclty Distribution of the Electrons in a Hg Low-Pressure

Discharge (M. Troppmann)

The principle of the experiment was described in the previous annual report (section T11.3.1)-
Meanwhile the constriction of the plasma in dependence on the gas pressure, discharge current
and constriction voltage was measured. The discharge was constricted to approx. 1/50 of the
original cross section at voltages of up bto 1000 V, the operating voltage increasing as a
result by up to 15 V. Moreover, the plasma apparatus was improved in several respects and the
electronic system for recording the energy distributlion was completed so that a start can now
be made on the actual investigations.

In addition, theoretical studies were made of the electron energy distribution in the plasma
constriction and in the plasma at the anode end and also of the influence of the electron

drift on the probe characteristic.

%.3%.2 Investigations of Ion Current with a Grid Probe (v. Joshi)

Investigations of the ion current from the plasma to a probe with the aid of grid probes
were discontinued in May thls year when V. Joshl left the Instlitute. Unllke measurements in

low-pressure discharges, measurements in the Cs plasma of the ALMA I apparatus {annual




report for 1963) showed an exponential rise in the ilon current and a pronounced ion
saturation current. In the absence of magnetic filelds the ion temperatures determined
were approx. 30 % above the electron temperature, which was also measured with probes.
Increasingly flatter ion current characteristics were found as the magnetic field in-
creased, from which it might be concluded that the ion temperature rises as the magnetic
field. This conelusion, however, would have to be checked first by further experiments.
The ratic of electron to ion saturation curregg_: measured with the grid probe - agrees
satisfactorily with the theoretical value Jﬁ:/m_ ,» unlike the value obtalned with
Langmuir probes.

3.3.3 RF Plasma Resonance Probe (G. Miller, W. Ott, G. Peter)

The problem of DC resonance was clarified already in the experiments conducted last year
on the RF resconance probe (annual report for 1963) [62]. A further publication in the
report year [2}] deals with the influence of boundary sheaths on resonance behaviour.

3.3.3.1 Influence of the Geometry of Probes and Plasma Boundary Sheath on the
Resonance Frequency

Calculations on the influence of the probe geometry on the resonance freguency were
confirmed by comparative measurements with plane, cylindirecal and spherical probes of
various sizes [58].

3.3.3.2 Influence of RF Voltage on Rescnance Behaviour

The resonance frequency showed definite dependence on the RF amplitude ¥ . Like the quasi
static direct current (at lower frequencies), the resonance direct current is proportional
to the square of the RF voltage for e- JviikTp. Compared with the quasi-static direct
current, however, the resonance current rises more rapldly at ( 3V)2, the more negative
the probe bias. At higher RF amplitudes these laws are subjeet to deviatlons which are due
essentially to the form of the probe characteristie.

%.3.3.3 Measurements of the RF Current of the Resonance Prcbe

Investigations hitherto have shown that the resonance of RF current and dilrsct current
coineide only if either the resonance damping or the capacitance of the conductors to the
probe can be neglected. If, as in the practical case, this does not apply the HF current
resonance is always below the DC resonance frequency. If capacitaznce and damping can be
ignored the RF current minimum coineides with the plasme frequency and shifts with in-
creasing capacltance to lower frequencies. Measurements on an equivalent eircuit for re-
sonance probe and plasma (plasma simulator) showed analogous behaviour. Invastigations

are to be concluded socon.
3.3.3.4 Ton Resonance

According to a short paper by KATO et al.l) it was suggested that in addition to the
electron resonance in the vieinity of the electron plasTa frequency there should be
a DC resonance at the ion plasma frequency f, = (; 2})1'd Tn experim?gts 0% the Cs

4 -

plasma of the ALMA I apperatus in the ion density range from lO7 to 10 cm no

1} Kato, Ogawa, Yoseli, Shimahara, J. Phys. Soc. Japan 19, 1849 (1063)
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resonance of the ion direct current to the RF probe was found at frequencies of 50 ke/s
to 5 Mc/s and even with high RF amplitudes of up to 25 V.

%.3.3.5 Resonance Probe in a Magnetic Field

If the lines of electric force are perpendicular to the lines of magnetic force, resonance
should occur according to the MAYER sheath modell) at a single frequency, namely at the
hybrid frequency ’U i +ﬁjci (G)S = resonance frequency in the corresponding case without
magnetic field, .o = electron gyrofrequency). In the experiTents in the frequency range
between 10 and 50 Mc/s and at electron densities =3-10 em™ in the Cs plasma of the

ALMA II apparatus there occurred, however, in addition to the hybrid frequency a whole
series of other resonance frequencies. These vary in characteristic manner as the other
parameters and ralse serious doubt as to whether the resonance probe in a magnetic fleld
can be enlisted for plasma diagnostics. The experiment was discontinued for the time being.
Tt is intended to resume this investigation 1f the experiments at present in progress

lead to a better understanding of the propagation of electron oscillations perpendicular
and parallel to the magnetie field ( v. sect. 3.2.1, for example).

%.3.4 Plasma Boundary Sheaths (Electron Beam Probe) (W. Ott)

The studies on the statlc sheath announced in the last annual report were concluded [IPP
2/54]. The new electron beam apparatus was constructed in the course of the year and
initial measurements made on a Cs plasma. Of particular importance was the fact that the
deflection sensltivity of the electron beam was raised from an original 20 V/em to 5 V/em
at a beam voltage of 60 kV by incorporating two magnetic lenses, the one for beam
focusing and the other for angular magnification. Sensitivityis to be increased even more
by means of an improved aligning system. Equipment for automatic measurement of the spatial
field strength distribution are nearing completion. A further new development was a
moveable emitter which makes 1t possible to measure,in addition to the fields in the sheath
next to a passive wall, the fields next to an emitter under various operating conditions.
This experiment is particularly important for investigations on the particle balance of a

plasma column (v. sect. 3.1)

3.3.5 Comparative Density and Temperature Measurements with Probes and Spectroscopic

Methods (A. van Oordt)

In the course of the year the photoelectric spesctroscoplc measuring device was finished.
With the aid of a periodic light beam cut-off system (frequency approx. 370 ¢/s; phase-
sensitive rectification) the band width of the noise signal is reduced to approx. 0.5 ¢/s
at a time constant of 1 sec. At room temperature the nolse signal of the photocathode at
the output end of the multiplier cocrresponds to a photoelectric current of approx. 10'10 A.
Photeoelectric currents of up to 2.10'10 A can therefore still be detected, which 1s
equivalent to a luminous flux of approx. lO4 photons/sec at 4000 1. By cooling the photec-
cathode - the components required for this purpose are at present being made - this
sensitivity can be increased by at least twe orders. This high sensitivity 1s necessary
for the rollowing two experiments to be conducted with the sald device:

1

a) Measurement of the density and temperature in the region of 10 l(n(lol3 cm—3 - for

comparison with the results of probe measurements 1n a magnetic field - at the arc plasma
source IT in He, the density being determined from the merging of the high series lines

and the temperature from line Intensities.

1) Internal Institute Report: W. Ott, "Zur Resonanzsonde im Magnetfeld" (Feb. 1964)
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b) Measurement of the density in the region of 103<Il<1011 cm 2. for comparison with

the results of probe measurements in a magnetic field - in a Ba conbtact ionization plasma,

the density being determined from the scattering of the resonance radiation of the Ba ion.

Initial results of experiment a) show He series, merging of the series lines being clearly
identified in the 20th order . Construction of the apparatus for experiment b) is still
noet complete owing to various delays. These experiments help to account for, among other
things, questions relating to the particle balance in the plasma column (v. sect. 3.1).

%. Ultra-high Vacuum

(E.W. Blauth)
Investigation of the wall problem involved various fields:

1. Sputtering of solid material with high-energy hydrogen ions from an accelerator and

with ions of lower energy in the rield emission microscope,
2. Development of mass spectrometers for the UHV,
3. Special problems of UHV physics.

4.1 surfaces

4.1.1 Sputtering of Solid Material (R. Behrisch)

In the course of the year the 150-kV UV accelerator was improved toc such an extent that
there are prospects of having it fully operaticnal at the beginning of 1965, Besides
completion of the vacuum system the modifications affect the ion extraction system and

lor pest-acceleration system.
A report summarizing the spubttering cf solid materials by ion bombardment was puinlished [}].

ik,1.2 Investigations of Field Emission (H. Vernickel)

A field emission microscope was used fo begin measurements concerned with the influence of
ion bombaredment cn the tip surface and with subsequent gas absorpbion (systems: tungsten-
OXygen; ions: Ar+ and Xe' with an energy of roughly 4 keV).Results to date: lon bomardement
causes pronounced roughening of the surface. Details of the crystalline order are destroyed,
while the basiec characteristies of the ecrystal structure are preserved. The amount of change
in work function is the same for tempered and bombarded Uips. Details of the adsorption
kinetics and the surface defects caused by bombardment will have to be investigated more

accurately.

Further improvements were made in the method for measuring the work function by simultaneous
determination of the DC resistance and the differential AC resistance of the field emission
path.

Preliminary experiments on the desorption of adsorption layers by ion bombardment showed that
an apparatus with separate lon source will have to be constructed for this purpose.




4.2 Mass Spectrometers (E.W. Blauth, H. H3tzl, E.H. Meyer)
MU i R

Measurements on the new linearly periodic time-of-flight spectrometer (Templtron) were con-
tinued. By energy analyses it was verified that hitherto the ilon signal consisted mainly of
reflected lons. The system was converted accordingly. With new measurements 1t 1s now inten-
ded to clarify whether higher resolution and sensitivity can be attained.

Work on the design of a unit-composed four- pole spectrometer in UHV technique was continued
and the result submitted at the end of the year to the Engineering Department for clarifica-.

tion of technological detalls and final construction.

4.% UHV Measurements

4.%.1 0il Flow in the UHV (H.E. Schulze)

Further improvements were made in the method for measuring layers,forming on the walls in the
UHV, with the aid of the frequency variation of piezoelectric quartz crystals. It is now possible
to make measurements with quartz cooled to the temperature of liquid N2. The method using low-
temperature quartz is to be used for carrying out vapour pressure measurements in an effusion
cell.

The back-streaming products of an oil diffusion pump were caught in a trap cocled to low tempe-
rature which can be shut off and after thawing analysed with the Farvitron up to mass 400.

Mainly 002
ductance measurements with oil vapour.

occurred. An oll diffusion pump cannot be used therefore as vapour source for con-

4.3.2 Initial Flow (B.M.U. Scherzer)

a) The problem of initial molecular flow was formulated mathematically in collaboration with
R. Gorenflo (Theory Dept.) on account of its significance in determining the mean sojourn of
the gas molecules on the wall. So far no analytical solution has been found. For this reason
M.G. Pacco (Theory Dept.) and R. Corenflo set up a Monte Carlo programme with which special
initial phenomena can be simulated. This programme also serves to check the approximation on
which the diffusion equation is based.

b) Blears effect: Closer observation of the molecular flow of o0il and its crack products re-
sulted in a new explanation of the Blears effect [67].

4.%.3 Base Pressures of Hg Diffusion Pumps (B.M.U. Scherzer)

It was possible to show that the base pressure of Hg diffusion pumps depénds to a great extent

13

on the preliminary vacuum and its composition. Pressures £10” torr were obtained in suitab-

le systems.

4.3.4 Ton-Electron Converter (B.M.U. Scherzer)

In order to detect the smallest ion currents a converter according to F. Bernhard, Berlin, was
constructed for the UHV. The experience galred led to a new design.
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4.3.5 Two-Chamber Ionization Gauge (G. Venus)

A two-chamber gauge with improved mechanical properties was constructed. Electric pertur-
bations occurring were investigated and (where technically feasible) reduced. Calibration
was carried out with helium in the region of 10-7 to 10_10 torr. The gauge 1s now to be
used in oll vapour atmospheres (Blears effect).




EXPERIMENTAL DEPARTMENT (PLASMA PHYSICS) OF THE MAX-PLANCK-INSTITUT

FUR PHYSIK UND ASTROPHYSIK, MUNICH (DR. G. VON GIERKE)

1. Summary

It was possible to produce a guasi-stationary discharge with magnetie-field stabilization
(Hourglass) up to axial temperatures of at last 200 000 “K. A better understanding of the
discharge was gained by using models the results of which are in agreement with the experiments.

Substantial progress was made with the investigations on toroidal confinement.

For small values of P (Wendelstein) conslstent observation of the behaviour of alkali plasmas
in magnetic flelds affords results which indicate a new approach not only to the guestion of
equilibrium in stellarator geometry, but also in confinement in linear geometry with end

plates.

In the case of large values of it was possible to observe an extension of the confinement
times, with increasing approximation to the M+S profile prediceted in theory. At higher tempe-
ratures, however, the equilibrium state becomes increasingly difficult to achieve. Investi-
gation was therefore made of additional stabilizing mechanism. Initial results were obtained

" current".

primarily with additional
The work of the Diagnostics Group was continued on the same lines as hitherto. Of particular

interest is the work on line broadening and transition probabilities. The Dr. Boldt Group

(Vacuum UV) becomes part of the Institut fiir Extraterrestrische Physik at the turn of the E
year, since its activities are assuming inereasing importance for astrophyslical purposes.

The size of the staff remained more or less the same. In 1964 the Department inculded the
following guests: Dr. W.S. Cooper IIT (Berkeley), Dr.N. Kaiser (application of microwaves),
Dr. E.H. Pinnington (Hamilton), Dr. F.W. Hofmann (Princeton), Dr. K.A. Uo (Kyoto, Princeton),
Dr. R.L. Barger (Boulder), D. Miller (Zagreb). Leave of absence was granted to Dr. J.H.

Mayer (to Boulder).

2. Hourglass

(P. Grassmann, O. Kliber, H. Wulff)

As efforts in the preceding report year to stabilize a He plasma with a strong external
magnetic field (up to 80 k[ ) were successful, the main emphasis of the work shifted to the
measurement of state variables. By combining measurements of the electrical resistance of
the plasma using probes with spectroscopic temerature measurements in the boundary zones

of the plasma it was possible to establish that the axial temperature is = 200 000 %k . Mea-
surement of the Faraday effect in a linearly polarized laser beam showed that the electron
density on the axis was a good deal greater than 10 particles per cc. These measurements
were made with a relativelysmall power input, i.e. € 8 kW per cm length of plasma. At higher
inputs the plasma is unstatlonary and so the methods employed are useless. (The cross
sectlon of the unstationary plasma is only slightly larger compared with that cof the statio-
nary plasma, and so plasma and wall remailn separated.) Studies based on magnetohydrodynamic
theory were made and these helped to clarify the unstationariness. It was possible to confirm
by experiment the prediction that longer configurations are conducive to stationariness of




the plasma. Future investigations are therefore to be conducted on configuratidns with
magnetic-field coils 60 cm long. In order to allow spectroscopic temperature determinations
in areas other than the boundary zones, preparations were made for measurements in the

vacuum UV spectral region.

Efforts to achieve an energy balance for the wall-stabilized plasma revealed that at the
present temperatures a substantial part of the power input is lost because of the resonance
radiation of the He lon emitted from layers which are not optically thin. As this loss
mechanism cannot be treated quantitatively measurements on the wall-stabllized Hourglass
were abandoned and work with a similar objective initiated on the field-stabilized confi -
guration. This invelves first of all investigation of the extent to which magnetohydro-
dynamic theory reproduces the plasma properties correctly. Within the scope of these ex-
periments it is also possible to comment on the magnetic behaviour of the plasma. The
result so far has been a preponderance of diamagnetic effects. The deviatien from the
external field was between 10'“ and 107-.

5. Wendelstein

(D. Eckhartt, G. Grieger, M. Hashmi, H.P. Zehrfeld)
(Engineers: C. Freudenberger, J. Kolos, M. Zippe)

The Wendelstein Group is investigating the confinement of plasmas 1n toroidal magnetlic-
field configurations under the condition f3<K 1. It was aiready shown in the preceding
year that thermal alkali plasmas can be used to advantage for this purpose.

The experiments were continued and the results discussed.

Towards the end of the report year the stellarator Wia with helical windings of type 1 = 3
was replaced by the WIb, which leatures helical windings of type 1 = 2. Stellarator WII
(with discharge tube diameter enlarged four times in relation to WI) was completed but

for the helical windings of type 1 = 2.

3.1 Particle Losses of a Cs plasma in a Stellarator

The results of the stellarator experimentsl) were again discussed. In thils connection the
equilibrium of a plasma of finite conductivity in a stellarator was deal: with in a simple
model (the results obtained agree with those already indicated by Pfirsch and Schlﬂterg)).
The main emphasis was placed on the balancing mass flux parallel to the magnetle fleld
necessary for producing a stationary state, this flux requiring as driving force a non-
vanishing component of the pressure gradient parallel to the magnetic field. This means
that the magnetic surfaces are satisfactory approximations of surfaces of constant pressure
only when the velocity of the kalancing mass flux ls small in comparison with the thermal
veloclty of the ions. This condition was used for defining a parameter of similarity which
allows discharges 1n H2 and Cs to be compared with one another.

Experimental results in respect of Cs plasmas are available for density ranges 1in which the
theoretical velocity of the balancing mass flux is nigh and also for others in which it is
low in comparison with the thermal veloelty of the ion. In the second case - disregarding
losses due to the finite conductivity of the plasma - egquillibrium can be sxpected, but not
in the first case.

1) N. D'Angelo, D. Dimock, J. Fujita, G. Grieger, M. Hashmi, W. Stodiek, International
Conference on Tonization Phenomena in Gases, Paris 1963 (paper IIJ c, 9)

2) D. Pfirsch, A. Schiiiter, Lavboratory Report MPI-PA-7/£2




No change of the plasma state is observed experimentally however, on transition from the
one density range to the other. Instead,the observed density profile is in no case rotational

symmetric and conseguently the areas of constant pressure are in each case very much
different from the magnetic surface. Rather do the density profiles bear out the assumption
that the balancing currents flow through the conductive wall of the vacuum vessel, instead
of through the plasma parallel to the magnetiec surface [MPI—PA—29/64; 21].

This hypothesls suggests the following experiments:
1. Replacing the conductive wall by an insulating one,
2. Increasing the radius of the vacuum tube and thus the dlstance of the plasma from the wall,

3. Repeating the measurements with a rotational transform of type 1 = 2.

3.2 Particle Losses of a Cs Plasma in a Magnetic Field with Variable Curvature

(experiments on ALMA IT in collaboration with E. Guilino, IPP)

To enable the influence of curvature of the magnetic field on the extent of plasma losses to
be studied an experiment was started with ALMA II. In thils experiment, the particle pro-
duction rate belng kept constant, the resulting particle density (and thus the rate of loss)
was determined as a function of the curvature of the magnetic field. Langmulr probes were
used for the density measurement. These experiments were concluded in the report year. They
showed that on transition from the homogeneous to the curved magnetic fleld the plasma
losses increased by a factor of less than 2 [MPI—PA-20/64]. With curvature of the lines of
magnetic force, a slight rise in particle losses 1s expected, however, as a result of
violation of the plasma equilibrium in the curved magnetic field [MPI—PA—12/64] or of geo-
metrical asymmetries in the experiment apparatus which are hard to aveid. On the other hand,
an increase in particle losses of several orders of magnltude was estimated from the results
of the stellarator experiment on transition from the stralght to the curved magnetlc fleld.
The condltion for this was that the plasma is in thermal equilibrium with the end plates and
thus, in the case of the straight field, the particle losses are caused only by collisional
diffusion and end plate recombination. This discrepancy was clarified by measuring in a
further experiment the particle losses 1n the case of the straight field. It was thereby
found - as described below - that 1t was not possible in the gilven apparatus to produce

in a homogeneous magnetic fileld a Cs plasma in which the particle losses were sufficlently
small compared with those occurring in the stellarator experiment.

3.3 Particle Losses of a Cs Plasma in a Homogeneous Magnetic Field

In the stationary case the total flux of the particles lost by the plasma vclume has to Dbe
equal to the total flux of the particles produced at the end plates. Taken as criterion of
the plasma losses is the mean lifetime of the particles, i.e. the ratio of the total number
of partlecles to the total input flux. In the denslty range 109 - 1012 cm_j and with a
magnetic field of 1.7 k| measurements of the particle density n, (Langmuir probe) and oi' the
ion flux é (plate) show that the particle flux @ is proportional to n  and the mean lifetime
is thus independent of n, [MPI-PA—EI/B#] . Assuming thermal equilibrium with the Snd plates
and an electron layer at the end plates, § should, however, be proportional to n. . In order
to account for this behaviour, the influence of the form of the radial density profiles
[MPI-PA-13/647 , the end plate recombination [MPI-PA-14/64] and the end plate diffusion
[MPI—PA—15/6H] , on the particle loss rate was investigated. The experimental results could
not be descirbed, however, until the assumption of thermal equillbrium was abandoned, since
at low densities the collision frequency is too small to keep at a sufficiently low level
perturbations of the distributicn function resulting from diffusion losses and the presence
of Langmulr probes [MPI—PA—16/64; 28].

Raiaetsiytrery
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3.4 Equilibrium in Toreidally Closed Configurations

a)"Scallops" (D. Dimock, Princeton)

In toroidal devices in which the strength and direction of curvature of the magnetic field
varies periodically in a suitable manner there exists a flux tube of infinitesimally small
cross section along which the balancing currents compensate over a spatial field period.
Theoretical treatment of the problem in two-dimensional geometry has shown that the balan-
cing currents that do not vanish in the vicinity of this flux tube can be minimized
[MPIﬁPA—18/64]. The calculations are to be extended to the three-dimensional case.

b) V" & 0 Cconfiguration

Toroildal devices were considered in which the confining magnetic field has the property
V¢ 0 (the condition V/< 0 is identical with the requirement U .V ¢ 4L > 0, whereby the

=B
integral is to be taken along a closed line of force,i.e.§£¥'5bould be a maximum for

P = Pl
distributlions producing the vacuum magnetic field include components which, considered

Of particular Ilnterest in this respect are those devices in which the current

alone, lead to conventicnal stellarator fields. This affords a simple way of comparing the
two devices. Calculations are in progress.

3.5 Ba Plasma

(in collaboraticn with F.W. Hofmann, Princeton, and A. van Oordt, IPP)

At very low particle densities perturbations of the plasma due to the presence of Langmuir
probes can no longer be neglected. The measurements made hithertc in Cs plasmas are there-
fore to be supplemented by others made in Ba plasmas which enable the particle density to
be determined by spectroscopic methods using resonance fluorescernce.

3.6 "Ambipol" (F. Karger)

In the Ambipol experimental device investipations into the beheviour c¢f a positive columm

in a curved magnetic field are being carried out.

a) Theoretical part

In place of the equation describing the problem exactly an approximation was solved analyti-
cally first of all. The result shows that the drift motion of the plasma in the curved
magnetic field alone causes the particle losses to pass through a minimum as the magnetic

field increases, without its bteing necessary to assume helical instability.

b) Experimental part

The coll systems for producing the magnetic fleld were completed and installed. Teflon glass
sealing for inserting the radial probes was tested, and for introducing the centre conductor
(rotational transform) an insulating, extremely thin-walled high-vacuum sealing (sandwlich
comprising glass, Teflon, stainless steel and ceramic) was designed. Development of a device
for blocking the discharge from the pump leads was completed [59]. Towards the end of the
report year a start was made to investlgating the plasma losses by measuring the longitudinal
electric field as a function of the magnetic field.
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4., Theta Pinch in Toroidal Magnetic-Field Configurations (M+S)

(H. Bialas, J. Junker, W. Lotz, F. Rau, E. Remy, K.I. Uo+, H. Wobig, G.H. Wolf)
(Engineers: H. Finkelmeyer, F. Hartz, H. Schuhbidck, D. Seewald)

The behaviour of plasmas with high ﬁ in toroidal equilibrium configurations was investigated
in closed (M+S) and non-closed field configurations (hexapole cusp). The plasmas were pro-
duced by toroidal theta pinch discharges (hydrogen, fi1lling pressure 10, 20, 4o, lOO/u,
temperature in the order of 10 eV, densities of a few lO16 cm'j). A purely toroildal and a

linear theta pinch were used for comparison purposes [MPI—PA—10/64; 63; 51; 53; 50; 29; 52].

4.1 Theory

4.1.1 Numerical Calculation of the Magnetic Field in the Space Qutside a M+S Plasma

Further work was performed on a computing programme for the analytical extension of the
magnetic field on a M+3 surface into the space outside. This programme is now at the testing

stage.

4.1.2 New M+S Surfaces

A more general differential equation enables new M+S surfaces to be calculated, e.g. those
with corrugated external contours or else with surfaces unsymmetric in relation to the
z coordinate. It is possible to furnish statements on exchange instabilities.

A mechanical simulator ("Matte") for new M+S surfaces was prepared in order to test, for
example, the possibility of a rotational transform for M+S5.

4.2 Experiments

4.2.1 "Drehfeld" Measuring Station - up to 16 kJ

In order to improve the accuracy and mechanical strength of the coils, the winding technique
used in the "Kronen" torus (l6-turn uncorrugated theta pinch coil with additional windings
for producing the M+S rield) was abandoned. A new collector divides the torus circumference
into 16 periods, with 12 current bows in parallel connectlon for each perlod. This technique

was enlisted in the following experiments:

4.2.1.1 "Lupus N" - 4 kJ

This is an ordinary torus (purely toroidal magnetic {lield) which was used for testing the
new bow technigue and the collector. Drift veloclty (approx. 1 cm//us) and time-integrated
spectrum are comparable with previous results at 4 kJ.

4.2.1.2 "M+S Lupus" ("First Approximation") - 4 to 16 kJ

As "First Approximaticn" in the M+S lupus programme a glass vessel is used whose surface
possesses M+S geometry, so that the plasma is in an equilibrium configuration at the moment
of breakdown. With the bows positioned eguildistant 1t was possible in the first half-cycle

to observe an extension of the confinement time by a factor of about 3 compared with Lupus N.

+ Quest from the University of Kyoto, Japan




A change in the geometrical arrangement of the bows did not bring any improvement on this
result. In the second half-cycle the plasma was pressed at the "neck" against the inner
wall of the torus directly after compression; in relation to an ordinary torus the confine-
ment time in thils case was extended by a factor of about 5.

Tn ringing discharges time-integrated spectra showed (faintly) lines of O V (5606/5608 R).Under
otherwise idenitical conditions these lines could not be observed in the ordinary torus,
but they were in the "Lintus" (ef. 4.2.3.2).

I,2.1.% "Schalenlupus" ("First Approximation") - 4 to 16 kJ

Probe measurements showed that a significant part of the lines of magnetlc force emerged
between the bows at the "neck". In order to create a Flux tube, the bows were replaced by
shaped copper shells. This coil configuration results, however, in excessive ripple of the
magnetic field. Immediately after breakdown the plasma contacts the inside of the vessel
wall at the "neck" then splits up into several (up to 3) tubes each of which retains its
position independently of the others for some time (approx. 4 - 6/us) before drifting
outward. Various modifications on the shells did not result in any improvement.

4,2.1.% "Schalenlupus" ("First Approximation") - or "Biligellupus" ("First Approximation™)
with ¥ currents

Induced f currents showed at MO/u filling pressure no improvement of the confining erficiency
of the said configurations. At 10 u filling pressure, however, ¥ currents prevented the
above-mentioned splitting. The plésma also showed in this case a greater integral light
emission (higher temperature ?) for a period of 10/us, then for a further 10/us it remained
inactive in the middle of the vessel with gradually decreasing brightness. Contact of the
plasma with the wall on the inside of the vessel at the "neck" no longer appears to take
place. This means that an extension of the confinement time by a factor of about 8 in re-
lation to the purely toroidal theta pinch has probably been achleved.

4.2.1.5 "M+S Lupus" ("Second Approximaticn") - 4 to 16 kJ (under construction)

The glass vessel for the "Second Approximation", in the M+S Lupus programme, is less corru-
gated than that of the "First Approximation™”. The dimensions of this vessel were selected
on the basis of an already compressed plasma with M+S configuration; the vessel surface is
at a constant distance from the theoretical plasma surface. The field is prevented from

escaping by replacing the current bows with copper dises.
4.2.1.6 "Uber M+S" (planned)

The M+S contour used hitherto involves unfavourable curvature over the entire outside. In-
vestigation is to be made as to whether the zones of "good" curvature produced by having a
wavy effect on the outer contour as well exert a stabillzing influence. This calls for a
more pronounced corrugation of the inner contour of the M+3 surface. Pathological configu-~
rations are prevented by lncreasing (by approx. 1 m) the major radius of the torus. Since
the plasma volume is to remain unchanged, a torus sector is planned. The influence of end

losses will be discussed separately.




4,2.1.7 Standard Torus - 4 kJ, with hexapole field - 4 kd

This non-closed field configuration is a stable equilibrium configuration. Compared with
a linear theta pinch (Lintus, ef. 4.2.3.2) 1t gave a shorter confinement time, which fact
can be deduced from the amount of diffusion due to lime cusp losses predominant in the

present temperature range.

4y.2.2 "Zwilling" Measuring Station

4.2.2.1 "Zwiliing" Standard Torus - 4 kJ

The investigatlions of the various magnetic-field probes were concluded and special plasma
configurations (trapped fields) measured (for evaluation cf. 4.4.2).

4.2,2.2 "Spinne" - 50 kJ, convertible to 50 kdJ + 50 kJ hexapole field

In autumn 1964 the "Zwilling" was dismantled and the reliable capacitor units (Bosch capa-
citor with "cooled" ignitrons) used to start construction on the "Spinne" 50-kJ apparatus
(first as a standard torus with solid single-turn coil).

It was particularly difficult to imsulate the collector.

The Spinne apparatus can be put into service at the beginning of 1965, The planned pro-
duction of shaped M+S colls was not put into effect since the results of the "Second

Approximation" have to be awaited.

The incorporation of Joffe wires for hexapole stabilization 1s still at the planning stage.
At the moment it is obvious that the technical difficulties will be immense.

4.2.3 "Quickly" Measuring Station - 4 kJ

4.2.3.1 "Quickly" Standard Torus - 4 kJ (four-turn)

In January 1964 capacitor units with spark gaps (Engineering Department IPP) were again
incorporated. These units were not a success and have now been replaced by units with
cooled ignitrons. As the winding technigue can no longer be used at higher bank energiles,

Quickly has been abandoned.
4 2.3.2 "Lintus" - 4 kJ

In place of Quickly a linear theta pinch ("Lintus") was installed. At the same volume and
with the same discharge conditions this "linear torus" allows a comparison between the
linear and toroidal theta pinch (in open field configurations as well). For this purpose
spatial mean values of electron density and electron temperature are determined spectros-

copically as a function of the ftime,

4.2.4 Measuring Station T-2 - 4 to 16 kJ

On the T-2 standard torus - first of all with a bank energy of 4 kJ - the distributions in

space and time of electron density and electron temperature were determined spectroscoplcally.

(Method: absclute intenslty of the continuum at 5000 ﬁ, ratio of the intensities of Hﬁ to
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the continuum). With a filling pressure of 4o u at time t = 2.5 us maximum values

- plf -3 _ F
L A———— 1:'2 30 cm 7, Te Wik 8 oV were obtained. The measuring method thus devised 1s
to be used on a standard torus with and without hexapole system (up to 16 + 16 kJ) and on

a M+S Lupus as well.

4.2.5 "Limpus" - 380 kJ ? (planned)

Independent of the equilibrium problem, the question arises as to whether exchange insta-
bilities can occur in a plasma in M+S configuration and how high thelr rates of growth

are. For the keV range (Larmor radius stabllization) a linear theta pinch with periodically
corrugated "Limpus" coil 1s therefore planned.

L.2.6 "Copper Plasma"

The plasma is simulated by a copper body in M+S configuratioh;the outer coll consists of copper
dises in parallel with different bores and at varlous distances from the collector. By
varying the coll geometry the condition [ Bl = const was optimized on the surface of the
copper body. For the best configuration a measuring accuracy of 15BI /IBj»=1.3% was obtalned.
The resulting confinement time of a real plasma would be less than that observed in the

M+S5 Lupus.

4.3 Technical Aspects

4.5.1 "Capacitor Unit with Ignitrons" Fatigue Test

The service life of Bosch MP capaciltors (made in 1964) showed an increase by a factor of
10 on those of 1960. This is comparable with that of BICC capacitors, but the latter have
a higher internal ohmic resistance.

The ignitron GL 7703 (cooling-water temperature 20° ¢) withstands an average of k2 000
discharges.

Lh.3.2 "Spark Gaps" Fatigue Test

In comparison with ignitrons spark gaps have the advantage of more rapld voltage rise and
smaller jitter. On the other hand, they have the disadvantage of a very much smaller
ignition range. Pressure spark gaps supplied by the Cooke Engineering Company, USA, failed
to give satisfactory performance in a fatigue test. The knowledge gained was used for

designing new spark gaps for the preionization capaxitors in wich it is important to
minimize jitter.

It has not been possible so far to perform a fatigue test on a spsrk gap for the main dils-
charge as no apparatus has been available for this purpose in the last few months.

4.%.3 Short-eclrcuiting Device

For reasons of safety capacitors have to be short-cireuited when not in use. A short-
circuiting device (testing voltage o xV, service 1ife > 10 switching operations under
normal conditions) was developed which enables up to 12 electrically separate capacltors
to be shert-circuited simultaneously.
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4.4 Data Processing

Attempts are being made on an increasing scale to process in the IBM 7090 the information
gained in experiments. Available for the evaluation of oseillograph curves is a compound

table with measuring microscope to which an electroniec counter 1s connected. Data can be

issued on S;bit punched tapes or alternatively on IBM cards.

4.4.1 Preliminary Programme

This programme is intended for punched tapes on the G3 computer and punched cards (under
preparation) on the IBM 7090 and provides for rotation of the coordinate system, determi-
nation of the time and amplitude zeros, the interpolation of data in a selectable number
of equidistant steps and also the issue of interpolated values.

4.4.2 Probe Measurements

The signals of magnetic-field probes enable the distribution in time and space of current,
electron temperature and electron density to be calculated (in progress).

4.4.3 Spectroscopy

4.4.3.1 Dispersion Curve

The dispersion curve of the Zeilss 3 prism spectrograph is approximated by a family of over-
lapping hyberbolae. Wavelengths of unknown lines (e.g. impurities) can be determined.

4.4.3.2 Establishing Electron Density and Electron Temperature from Measurements on the
Duochromator

With due allowance for the necessary calibration and correction values, the spatial mean

values of electron density and electron temperature are determined by interpolation from
the evaluation tables compiled by A. Eberhagen and W. Liinow [IPP 1/23 = IPP 6/20, 1964].

5. Spectroscopy

(K. Bergstedt, C.-R. Vidal)

Measurement of the He I and He II line profiles at electron densities between 1016 and 1017
c::m_3 was concluded. As yet it has not been possible to decide whether further evaluation
adds to existing knowledge on this score.

Work on the stationary RF discharge was continued by C.-R. Vidal [70; Tl]. First the photo-
electric measuring technlique for recording line profiles was extended to the quartz ultra-
violet and the infra-red spectral region. On the one hand,the accuracy was here increased
by means of a new recording unit and, on the other, the sensitivity was substantially
improved. The improved technique is used for measuring the merging and for recording the
infra-red profiles of H and He. Furthermore, preliminary work was concluded which enables
the line profiles of both elements in a H - He mixture to be determined simultaneously.
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6. RF Plasma Interaction

(H.M. Mayer)

Before H.M. Mayer took leave of absence hls work on sheath behaviour in the case of the
wide-band probe was described in two laboratory reports [MPI—PA—2H/64; MPI—PA~E§/64].

7. Vacuum Spectroscopy

(G. Boldt)
The Vacuum Spectroscopy Group under G. Boldt is withdrawing from the Institut flr Physik at
the turn of the year. Its work is to be continued in the Institut fiir Extraterrestrische

Physik along the same lines but with wider objectives.

7.1 NI Oscillator Strengths in the Region of 1000 & A < 1800 2 (F. Labuhn)

The NI absorption oscillator strengths are determined by emlssion measurements, the connec-
tion between "equivalent width", population of the lower state and absorption oscillator
strength, referred to as the "growth curve", being used. Serving as light source 1s a
cascade arc operated in defined argon-nitrogen mixtures. The normal intensities required
for determining the equivalent widths are produced in the form of black-body radiation
with the aid of the same arc. The population is obtained for the NI particle density. The
latter in turn 1s determined by a method which ignores the assumption of constancy in the
mixture ratio of argon to nitrogen and also knowledge of any transitlon probabilities.

This work was terminated last year. The result is absorption oscillator strengths of 35 NI
multiplets in the wavelength region of 1000 to 18C0 ] [&6; 8].

7.2 SiT, II Oscillator Strengths in the Reglen of 1100 £ } < 2000 R (Ww. Hofmann)

The original intention was to measure the oscillator strengbhs of alkall earth lons. For
this purpose an apparatus was constructed for defined intreduction of alkaline earth into
the arc plasma. This was accomplished by heating alkall earth halldes to 1000 - 1100%
(with a constancy of + 12 C), the ensuing vapour being carried off by argon flowing past
on top. When a start could be made on spectroscople measurements in the cascade arc, it
was shown that no observable part of the alkaline earth introduced stays put along the
arc axls. Nor would it be any different 1f the alkaline-earth input were to Dbe increased
by an order of magnitude. Since the Influence of this unexpectedly powerful "separation
effect" can be prevent only by radial modification of the measuring method, the experiment
was discontinued in the middle of the year and a start made instead on investigation of
silicon.

The introduction of silicon into the are is performed in principle In much the same way
as alkaline earth. Argon passes through a container filled with Siclu and kept at constant
(room) temperature, taking the vapour along with 1t into the arc. The separation effect

is not so pronounced here as in the case of alkaline earth, and so lines ¢an be observed
in the arc axis. It was found, however, that silicon and solid silicon compounds are
deposited on the are wall. This upsets the ccnstancy of tne measurements, limits as a
result the maximum quantity of SiClu that can be introduced per second and causes; more-
over, a decrease in the silicon concenbtration along the arc column. Attempts are being
made at present to compensate for this drop in concentration by introducing the E1CLy
vapour in suitable doses at various points in the arc channel.
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7.3 Line Wing Profile of the Hydrogen Line Lyman cl. (G. Boldt, W.S. Cooper)

Measurement of the pressure broadening effect in the hydrogen line Lyman d4 (at 1216 i),
already mentioned in the last annual report,was concluded. This was done at an electron
density of 8.4-1016 cm—}
the line centre,and the result was then compared with the various theorles avallable at

and a temperature of 12 200 %% up to a distance of 20 R from

present. Furthermore, it was possible to detect an asymmetry of the line profile, probably
due to Stark effect of gquite a high order [MPI—PA—6/64; 9; 7].

7.4 H, Oscillator Strengths in the Region of 900 £ A <1100 % (G. Boldt, E.H. Pinnington)

Towards the end of this year preparations for measuring H2 oscillator strengths were be-
gun. A knowledge of these oselllator strengths is a prior condition for the planned extra-
terrestrial measurements of the interstellar H2 density.

7.5 Comparison of Various Intensity Normals in the Vacuum UV Spectral Range

(G. Boldt, F.W. Hofmann)
The two methods of absolute intensity calibration in the vacuum UV range developed a few
years ago at the MPI and Princeton are to be compared with one another. Preparations toward

this end have already been started.

7.6 Intermittence Effect on Various Photographic Emulsions (K.H. Stephan)

After investigation of the behaviour of emulsion in respect of the Schwarzschild exponent
under extreme exposure time conditions and intensity conditions [MPI-PA—19/6i]the influence
of intermittent exposures was measured with a special polygonal rotating-mirror device.

Tests were conducted as to the dependence of the developed blackening S on the dark-bright
time ratio £
D

ey oD
by

of the light pulse train with constant impinging total energy at varlous frequencies
corresponding to

1.2:10~2 s8¢ > t, > 0.9:10™° sec

H
and various intensities as parameters in the wavelength range

3500 | £ A =7000 %
for the plates:

Perutz Spektral 450/550/680

Perutz Perseno

Perutz Peromnia

Perutz Superomnia

Ilford HPS

Ilford HP3

Ferranlia 7200
Experimental work was concluded. An attempt 1s to be made to combine the results of the
two investigations so as to provide a statement on the mechanism of the photographic

elementary process.
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8. Microwaves

(U. Hopf, F. Kian, G. Landauer, B. 0'Brien, M. Tutter)

8.1 Longitudinal Waves (M. Tutter)

a) Experiments were continued with the short waves found at the end of last year in a
homogeneously magnetized plasma cylinder. The wave numer k was recorded as a function of
&Jp/&) and we/ﬁj . The wave modes proved to be rotational symmetric in relation to the
tube axis. The onset of the propagation at Lde/h) = 1 and the refractive index, which
inereases as the plasma denslty decreases, could not be reconciled with any of the known
theories. The experiments were therefore abandoned and an improved, more flexible
apparatus set ub.

b) For the above experiments, on the one hand, and for the Whistler measurements on the
theta pinch torus, on the other, certain ideas were put forward and summarized in a
laboratory report [MPI—PA~19/6¥].

¢) An experimental device for excifting plasma waves by means of electromagnetic waves in
an inhomogeneously magnetized plasma was almost completed. The geometry of the device
approximates to that stipulated in the calculation given in the laboratory report
(MP1-PA-15/63].

£.2 Resonance Experiment on a Low-Pressure Discharge (B. 0'Brien)

Investigations of Tonks-Dattner resonances and plasma cable propagation were carried out
on a low-pressure mercury discharge. Calculations based on a simple model agree closely

with the experimental results.

8.3 PIG I (&. Landauer)

Of all the discharge types in which the emission of the harmonics of the electron cyclo-
tron frequency of non-relativistic electrons has been observed to date, the Penning: dils-
charge has shown the mestintense excitation of the spectrum up to high harmonics

n = é%— ~ 45, Investigations on PIG I were therefore continued.

The Field distribution of the static magnetic field was varied by altering the arrange-
ment of the excitation coils. As the inhomogeneity of the magnetie field increases line
broadening takes place, but there occurs at the same time a perturbation of the line
symmetry which ccnsists in one of the flanks having a less steep rise. If the deviation
of the fleld from homogeneous distribution has roughly the structure of a magnetic bottle
(field minimum in the middle of the vessel), each individual line has a flattened fliank

on the side of higher fraquency f > I (f = frequency of the line maximum). When the

o
1

£
field maximum is in the centre of the vesse! and reduction of the field cccurs toward
the ends of the vessel, the asymmetry seems to shift to lower frequencles (r < fe). This
obrervation was madz in measurements of the radiation perpendiecular and parallel to the
magnetic fieid and ied to the conclusion that the radlation is emitted principally from

a zone of the discharge vessel which, viewed axially, is central.

The discharge wes operabed wiith disc-shaped and ring-shaped cold cathodes of various

dismeters (a departure from the previous cathode 80 mm in diam.). This involves changes

in the nobential condition inside the discharge. Within certain limits these result in




wvariations in current, voltage and pressure and also influence the spectrum of the harmonics.

The principal results are (gas : helium):

a) More intense excltation of higher harmonics with small cathode diameters, approx. 40 mm

b)

c)

da)

e)

(anode diam. : cathode dlam. & L : 1).

Decrease 1n line width as cathode diameter is reduced (limitation of the radiating zone
to a smaller area with increased field homogeneity).

Pressure-dependence of fthe line width could be observed for the first time with several

cathodes. The relative line width Qg - Q%

range 10 u to ho/u, starting approx. at 2 %.

could be reduced to 1.0 - 1.2 % in the pressure

The pressure-dependence of the entire spectrum could be determined more accurately. At
low pressure (approx.B/u) harmonics of fairly high number n with very weak intensity

are observed first, these being grouped around n = 12 as a relative maximum. Then, as
the pressure rises, the intensity of the spectrum increases and passes through a maxi-
mum, as is already known. At the same time the relative maximum of the intensity distri-
bution shifts continuously from n = 12 to n £ 5 at high pressure ( >30/u) (cathode

diam. 110 mm).

As already observed on several occaslons, the Penning discharge includes various discharge
states whose appearance depends on, among other factors, the operating temperature of

the cathodes. The discharge state with the lowest electrode voltage at a given current
appears to be most conducive to excitation of the harmonies. Here it is not possible to
establish the influence of the cathode temperature on the intensity of the spectrum
during operation.

A cathode of the discharge vessel was put on anode potential, thus creating a discharge

corresponding to the positive-column type. In the frequency range 10 Ge/s the harmonics

n

2, 3, 4 were here measured with intensity which was weaker in comparison with the

Penning discharge.

8.4 PIG TIT (F. Klan)

In

microwave measurements on PIG II the occurrence of emission lines at the harmonics of

the electron cyclotron frequency was detected at the end of 1963. After a time, however,

it

was found that 1t is difficult to obtaln reproducible results with the glven device.

One cf the main problems was caused by the strong cathode sputtering, which also
rendered it difficult to make headway with one of the major objectives of the glass appa-
ratus, namely measurement of the angular distribution of the radlation. For this reason

and several others, the apparatus was modified. Efforts were made toc provide for the

following:

1. Reliability and reproducibility of the discharge at high currents as well.

2. Reduction of cathode sputtering and the resulting impurities on the vessel wall.

3. Simple cleaning of the vessel.

4. Straightforward installatlion and dismantling of the vessel and all auxiliary equipment.
5. Limlted bakeability (up to 200 °¢).

6. Highly homogeneous magnetic field.

Ik
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In order to accomplish these objectives the following measures were adopted:

1. Viton sealing used instead of metal.

2. Design of a water-cooled cathode system with exchangeable cathodes.
5. Design of mobile magnetic coils.

4. Incorperation of a more powerful pump system.

5. Changeover to short-time operation of the discharge (pulsing).

G. Alteration of the potential dlstribution in the discharge regibn.
7. Use as cathodes of materials that do not readily sputter.

All of these measures have been initiated, a large part being already finished. The cathode
system, for instance,has been successfully tested in the new discharge vessel, the dis-
charge operating reliably and with good reproducibllity at currents of up to 4 A. It is
expected that conversion will be complete before the end of 1964,

The rollowing experiments were prepared in the course of this year and are to be implemen-
ted in the very nsar future:

1. Investigation of the dependence of microwave emission on the potential distribution
in the discharge region.

2. Measurements inveolving extremely homogeneous magnetic fields.
Transmission measurements.

4. Investigation of radiation with 4-mm radicmeter.

8.5 Miscellaneous (U. Hopf)

1. A new type of microwave gererator (Laddertron) was put into service and its output
determined (5 to 15 watts in the 35-Ge/s band).

The millimetre wave measurements on Hoke I1 were continued.

L b

. Two new devices with special antennae and lenses for measuremenfs on the RF-excited
plasma were constructed; the antennae and lenses were !nvestigated with a reflection
methed at 35 Ge/s.

k. Diffraction phenomena at metal strips of varicus widths (8 - 62 mm) were measured

at 70 Ge/s. The results agreed closely with M. Tutter's calculations.

E.6 Use of Mlecrcwave Technique on Physico-chemical and Biochemical Problems

(N. Kaiser as gzuest)

It was possible to improve conslderably the recording stabillty of the previously described
bridge method with highly sensitlve detector (B. 0'Brien). The reflection method (N. Kaiser
Report 1562) also already described was modified by M. Tubter with regard to its evalua-
tion and programmed by Miss Bock in such a way that thils methecd can be used for small
quantlties of substances with low demping.

Besldes measuring the absolute vaiues cof the damping znd the phese relationship, the bridge
method was also used for effecting the contiumious, sinultaneous and highly sensitive
recording on‘'the change in these values in various measuring subjects of interest. The
result of measurement of the viscésity chenge or pure water In dependence of the temperature,
already announced in the annual report for 1963, cculd be improved in accuracy. Moreover,

the photochemical effect of the UV irradiation cof trans-dichlorethylene was recorded. What
1s Involved here is probably a polymerization process. In the biochemical field the change




in the measurement values during the conversion of gelatin solutions from the sol to the
gel state was determined. Measurement of the changes 1n value involved in the metabolic
process caused by coagulation of citrate blood during a heparin tolerance test was Just

as feasible as the attempt to follow the coagulation process of pure blood in vitro, which
was carried out under largely physiological conditlons and practically completely sealed
off from the air.

After measurement of the relevant reflection values the dielectric values of the measuring
subjects and the changes in them during the above-described reaction were determined.

9. Electronic Workshop

(K. Moustafa, J. Machate, H. Utzat)
The following are some of the devices developed and constructed:

The appropriate jpgical circuit was produced for transferring the measurement results of
the Ferranti counter to an IBM card punch (026b). The system developed 1s also suitable
for tape punch operation. The unit was provided with a card-counting device.

For the Drehfeld torus a rapld two-channel differential integrator with Nuvistors was
developed for magnetic field probe measurements. Moreover, several auxiliary electronic
devices were constructed for field measurements involving special plasma profiles

(H. Bialas).

A high-voltage trigger device with a time lag of 60 nsec altogether was built for the
spark chamber. In addition, logical circults for synchronizing the spark chamber with the
camera as well as rapid counters and control devices were designed and put into service.
A high-voltage trigger device fitted wlth semiconductors is being developed.

A calibrator with an accuracy of 1 % was designed and bullt for high-precision measure-
ment of the pulsed field in the bubble chamber with the aid of the rapid integrators and
aﬂalogue digital converters supplied by Adage.

Also developed for field measurements were a high-grade rapid 10-channel pulse helight
meter with adjustable thresholds and also a calibration generator (accuracy 2 %e ).
The accuracy of this meter is better than 1 %. In addition, an integrator and symmetry
converter were made for measurements with Rogowski coils.

In order to synchronize the bubble chamber with the proton-synchroton in Saclay a timer
was constructed and put into operation.

A screening system was developed for use whenoperating photomultipliers in the vieinity
of high pulsed fields. '

Also designed and constructed for the bubble chamber were a temperature indicator, a
voltage and resistance converter with servo motor and also various timing and delaying
units.

For the Microwave Group 1 and 100-kc/s quartz-stabilized osclllators with synchronous
time signal outputs were developed. In order to balance varlious microwave measuring units
a noise indicator was constructed. Also produced were a 100-kc¢/s amplifier, a square-wave
generator and also varlous power units for supplying intermediate-frequency amplifiers.
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For the Hourglass a double coincidence circuit for operation with frequency counters was
developed. A quadruple coincidence circuit is being developed.
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EXPERIMENTAL PLASMA PHYSICS 3 (PROF. DR. R. WIENECKE)

1. Summary

The experiments invelving the ohmic heating of a stationary plasma in whlech the thermal-
conductivity losses are reduced by an axial magnetic field were continued In the report
year._Tne first partial objective, a stationary H2 arc with an axial temperature of

aflob OK, was achleved. Efforts were directed principally toward verifying and supporting
provisional results by using various measuring methods. Comparison with theoretical results
generally showed most satisfactory agreement. - In the case of the helium arc the radiation
transport phenomena exerted such an influence not only on the energy balance and temperature
profile, but also on the measuring methods for the temperature, that at present it is not
worthwhile continuing with the He experiments. Also considered were ways of achieving a
further rise in temperature, since ohmic heating leads to temperatures of only a few

l05 %k owing to the increasing electric conductivity.

Another set of proublems was concerned with the magnetohydrodynamic conversion of energy.
The crux of the problem here {s to obtain as high an electric conductivity as possible at
the lowest possible temperatures of the gas sample, as are possible for instance, in a
nuclear reactor. Interesting possibilities are afforded by a stream of rare gas injected
with an alkali metal (concentration s 1 %). Since the collisions between electrons and
the heavy atoms are almost exclusively of an elastic nature, the efliciency with which
the thermally produced electrons lose their energy gained in the electric field of the
generator is poor because of the large difference in mass. This brings about a rise in
the electron temperature Te and thus a higher degree of ionization as well as higher
electric conductivity. Measurements of this effect actually showed an increase in Te when
a power source was connected to the generator from outside and no magnetic field was
present. The existence of a magnetic rield gives rise fo complications, which can probably
be attributed to inhomogeneities and boundary effects. Various individual aspects were
investigated both theoretically and experimentally. With a device of greater flow Cross
section a better version of the temperature rise effect is to be expected.

The work of the third group is concerned with the interaction of shock waves and magnetic
fields and is closely connected with problems of energy conversion. Experiments with T
tubes provided the initial basis for these experiments. In the past, however, it was
found that the plasmas thus produced are unsuitable for the purpose intended here. Final
measurements with a Mach-Zehnder interferometer and microwave reflectometer provided

very interesting information on the physical behaviour of electromagnetically produced
shock waves. This confirms the experience which we have had in past years. Interactions
with magnetic fields, magnetoplasmadynamic energy conversion in particular being given
prominence, are much easier to follow when carried outv with shock waves set up by a
diaphragm shock tube. Theoretical studies on the reflection and passage of shock waves
through spatially limited magnetic flelds indlcate a wide range of possibilitiles for
such investigations. The diaphragm tube complete with magnetic f{ileld has been constructed
and tested, and so measurements can be started in the near future. The work will proceed
in close conjunction with the statlonary conversion investlgations and will afford a

worthwhile supplement.




- 54 .

In the report year work on the interior of the laboratory block L 5 and the rectifier
centre L 5 E was completed. Some of the office facilitles could be occupied by the middle

of December.

The size of the staff in the Department did not 1lncreass in the report year to any appre-
ciable extent. Working in the Department as guests were: 7. Celinski (Warsaw), Dr. R.
Hodgson (Vancouver). Accepting an invitation from Stanford Unliversity, California

Prof. Wienecke was absent from March till COctober.

2. Stationary Heating of High-Density Plasmas

(S. Witkowskl)

2.1 Helium Arc in a Magnetic Field (C. Mahn, S. Witkowski)

Electron density and temperature were determined first of all from the intensities of a
He I and a He IT line (annual report for 1963) in a helium arc, already described in
previous annual reports (400 amperes, approx. L em in diam., 10 - 20 em long), in an
axial magnetic field of 23 [T . With the Saha equation minimum values of temperature
and density are obtained, with the corona formula maximum values. In the absence ol
information on the entire radiation field of the arc this method did not provide more

accurate data.

It was therefore decided to try and determine the temperature from the intensities

of two carbon ion lines (C III and C IV) for which the corona formula would be valid
with close approximation. For this purpose a few percent of a gaseous carbon compound
(methan, acetylene) was admixed with the helium. However, perturbing impurities
appeared, the cause of which could not be explained. The arc temperature, moreover, was
influenced beyond control by the carbon added and in the end nc C IV line occurred so
that this method did not achieve its object elther.

As the contribution of the radiation to the energy transport in the case of a helium
plasma in our range would complicate the energy balance to an extraordinary degree and
probably make determination of the thermal conductivity impossible, even il an exact
temperature profile were available, the experiments with helium were discontinued

far the time being. The apparatus was converted for hydrogen operation and fitted with
a ring anode of higher capacity. This now allows operation of a hydrogen arc of

1000 A in a magnetle fileld of 32 k[

2.2 Hydrogen Arec in a Magnetic Field (G. Mahn, H. Ringler, G. Zankl)

Investigation of the hydrogen arc (2000 amperes, approx. 3 cm in diam., approx. 10 cm
long) in an axial magnetic field of 10 k™ was continued. The temperatures calculated
from the line intensities of the "thermometer" helium cn the bzsis of the Saha-Boltz-
mann equation are certainly too low. Owing to the low He concentration rather does

the corona formula represent here a closer approximation. Axial temperatures of
roughly 90 000 “K are obtained with it.
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Assuming the validity of the corona formula, more exact values for the axial temperature
should be obtained from the ratio of the intensities of a C III and a C IV line. In
order to produce these lines a small quantity of methane was admixed with the hydroge.
Besides the photographic method used hitherto, a photoelectric method of recording the
spatial intensity distribution of spectral lines was tested.

The Doppler shifts of the lines of added argon and nitrogen, which, as already stated in
the annual report for 1963, point to rotations of the arc column, led to azimuthal velo-
cities of a maximum 3:10° cm/sec. Image converter photographs and the time dependence of
the intensity of spectral lines - recorded with monochromator and multiplier - in various
parts of the arc show that no spiral-like structure is present, but that the arc rotates

as a cylinder about its axis.

The spatial distribution of the potential was measured with tungsten probes fired at

high speed through the arc. The thus determined axial component of the electric field
strength is 2.5 V/em, while the radial component is up to 200 V/cm. The surprisingly high
value of the radial field strength agrees closely with the value of the "induced" field
strength [E.* g] = calculated from the measured azimuthal velocity and axial magnetic
field.

After many setbacks another apparatus in which an arc is operated at magnetic fields of
up to 30 k" and in which the arc profile can be cbserved at various distances [Crom the
cathode now works reliably. Spectroscopic measurements are so far available {owing to
the absence of an adequate power supply) only for a magnetic field of 16 k¥[" and an arc
current of 1200 A.

For the purpose of further heating, work is proceeding on preliminary experiments aimed
at reducing the pressure in the experiment vessel while the pressure in the arc is
roughly constant. This involves introducing the gas through a hole in the tungsten
cathode. The main portion of the gas leaving through the anode is pumped of[f (at hign
pressure) séparately from the guantity which leaves the arc as a result of diffusion in

a radial direction.

2.3% Calculation of the Characteristic of a Hydrogen Arc in a Magnetic Field with Due

Allowance for the Radiation (U. Heidrien)

In respect of a cylindrﬁcally symmetric hydrogen arc on which a strong homogeneous magnetic
field is superimposed in the axial direction, the current-voltage characteristic and the
radial temperature profile were obtained by numerically integrating the energy balance.
Three different models were calculated, varying significance being attached to the radia-

tion losses.

The results show that for fully ilonized plasma the amount of electric power required per
unit column length for axial temperatures exceeding approx. 2-10 9% 1s substantially
reduced owing to the lowering of the thermal conductivity perpendicular to the magneticn
field. For an arc in hydrogen atmosphere, for instance, with a pressure of 5'10i‘I dynfcmd,
a radius of 2 em, a superimposed magnetic field of 20 k™ and an axial temperature of

lO5 %K a power input of approx. %.5 kW/em is required, the energy loss due to radiation
being approx. 0.5 kW/em. Without an external magnetic field, on the other hand, the power

requirement is approx. 200 kW/cm.

T
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2.4 Doppler Temperature Measurement (K. Biichl)

For determining the ilon temperature from the Doppler width of suitable spectral lines
with the aid of a Fabry-Perot interferometer an apparatus was constructed which enables
the interference fringes to be recorded with photomultipliers. As yet the results of
the temperature measurements are not available. -

2.5 Experimental Investigations of the Pressure Profile in a Hydrogen Arc with Superimposed

Magnetic Field (H.F. DSbele, S. Witkowski)

This work serves as experimental confirmation of the pressure rise in a hydrogen arc
with superimposed axiasl magnetic field which was calculated by R. Wienecke. Between a
tungsten cathode and a water-cocled copper anode a 10-em long hydrogen arc is run at a
current of 200 A.The pressure in the discharge chamber outside the arc is 7.5 or 15 torr,
the magnetic field 8 to 12.5 k[ (Flg. 3).

The temperature and electron density profiles were measured. The results obtained by various
methods agree with one another within the measuring accuracy. For various distances from

the arc axls the pressure was determined with a mercury gauge connected to a small boring

in the anode.
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for measuring the pressure in a hydrogen arc with magnetic field.
profile in a hydrogen arc.

Fig. 4 represents the pressure profile calculated for the parameters By = 7.5 torr,
By
the measured data agree closely with those calculated.

= 12.5 k[ in comparison with the measured values. For other parameter values as well

2.6 Consideration of the Pressure Increase in an Arc Column with Superimposed Axial

Magnetic Field (S. Witkowski)

In the annual report for 1962 an account was given of calculations of the pressure profile
in a eylindrical arc column with superimposed axial magnetic field. The condition for these
was local thermal equilibrium (validity of the Saha equation). At low pressure this
assumption will often not be valid. For the other limiting case, namely validity of the
corona formula, appropriate calculiations were therefore made [IPP 5/25]. As 1leonization
takes place later than in the case of the Saha formula the pressure does not rise till
higher temperatures are attalned. In both cases, however, the maximum pressure lIncrease

is about the same.

In Fig. 5 calculations with the corcna and Saha formulze were compared for an external
pressure p; = 1° lokdyne/cm and magnetic rields of 10 kI and 50 k™ .

20




- 58 -

(3
p 10: Hydrogen
[gy_llgz:l i Pressure rise in magnetic field
cm : Fk — 1'10G gzﬁg%
//..—::—__ __________________________________ 50 kI
105: fj" -
] f
i /
i [ B oo peioesssns; e - ey svemetinm i ) )
4 fff’
1/
| A —— calculated by corona formula
;; o # " Saha equation
4 /’
10 TIIIIMI'l||||||T.|lWi|i|||1|al|s]:1|‘[!:<|-|l-i-!'*n||4!-!“‘-["'
10 20 30 40 50 60 70 80
Fig.5 — i TLOR0P
2514 s

Fig. 5 Comparisons between the results obtained by the Saha and corona formulae.

2.7 Velocity Measurement by "Colouring" a Plasma Beam (H. Salzmann, G. Zankl)

Experiments wlth the method described in the annual reﬁort for 1963 were continued. It
was found that chromium which was electro-deposited on a tungsten wire and suddenly
evaporated by a capacitor discharge made a suitable "ecolour". In the light of the Cr
resonance line (4250 R) highly reproducible multiplier signals were obtained which could
be assigned to a sharply deflned sheath moving at a veloclty of about 50 m/sec. The
velocity is almost constant in a wide area around the axis of the beam and does not drop

till the boundary of the (luminous) beam is reached. Streak photographs with a drum camera

chowed, however, in addition to this photoelectrically observed sheath other luminous
fronts 1n the plasma which are propagated at different velocities altogether. At present

attempts are being made to explain the causes of this phenomenon.

2.8 Population of Energy Levels with Due Allowance for the Radiation Field (S. Ramer)

In treating this problem it was necessary to confine attention first of all to hydrogen.
In this simplest of cases the intention is to investivate the interaction between the
population of the discrete levels and the radiation field and to devise a method for
simultaneous solution of the relevant equations. The basic idea is as follows: First of
all the radiation field of the most important lines is calculated by integrating the
radiation transport equations, reasonable population of the energy levels being assumed
(e.g. according to Saha-Boltzmann). With the radiation field obtained in this way the

solution is then improved iteratively.
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So far a computing programme has been developed for calculating the population at known
radiation intensities. For a few special cases the population was calculated with this
programme under, among other conditions, those for the radiation assumed by McWhirter et
al., but with newer, more reliable values for the collison cross sections. In keeping

with the smaller values of these colllison cross sections the deviations from the Boltzmann

distribution are greater than those cobtainsd by McWhirter.
The computing programme 1s kept so flexible that atoms other than those of hydrogen can

be treated as well, if the relevant collision cross sections and transition probabilities

are known.

3. Magnetoplasmadynamics

(M. Salvat)

3.1 Theoretical Studies on Raising the Electron Temperature 1in a Rare-Gas Alkali Generator

(M. Salvat, G. Brederlow, W. Ohlendorf)

Direct conversion of nuclear energy into electric energy is in principle possible with the
aid of a MHD generator. In order to achieve adequate electric conductivity at temperatures
which are technically feasible in nuclear reactors, however, the electron temperature Te
has to be raised above the gas temperature. As is already known, this is possible in rare-
gas alkali plasmas of low temperature because the energy gained by the electrons 1in the
effective electric field is lost again very ilnefficiently when they are involved in elastic
collisons with neutral atoms.

In order to appreciate the possibilities of raising Te in rare-gas alkali generators, basic
consideration was given first of all to this mechanism and these ideas were applied to
various generator configurations. Since the measurements described in 3.2.1 did not agree
with these theoretical results, a microscopic theory of Te increase was devised (with the
assistance of Dr. Felx, Theory Dept.). Apart from minor deviations, however, the result

was the same as in the macroscopic approach.

Also investiéated was the possibility of attaining sufficient electric conductivity in a
generator operated with a pure stream of rare gas without alkali injection. A preliminary
ionization requires an auxiliary discharge which prior to the entry of the working gas

into the generator yilelds a sufficient number of electrons. The temperature of the electrons
is then raised in the effective electric field of the generator , thus enabling them to
increase the degree of ionization. The calculations have not yet been completed, but already
they indicate the possibility of such a process.

In the generators with a channel cross section of 1 - 1.5 cm2 operated hitherto,perturbations
as a result of wall effects became noticeable up to distances of 1.5 - 2 mm from the wall.
For this reason it is necessary to construct a generator with a cross section of % 5 cm

and a start has now been made to preliminary planning. At a flow velocity of 660 m/sec.

the gas flow rate should be about 100 g/sec. For reasons of cost it 1s necessary to have

a closed cycle. The gas should be heated by a plasma jet with an output of 150 kW.
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3,2 Measurements of Electron Temperature and Conductivity in the Argon-Potassium

Plasma of a MHD Cenerator (G. Brederlow)

In order to test the theory of TF inerease in an argon-potazs am plasma stream, Te was
determined both spectroscopically by the line reversal methed and by measurement of the
conductivity. The generator described in the annual report for 196% was used for the

measurements.

3.2.1 Measurements of the Electron Temperature in an Electric Field without Magnetic

Field (G. Brederlow, W. Riedmilller)

If an external electric field was set up between the elecirodes without the magnetic fleld
being brought intoc operation, measurements abt current densities in excess of 1 amp./cmE
showed an electron temperature rise agreeing with the theory. At current densities of less
than 1 amp./cmg the increase was substantially smaller thanh expected in theory. The measured
electron temperature and the electron temperature calculated from the conductivity were in
agreement over the entire current density range. Moreover, the influence of contamination

of the argon-alkali plasma by N, on the rise in electron temperature was investigated.

2
Since energy transfer from electrons to neutral-gas molecules is highly effective in
inelastic collisionswith impurity molecules, a substantially smaller rise in electron
temperature can be expected whenever a small amount of N2 is added. The measurement results

showed a more pronounced drop in electron temperature than caleulsated.

3.2.2 Measurements of the Electron Temperature and Electrie Conductivity in a MHD

Generator and with Applied Crossed Electric and Magnetic Fields (G. Brederlow,

R. Hodgson)

Owing to the limited [v x B] e.m.f. it was possible to achleve a maximum current density
of 0.4 amp./cm2 in the MHD generator chamw.el. No increase in the electron temperature was
recorded, however, although the measurements described in 3.2.1 point te a rise of 10 %.
The cause of the discrepancy can be attributed to short-circult currents in the plasma
and distortions in the current distributlon. The voltage drop at the electrodes .can also
be increased by the magnetic field with the result that the effective field in the

plasma is reduced. In order to eliminate or clarify these sources of perturbation, the
geometry of the measuring system was altered and an adjustable external field set up in
addition to the [vx B] e.m.f. A%t the same time probes could be used to determine the
potential distribution in the channel. It was now possible to cover a current density
range of up to 10 amp./cmg. Measurements showed that at the same current densities the
conductivity rise and thus the electron temperature rise as well decreases as the magnetic
field increases (Fig. 6). This behaviour 1s unexpected and so far unaccounted for. The
probe measurements showed an increase in the voltage drop at the cathode as the magnetic

field increased. Initial results were dealt with in conference papers.

3.2.5 Electron Temperature Distribﬁtion in a Segmented Argon-Potassium MHD Generator

(F. Fischer)

From the electron temperature distribution in the generator chammel 1t is possible to
determine the current density distributicn. If the electron temperature distribution is
known short-circuit currents in the plasma and the distortions in the current distribution

can therefore be established on the basis of the highc» T values.
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Fig. 6 Conductivity as a function of the current density for various magnetic-field
strengths.

Construction of the MHD generator and measuring device 1s in progress.

%.% Measurements of the Temperature and Veloclty Profiles in a MAD Genrator (Z. Celinskl)

In a generator completed at the beginning of the year the spatial distribution of the

AR Ble.m.f. induced in the magnetic field was measured with probes and, B being

known, the flow profille was determined accordingly. The measurements showed a steep

drop in the flow veloclty near the wall within a region of less than 1 mm. Mcreover, in
the same device with W-Rh thermocouples it was possible to measure the temperature profile.
In Fig. 7 the temperature and velocity profiles are plotted against the width of the
channel. It can be seen that the influence of the wall on the velocity distribution is
much smaller than eon the T prorile, this being due partly to the relatively poor thermal

insulation of the channel walls.

3.4 Vector Representation and Analysis of the Principle of Various MHD Generator

Types (Z. Celinski)

With the aid of a vector diagram representation the principle of the three known types
of generator (continucus and segmented electrodes, Hall generator) was examined more
closely. The Hall coefficient{@e =-Ue’te, the load factor K and a geometry factor are
the parameters. For any generator, electric conductivity being assumed, it was a simple
matter to represent geometrically the relationship between the electric field present in
the generator and the current density {IPP 5/19, 3/20, 3/21] :
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MHD channel.

3.5 Two-Dimensional Analysis of the MHD Generator with Segmented Electrodes

(z. Celinski, M. Fischer)

Proceeding from the fundamental equations, the local current density and the potential

field were calculated with the aid of the IBM 7090 for a generator with segmented electrodes.
Included in the calculation as parameters are the geometric quantities and the Hall
coefficient /3. It was possible to 1llustrate the result in many individual representations.
So far calculations have heen made on the assumption of constant temperature and thus

of electric conductivity as well. It is planned to extend calculations to allow for the

process aof increase in Te‘
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%.6 Calculation of the Transport Properties of Weakly Iconized Rare-Gas Alkall Plasmas

(R.T. Hodgson)

The transport properties of an argon-pobtassium or argon-caesium plasma can be-derived
from the Boltzmann equation if a slight perturbation 1s observed which is superimposed
on the equilibrium case of the Maxwell energy distribution (for the electrons). For the
IBM 7090 a programme was compiled which gives the mobility tensor of such a plasma as a
function of the electron temperature and pressure, potassium atom concentration and the
magnetic field. The cross section for momentum transfer between electrons and argon or
electrons and alkali atoms were taken from the literature. In addition, use was made
of an expression of Frostl) which gives the collision frequency between electrons and

ions.

%.7 MHD Generator with Non-thermal Radio-Frequency Ionization {w. Ohlendorf)

Last year it was attempted with the aid of a capacity-coupled RF energy to ionize a cold,
flowing gas so as to produce adequate conductivity and thus to make energy conversion
possible. With a sultable choice of RF parameters it is possible to maintaln a stable
homogeneous discharge in the entire generator at pressures up to about 0.1 atm. and with
magnetiec fields of up to 20 k[". The flow velocity was as high as 300 m/sec; the RF
generator was operated at a frequency of 100 Mc/s. The discharge can be malntalned up to
atmospheric pressure, but above 0.1 atm. increasing pressure causes instability and
inhomogeneity. In the region of 1 atm. the generator is no longer completely filled

by the discharge. The lnstability and inhomogeneity of the discharge at high pressure seem
to be caused by the non-thermally emitting electrodes.

During operation the RF plasma produces at the MHD electrodes DC voltages in the order
of the [v x B] e.m.f. which depend in an indeterminable way on the gas pressure, gas
veloelty and magnetic fileld. The reason for this is the uneven heating of walls and
electrodes.

As the e.m.f. of the generabtor with segmented electrodes is extremely small, only a
Hall generator, whose open-circult voltage may be in the order of 10j‘volts, can be

considered for practical use.

3.8 Plasma Acceleration (G. Hahn, M. Salvat)

In the jx B acceleration of a plasma beam issuing from a plasma Jjet 1t was possible

to measure from the [vxB] e.m.f. by means of two tungsten probes introduced laterally
the veloeity field of the beam. Difficulties were encountered with the accéleration
itself as the accelerating electrodes do not afford adequate electron emission and the
transverse discharge changed into an undesired arc discharge sven at relatively low
currents. This can probably be overcome by electrodes of thoriated tungsten [IPP 3/22].
The experiment had to be interrupted in early summer as (. Hahn returned to France

to do his military service.

1) L.8. Frost, J. Appl. Phys. 32, 2029 (1961)

Prtys
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4. Shoek Wave Experiments and Problems of Non-stationary MHD Conversion

(H. Muntenbruch)

4.1 Investigations of a Rail Spark Gap (L. Liebing)

Experimental investigations of this problem could be concluded as early as 1963 (v. annual
report for 1963). Theoretical evaluation of the measurement results was continued. The
tilted position of the current sheath in the spark gap is due to the Hall effect. The
inclination of the current sheath toward the electrodes results in ﬁhe gas initially at
rest being accelerated in the direction of the cathode on entering the sheath. This in
turn results in the accumulated gas being able to get behing the current sheath by
"rebounding" from the cathode without penetrating the sheath itself. A balance of energy,
momentum and mass affords close agreement with results arrived at by various measuring
metheds.

4.2 Investigation on T Tubes

4.2.1 Interferometric Measurements (H. Brinkschulte)

Whereas in 1963 technical considerations limited observations to a narrow range at a
distance of 50 cm from the discharge gap, it has meanwhile proved possible to extend
the scope of interference figures to practically the entire T tube and thus to record
the time dependence (x = x(t)) of the shock wave [IPP 3/24]. This was reallzed by using
rectangular tubes made from glass plates of sufficient optical quality. In this way an
entire cross section of the discharge tube could be observed at the same time.

Further to the statements made in the annual report for 1963 evaluation of the streak

interferograms showed the following:

a) The shock wave is reproducible (!) but not the discharge plasma behind it.

b) The density discontinuity in the front corresponds to that calculated from the
discontinuity conditions,dissociation and ionization being allowed for.

¢) The refraction index of atomic hydrogen was measured and corresponds to that calculated

quantum mechanically.

d) Behind the shock front equilibrium sets in immediately (HE’ B, & 5 torr, 54 M <20), and
the Saha equation 1s applicable.

e) At the higher velocities the discharge plasma forces its way right to the shock front.
At the lower velocities it remains well behind the shock front. The distance between
shock front and luminous front cannot be derived from a "piston model".

f) In the vieinity of the spark gap electrons (ne > 1017 cm'j) occur in the shock front,
but soon the index of refraction is determined by the heavy particles.

g) In an oscillating discharge the succeeding half-cycles also set up shock waves,which
then interact with the first one in a way that is not evident from the luminous

phenomena.

h) The streak photographs perpendicular to the direction of flow reveal that the shock
fronts are slightly curved and have a radius corresponding toc the distance from the
spark gap (spherical waves). With the tube dimensions selected (3 - 5 cm) and at a
distance of 50 cm they are practically flat. There are no wall effects.

pEea
¥
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It is planned to finish off these investigations by testing individual shock waves
(which are set up by a power crowbar system and in the wake of whiech noothers follow )

as to their homologous behaviour. Initial measurements of reflections promise interesting
results as well.

4.2.2 Microwave Investigations (W. Makios)

Series measurements were carried out on shock waves in hydrogen with the 4-mm microwave
reflectometer (annual report for 1963) and the results were compared with those of
Brinkschulte and Makios.

Doppler effect measurements of the velocity showed that at initial pressures of 1 to 5
torr with low Mach numbers (54 M<8) the luminous front reflects, while at higher velo-
cities (12¢ M {20) the 4-mm waves are reflected by the shock front itself. In the inter-
mediate region (B84 M £12) the shock front is partially permeable, and so the two velo-

cities can be determined from beats.

For this medium range the electron density in the shock front could be determined exactly
to a factor of 2. The results confirm entirely the, other investigations and complete the
plcture.

‘These investigations are to be continued in the form of transmission measurements. Deve-
loped for this purpose were both rectangular discharge tubes of glass and plexiglass
(plates n + ( \/2) thick) and a special coupler which enables the power distribution in
the branches of the transmission interferometer to be set to full advantage. Moreover,
new antennae and slits for "bunching" the waves were designed and tested, and the technique
for producing them was considerably improved.

4.2.% Measurement of Currents and Magnetic Fidds (H. Kolig)

Quite a number of measuring methods (Langmuir probes, v x B probes etc.) can be subtantially
impalred by currents in a shock wave plasma or discharge plasma. The distribution in space
and time of the currents in the T tube was therefore determined with magnetic probes by
measuring the magnetic fields interlinked. These measurements, too, were carried out in
H.. Use of a power crowbar system (and simultaneous streak photographs) greatly facilltated

2
interpretation of the signals.

Although the measurements show that practically the entire discharge current remains
between the electrodes those parts drifting with the discharge plasma (max. approx. 10 %)
are still in the order of up to 20 kA. Their strength decreases approximately linearly

as the distanae from the electrodes becomes greater and is highly pressure-dependent. At
a distance of 20 em currents could no longer be measured. The results Iindicate, moreover,
that existing motion theories are invariably one-sided in their treatment of these

phenomena.

4.% Diaphragm Tube Device for Investigating the Interaction between Shock Wave and

Magnetic Field

Investigations of interactlion first require an initial plasma of known properties. In
order to produce such a plasma a start was made.in 1963 to planning and constructing &
diaphragm tube device (annual report for 1963). All aspects of this experlment were set
up and elaborated in 1964:
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Fig. 8 Interference figure of the path-time distribution of a T tube shock

wave in hydrogen (po = 5 torr).
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Fig. 9 Ring current in the discharge plasma as a function of the distance from the
electrodes (pO = 0.3 torr,max. main discharge current 152 kA).

4.%.1 Theoretical Consideration of the "Reflection" of Shock Waves in Magnetic Fields

(E. Rebhan)

In collaboration with the Theory Department it was possible to extend and improve on the
rough estimates (minimum magnetic field, required shock Mach number). A method was deve-
loped for determining individually the gas-dynamic phenomena occcurring (shock waves,

rarefaction waves, energy and momentum input).

With the entry of the shock front into the magnetic fileld an interaction 1s inltiated
which is at first essentially in an unsteady state, but which then gradually assumes &
statlonary character once the front has left the field at the other end. Investigation

is made ol the asymptotic final state in which the strengths of the shock and rarefaction
waves involved have assumed values constant in time and the flow in the field region 1is

stationary.

The method consists in linking together in a suitable manner the gas-dynamic conservation
laws for the transitions at fieldand waves so as to determine thereby the nature and
strength of the reflected waves. - Energy input leads to acceleration, momentum

input alternatively to slowing down or acceleration of the primary shock wave.




4.%.2 Preliminary Experimental Tnvestigations (H. Brinkschulte)

By way of clarifylng a few problems that are particularly difficult to follow theoreti-
cally, especially in connection with electron emission and electrode falls, shock waves
were produced in a T tube with electrodes in the side walls perpendicular to a magnetic
field, these waves leading in hydrogen, B, = 5 torr, M = 10, B approx. 5 k[, electrode
surface area 3 x 10 cmE, to short-circult currents of approx. 5000 A and 20 ,jusec duration.
Traces indicate that an arc discharge 1s involved which (as expected) appears to be
inclined between the electrodes. This yielded important information for the design of

measuring chambers in the diaphragm tube.

4.3.3 Caleulation of the Optimum Dimensions for the Device (P. Javel, H. Nett)

The device is designed in such a way that the measuring time in the chamber 1s determined
by the reflected shock wave, in no case by the reflected rarefaction wave. The ideal
dimensions were calculated; the measuring time covers as well the passage of the contact

discontinuiity through the measuring chamber.
¥ g

For a whole number of gas combinations that might be suitable for the investigations the
Jump values and shock Mach numbers were calculated as a function of the initial pressure
condition and represented in graph form. Calculations were made with and without allowance

for dissoclatlion and ionizatiocn.

4.3.4 Technical Problems of the Diaphragm Tube (P. Javel, H. Nett)

When the diaphragm bursts the high-pressure end of the tube i1s subjected to a thrust of
5 to 10 £, which is transmitted along the tube to the sensitive measuring chamber. The

inrushing gas causes considerable forces at the dump tank as well. These are uncoupled

(from the measuring chamber) by telescopic sections at either end of the tube.

In close collaboratlon with the Engineering Department two measuring chambers were
developed, a few control points being provided in the form of intermediate sections
for connecting various kinds of diagnostic equipment. The Engineering Department
developed a coil system for producing magnetic fields and a capaciter bank (20 kJ) as

power supply.

For triggering the measuring devices a unit was developed to deliver pulses the time
delay of which is determined by the velocity of the shock wave.

Gas warning signals act as a safety precaution in work with hydrogen at high pressure.

4.3.5 Initial Experiments (H. Nett)

In some of the intermediate sectlons piezoelectric probes were incorporated which, once
some experience had been gained in their production, gave signals with a rise time of
approx. l/usec. They indicate pressure jumps of as little as a few torr. - Investigations
of the shock waves with these probes showed that the measured velocities agree with those
calculated within the measuring accuracy (better than 1 %). This also makes it possible
to calibrate the pressure probes, which till now could not be performed in any other way.
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Density measurements with a differential interferometer and also shadow and schlieren
investigations can be started before long.

5. Construction of Laboratory Block L 5 and Rectifier Centre L 5 E

(H. Dickopp, H. Muntenbruch, R. Wienecke, 5. Witkowski)

Planning was completed in 1963 and by December the shell was ready so thatin the report
year work could proceed on the interior of the two buildings. In collaboratlon with the
construction department of the Institute,fthe architect and the construction department

of the TH it was possible in planning and implementing detalled work to make use of a
great deal of experience gained in the erection of previous Institute buildings. Further-
more, allowance could be made for requlrements which had meanwhile arisen in the course
of experiments.

Although completion was scheduled for March 1965 moving in began as early as December
1964.




THEORY (PROF. DR. A. SCHLUTER)

1. Summary

In 1964 work on the interaction of radiation and plasma became particularly wide in

scope. This was in large part due to the application of powerful lasers for plasma
diagnostics and to their possible use for heating and ionization. As it is not always
feasible to divide this kind of work between "microscopic" and "macroscopic" treatment

an appropriate report will be given in a separate section. Investigations of those aspects
emphasized hitherto were continued: numerical plasma dynamics and mieroscoplc derivation
of stability criteria and kinetic equations. Contact with the experimental groups was
further .nhanced by the collaboration of other theorists in the work of these groups.

Dr. Hertweck took charge of the computbting system as successor to Dr. Hain. Dr. Gorenflo
accepted responsibility for supervising the programmers, O. Eder for training them.

2. Macroscopic Theory

2.1 Two-Dimensional Theta Pinch Calculations (I. Hertweck)

With the theta pinech programme already described in the annual report for 1967 axial
contraction in antiparallel magnetic fields was treated. It was found to be practical to
study the motion of the plasme by integrating the macroscopic velocity field, whereby
particle trajectories ﬁ‘fﬁ?o,t) are obtained. If the snapshots of the particle distri-
bution are transferred in succession to a cine film the dynamics of the phenomenon can
be made visible by running off the film strip. Figs. 1 and 2 show two snapshots taken

at the moments of successlive maximum compression (t = 0.58 and 1.08 usec).

Furthermore, the theta pinch programme was used to study the cccurrenceof resistive insta-
bilities in the presence of antiparallel magnetic fields. The initlial condition was a
current sheath i.e. a BZ magnetic field passing through zero, with the secondary conditlon.

Jrcoil
Bz rdr =0

&)
and an equillibrium distribution

p + B—TE' = const

of a plasma of constant temperature. Perturbatlon was caused by superimposing a statistical
equilibrium field (mean velocity approx. 0.2 % thermal velocity). Figs. 3 and 4 show the
level chart for t = 0.0ﬂ/usec and t = O.2T/usecn It is seen that in agreement with the
theory the wavelength with the highest rate of increase is of the order of the sheath
thickness. This programme is to be used to help in studying the influence of dynamlcs

on the resistive instabilities.
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figures show two snapshots of the locatlons which at the outset are in a meridian

The

0.58/usec and t = 1.08 Jusec are moments of

plane of evenly distributed points (t

successive maximum compression).
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5.2 One-Dimensional Pinch Calculations (H. Fisser)

Pinch calculations were agaln initiated in order to determine the parameters of the theta
pinch discharge at fixed energy content of the capacitor bank in such a way that the
thermal energy content of the plasma i1s maximum. Since at fairly low initial densities
the compression oscillations can bring about gyro relaxation heating, calculations should
be made with anisotroplc ion pressure.

2.3 Transport Coefficients (W. Feneberg, H. Fisser)

Investigations of the transpart phenomena in the plasma with a magnetic field present were
continued in order to derive for the electric and thermal conductivity analytical and
sufficiently exact expressions. As early as 196% it was shown that with the 13-moment
approximation without magnetic field the result is an electron thermal conductivity which
is smaller by a factor of 1.6 than that given by Spitzer and Hdrm. From the supplementary
notel) by R. Landshoff to his paperg) on transport coefficients in the plasma it 1s seen
that the electron thermal conductivity approximates within a few %, to the Spitzer-Hirm
value, 1f the distribution function 1s developed according to Hermitian polynomials to and
including the fifth order. In the case of the Lorentz gas, unfortunately, it was found
that in the presence of a magnetic field this approximation yields values for the thermal
conductivity which exceed the exact value by a factor of up to 3. At present a check 1s
therefore being made to find what number of Hermitan polynomials is necessary for
reproducing the correct distribution of transport coefficients also when a magnetic field

is present.

2.4 Equilibrium with Plane Magnetic Fields (R. Gorenflo, P. Merkel)

The investigation of plane magnetohydrostatic equilibria with complete separation of
magnetic field and plasma was continued by R. Gorenflo [zpP 6/14; 26] . In his dissertation
P. Merkel devised a new method (v. Dept. 1, sect. 5 of this report).

2.5 Stablility of M+S Surfaces (D. Pfirsch, H. Wobig, MPI)

The stabllity behaviour of a M+S surface was investigated, the starting point being a
general differential equation for the M+S equilibrium and the energy principle. Only those
perturbations were considered which leave the energy of the magnetic field unchanged, so
that outside walls have no stabilizing influence on these perturbations. It was found that
with closed lines of magnetic force such perturbations are always possible on the surface.
Moreover, the area calculated by F. Meyer and H.U. Schmidt proved to be unstable when
gubjected to these perturbations, the plasma splitting up along a line of force. In order
to achleve stability in the presence of these perturbations there have to be areas of
favourable curvature along each line of magnetic force. It was poss¥bl§ to give an
adequate criterion of stability. The method used is valid also for other eguilibria with
13 = 1. Preparations are being made to extend the method to asymmetrical M+S surfaces

and to perturbations with variation of the magnetic-field energy.

1) Phys. Rev. 82,442 (1951)
2) Phys. Rev. 76,904 (1949)



2.6 Diffusion of a Plasma in a Magnetiec Field (G. Knorr, D. Pfirsch)

The Frieman time scale method was used to solve the time-dependent diffusion problem for
a plasma. Serving as a basis is the two-fluid model. The case of the linear cylindrical

plasma was discussed. Work is being done toward applying the theory to a toroidal plasma.

2.7 Equilibrium between Surface Currents (Magnetic Laval Valve) (W. Liinow)

In connectlon with the problem of determining the external coil configuraticn of a slim
magnetic LAVAL valve the equilibrium between a current distribution flowing on the plasma
surface about the axis and a surface current distribution coaxial to it and representing
the external coil was described in terms of an integral equation which was solved

numerically in approximation.

3. Microscopiec Theory

3.1 Microinstabilities in Homogeneous Plasma (D. Pfirsch MPI)

For a plasma without magnetic field a necessary and sufficient stability criterion for
purely transversal waves was derived and general statements made on certain simple aniso-
tropic distributions. For wave propagation parallel to an external homogeneous magnetic
field a necessary and sufficient stability criterion was also given and for wave propagation
perpendicular to a magnetic field it was possible to give a sufficient criterion of
instability. In these cases as well the examples investigated were simple anisotropic
distributions.

3.2 Kinetic Equations

3.2.1 Derivation of Kinetic Equations by Time Scale Formalism (S. Priess)

The investigations begun in the preceding year by D. Frank, D. Pfirsch and S. Priess on
the derivation of kinetic equations by means of the time scale formalism from the

Liouville equation were continued.

a) Derivation of kinetic equations from the Liouville equation

On {he basis of several examples the mathematic formalism of the Frieman—Sandril) method
and the Sug) method was discussed as a way of solving the BBGKY equations [MPI—PA—T/GMJ .
It was show~ that there is justification for the scepticism as repgards the automatic
satisfaction of the integrability condition with this method. This shortecoming can in

many cases be eliminated by a less restricted initial condition.

A. Frieman, Princeton University, Rep. Matt-106 (1952)

1) E.
E.A. Frieman, J. Math. Phys. 4, 410 (1963)
G.

Sandri, "The Foundations of Noneouilibrium Statistical Mechanic",
Lecture Notes, Rutgers University (1961 - 1962)

2) C.H. Su, "Kinetiec Theory of Weakly Coupled Gases",
Thesis in the Department of Aeronautical Engineerirg,rinceton University 1964




0) Trreversibllity with reference to the Liouville equation

A method of expanding a function depending on N particles into certain correlation terms

was devised. with this me
ic equations, such as the Landau and Master equations, can be

ville equation, that is, without resort to the hierarchy

thod and the appropriately applied time scale formalism of

Frieman and Sandri kinet

derived directly from the Liou

equations. This approach includes the Frieman-Sandri and also the Balescu-Prigoginel

methods. For the case
Liouville equation wWas solved to the second order in the interactlon parameter ( = ratio

of the mean potential energy to the mean kinetic energy of the random particle motion).

The solutions allow simultaneous discussion of the H functions which are obtained Dby the

N particle function or by the single-particle functlon formed by integraticn from the :
e Master function. The result provides an interpretation i

of poor interaction and spatially homogeneous systems the

N particle function and by th
of irreversibility within the framework of the Liouville equation as phase mixing between

the individual systems of the virtual whole described by a Liouville function.

3.2.2 Kinetic Equations and Correlations (P.P.J.M. Schram)

Investigations on the kinetic equatlon for a plasma in a homogeneous magnetic field were

concluded [IPP 6/15, 68]. A report summarizing the theory of kinetic equations and
correlations was compiled [68].

3.% Spatial Correlations (M. Feix, K. von Hagenow, W. Kegel, P.P.J.M. Schram)

%.3.1 Classical Treatment of the Spatial Correlation Functlon of a Single-Component

Plasma (K. von Hagenow)

The investigation mentioned on page 192 of the annual report for 196% was continued. With
regard to long-range potentials a correction of the first order could generally be

determined in the plasma parameter for the Debye potential.

Application to a classical electron plasma gives a -positive two-particle function finifte
for all distances. The interaction energy thus calculated agrees with that obtained by
Salpeter, Abe et al. by means of cluster expansion . The correction factor for the
Debye value includes the logarithm of the plasma parameter.

3.%.2 Quantum Theoretical Treatment of Thermal Equilibrium (K. von Hagenow)

The method mentioned in section 3.3.1 can be applied to the gquantum mechanical effective
potential according to v. Hagenow-Koppe [30]. The expressicn thus obtained for the inter-
action energy includes in the logarithmic correction factor the ratio of the thermal de
Broglie wavelength to the Debye length instead of the plasma parameter, the obher terms
being the same as in the case of the classical plasma (section 3.3.1). This investigation
formed the subject of a paper read in summer 1964 at the Physlcs Collogquium of the
University of Kiel. It is possible here to apply this methed to a two-component plasma,

and such plans are afoot.

—_———a
1) I. Prigogine, R. Balescu, "Irreversible Processes in Gases" I, 11, III,
Physica 25, 281, 302 (1959); 26_, 145 (1960)




3.3.3 Correlation in Non-equilibrium (M. Feix, K. von Hagenow)

The generalized Nyguist theorem (Kubo et al.) makes it possible to calculate the spectrum
of the density fluctuations in time and space in thermal equilibrium from the expected
density value in the presence of an external perturbation in the linearized approximation,
i.e. for approximate determination of the correlation all that is necessary is to solve the
linearized Vlasov equation. This relationship was extended to spatially homogeneous non-
equilibria: It was possible to give a simply determined function whose expectation value

in the presence of an external perturbation provides the correlation in this case as well,
in agreement with a result arrived at previously by Rostoker.

A report on this subject was given by M. Feix at the Conference of the Plasma Division of
the A.P.S. in New York, Nov. 1964.

3.3.4 Correlations and Scattering Cross Section (W.H. Kegel, P.P.J.M. Schram)

The scattering cross section for light scattering in a plasma is determined by the spatial
correlations. With thils in mind P.P.J.M. Schram and W.H. Kegel determined the spatial
correlations in a two-component plasma in non-equilibrium, cnce with the aid of the
hierarchy equations and once with the ald of the test particle method. In the special case
where the ions and electrons have a Maxwelliandistribution it was shown‘that'for Te Z T1
"anti-screening" occurs. This means that the spatial electron-electron correlation

function reverses the sign at a certain distance [IPP 6/28, 69].

3.4 Electrostatic Instability (H. Vslk)

Within the framework of the investigations on (electrostatic) microinstabilities an
extremum principle put forward by Dawson and Oberman was extended to the general case of a
spatially one-dimensional plasma. It was shown that this ~variational method generally
seems to represent only an extremum principle and not a genuineminimum principle. It is
equivalent to determining marginally unstable solutions of the linearized Vlasov equation.
In this connection the Penrose criterion was again derived and given an informative
interpretation. An analogous, likewise necessary and sufficient eriterion is obtained for
the case of a plasma in a homogeneous magnetic field. Treatment of the trapping
instabilities involved essentially the same results as those of Rosenbluth and Krall. In
conclusion, the stability behaviour of one-dimensional electrostatic waves (Bernstein,
Greene, Kruskal) was investigated. According to this method a large class of these
solutions should also be unstable. A paper was published [70].

3.5 Thermalization by Coulomb Collisions (B. Lamborn)

A study was made of the momentum and energy changes which a particle undergoes as a result
of multiple Coulomb collisions. If the spatial integration is not extended to a maximum
impact parameter, but to a fixed maximum value of the shortest distance achieved, the

integration can be effected analytically using the velocity in a Maxwell plasma.

As the resulting equations preserve the symmetry between field and test particles they
are suitable for describing energy transport and thermalization in a multi-component
system [IPP 6/17 ].
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%.6 Theory of the Resonance Probe (H.K. Wimmel)

Work on the theory of the resonance probe (annual report for 1963, laboratory report
[zpP 6/11] ) was concluded. The results were announced in the form of a conference
paper [IPP 6/16, 75] and a publication [76].

3.7 The Adiabatic Approximation to the Motion of a Charged Particle

3.7.1 Motion in a Time-Constant Inhomogeneous Magnetic Field (P.P.J.M. Schram, H. V&lk)

The motion of a particle, e.g. in a mirror field, is distinguished by several characertistic
times, namely the gyration time, the travel time between the mirrors and the period of
precession on the surfaces of constant |Bl] . The method of Frieman and Sandri seems to be
best suited to the problem. The aptness of this method for the present problem 1s due to

the fact that the expansion parameter chosen has to be time-dependent, namely in accordance
with the solution of the order zero. Among other things, the results give the Alfven
approximation. Higher oders involve the characteristic difficulty of meeting the consistency
condition for equality of the cross derivatives after various times and at the same time
avolding secularities which would violate the constancy of the longitudinal invariant.
Similar problems in the kinetic theory are not so harmful in their context because they do
not destroy the relaxation into eguilibrium. This obstacle is to be overcome by extending
the method.

3.7.2 The Adiabatic Invariant for the Time-Dependent Harmoniec Oscillator (G. Knorr, D.Pfirsch)

The differential equation for the harmonic oscillator with time-dependent () , which at the
same time also describes the motbtion of a charged particle in a homogeneous magnetic field
variable with time, was converted into a Volterra-type integral equation. The solution

can then be represented in the form of a Neumann-type series which converges absolutely.
This means that the variation of the adiabatic invariant /u for various asymptotic limiting
cases can be discussed:

a) very small and very rapid variations in W;

b) very slow variation in W.

3.8 Thermal Deviations from the Holtsmark Line Profile (H.K. Wimmel)

The revised formula for the thermal deviation from the Holtsmark line profile (annual
report for 1963) was numerically evaluated, agreement being obtained with the results
of V.I. Kogan. This was followed by a short publication [75].

4. Radiation and Waves

4.1 Non-linear Plasma Optics

4.1.1 Coherent Scattered Light (W.H. Kegel)

The investigations on light mixing (non-linear coherent scattered light) in a plasma with
external magnetic fleld were concluded and outlined in a report together with the theory
of linear scattering [IPP 6/21, 40].
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4.1.2 Incoherent Scattered Light (A. Salat)

On the basis of a system of eguations including the single-particle character of the
plasma investigation of incoherent non-linear scattered light of the second order was
terminated. Because of too low intensity the combination frequencies involved do not
seem to be experimentally accessible.

4.1.% Light Mixing in Finite Plasma Volumes (A. Salat)

Under the influence of two monochromatic laser beams there occur in the plasma as a
result of non-linear effects density fluctuations with sum and difference frequenciles.
Tr the latter is set equal to the plasma frequency the amplitude increases as a result
of resonance to such an extent that the plasma oscillations can be verified on the basis
of the scattered light which arises on illumination by a third beam. The advantages and
dlsadvantages of two or three-laser systems in relation to Intensity, angle sharpness

and the requirements lor experimental realization were investigated [66 c, 6O d].

4.1.4 Emission of the Second Harmonic (A. Salat, A. Schliiter)

Under the influence of an external light source scatbered light of double the frequency
occurs in the plasma as a result of non-linear effects. When a ccherent light source
(laser) is used partial waves from various points of the scattered volume are in phase
only for a certain angle of emission. Since this angle depends sclely on the ratio of
plasma frequency to light frequency the electron density can be determined by measuring
the angle. Intensity and angle sharpness were investigated [IPF 6/%0, 66 a 66 b].

},1.5 Direct Numerical Treatment (W. Liinow, A. Schliiter)

The system of non-linear partial differential equations which describes exactly a collision-
less electron gas of temperature zero in interaction with an electromagnetic field was

solved numerically for various initlal and periodic boundary conditions.

k.2 Interaction with Laser Radiation

4.2.1 Heating Plasmas with Laser Radiation (H. Hora)

Earlier estimates by Basov and Krokhin, Engelhard,and Dawscon as to whether plasmas can be
heated with giant laser pulses to temperatures of interest for thermonuclear conditions
were continued from the standpoint that the high radiation field strengths bring about

a resonanceless lonization [IPP 6/32].

}.,2.2 Ionization of Gases by Laser Radiation (H. Hora, D. Pfirsch MPT )

Further to the experimental results of Meyerand and Haught and also other authors showing

that in helium, neon and other gases wilth pressures of 1 to more than 102 atm. laser radiation
with field strengths of between 106 and 107 V/em causes ionization, a consistency study

was conducted on the basis of a model. In the cases mentioned, electrons, which

primarily are spontaneously present, absorb the light and lose energy tc the gas as a

result of collisons.
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4.2.3 Absorption Constants of Dense Plasmas - (H. Hora)

In order to clarify the optical properties of plasmas with densities of between 10l7 and
1023 cm”} and temperatures of between 10 and a few 10!‘l eV when subjected to ruby laser
light, the absorption constants and refractive indices for the light elements up to neon
were calculated from the macroscopic linearized equations of thé two-fluid model with
collisions, These were compared with the absorption constants of a microscépic plasma theory
and those of the inverse bremsstrahlung processes, with due allowance for the induced
emission [IPP 6/27]. '

4.3 The Harmonics of the Electron Cyclotron Frequency in Plasmas (E. Canobbio, R. Crocl)

Suggested in 1963, the model of the emission of intensive radiation from a plasma at the
harmonics of the electron cyclotron frequency, first reported in 1961 by G. Landauer, was
further developed. Investigations were concerned in particular with

1. the microscoplc dispersion relation of the plasma and
2. the radlation emitted by an electron moving in a spiral path in a medium with a certaln
refractive index.

a) The dispersion relation for the system of the Vlasov and Maxwell equations was solved
within certain density, temperature and frequency ranges for directions of propagation
which are virtually perpendicular to the direction of the magnetic field [IPP 6/26]. The
unperturbed distribution function is generally regarded as a Maxwell distribution. The
longitudinal waves, however, are considered as well in plasmas with beams and anisotropic
temperature. In the immediate vieinity of the harmonics quasi-longitudinal waves wébre found
with wavelengths shorter than the gyration radius of the thermal electrons. These very

waves are of interest in explaining the measured radiation.

b) The mean value in time of the output of the gyrating electrons was calculated as the
sum of the quantities originating from the various waves which may be propagated in a
plasma. It was shown that the radiation derives essentially from the above-mentioned
longitudinal waves. Calculations are being continued.

4.4 Dispersion at the Harmonics of the Cyclotron Frequency (B. Lamborn)

At high electron temperatures measurements of the phase shifts of microwaves apparently
give too low values for the density of the hot electrons. Using the non relativistic and
the relativistic forms of the Vliasov equation, numerical calculations are made to ascertain
whether this discrepancy can be attributed to the influence of the finite widths of the
resonances at the harmonics of the cyclotron frequency.

4.5 Electron Cyclotron Resonance Heating in a Plasma (H.K. Wimmel, K.H. Wshler -

Experimental Plasma Physics 2)

The cyclotron frequency heating of the plasma electrons in a magretic mirror field was
roughly estimated. Individual electrons in a magnetic mirror field with combined electro-
magnetic vacuum wave field are investigafted. It is thereby assumed that heating is

effective only in relatively nzrrow regicns ("resonant zones").
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a) Resonance condition (maximum energy)

At the suggestion of G. von Gierke and colleagues an investigation was conducted in
collaboration with K.H. Wshler to find for what electron energies W there are resonances

in a given mirror field. In this connection the relabivistic mass variation and the

Doppler effect in the B directlon are taken into account. Moreover, constancy of the
magnetic moment 4 is required beyond the resonances. Only pairs of values (W,/u) correspond-
ing to trapped particles are admissible. When applied to an experiment Dby Danal and
colleagues, Oak Ridge, with A = 3 cm and the mirror ratio R = 3, it follows that

W < 290 keV
580 keV.

for kK |
for k ||

[[s: i vs]

The figures are compatible with the abundance maximum found experimentally when W ~~ 100 keV,

but they do not account for the occurrence of* 1-MeV electrons.

b) Heating rate

Tn collaboration with K.H. Whler the mapgnitude of the heating rate of the electrons was
estimated for certain parameters ( A = 7 cm, P = 10 kW, V = 400 litres, L = 100 em) by
means of cyclotron resonance heating. Relativistic effects and Doppler effect were ignored
for the time being as were the collisions; the electromagnetic wave was agaln set up as a

vacuum wave. The relative energy variation per gyration is:
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W, and JdW, are thereby measured in units of mcg. In the energy range 25 eV LW LI.(}S keV,
25 V/cm, 1t follows that

assuming E

X y .
1410723 SN,/ > 2.7°10 boo53»N28; 1.6 em<L Sz& 11 om.

It is here a condition that (& 1n B/2z) = 3.5/L. In the case of electrons which cross
resonant zones many times the heating rate can be estimated. Equation (4) shows that the
variation in Wy can be considered as the superposition of a time-constant energy increase
(quadratic term) with a random-walk process on the W; axis (compound term), if the phase
correlation between various resonant-zone crossings is made equal to zero. I only the
quadratic term is taken into account heating occurs to Wy = 100 eV in 1077 seec and to

Wy = 30 keV in 3-10 -4 sec. Evaluation of the random-walk process has yet to be undertaken;

a rough estimate gives for it times of simllar magnitude. These heating times are shorter

than the particle loss times of 10 4 to 10 -l sec measured in simiiar experiments (Dandl et al.,
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Oak Ridge). The prineipal uncertainties of-estimation are due to the uncertainty as
to E and as to whether the electrons cross the resonant zones often enough ( » 10').

¢) Numerlcal calculation of electron trajectories

In order to investigate the heating rate more accurately numerlcal calculation of electron
trajectories was undertaken in collaboration with K.H. Whler. Equations of motion are
used which are averaged over a gyration period. Collisions are ignored for the time

being. The crossing of one or more resonant zones in the non-relativistic case 1s to be
investigated first of all.

4.6 Microwave Passage through a Cylindrical Plasma (W. Lilnow, together with M. Tutter)

The case of non-absorbing plasmas was treated with the aid of a wave-optical multil-sheath
model. The calculation 1s being extended to absorbing plasmas.

5. Other Theoretical Work

5.1 QGas Discharge Diode with Laser Anode (H. Hora)

While it is possible in p semliconductors for laser excitation to effect a population
inversion conductively by means of a p-n junction or by absorption of light or by multiple
pair formatlion with 100-keV electrons, estimates were made to establish whether the
electrons of a discharge which recombine in a p semiconductor anode can produce a laser
mechanism. The minimum current density for I-V semiconductors and GaAs was determined on
the basis of the Schawlow-Townes condition, allowance being made for the possible
excitation and absorption mechanism in the semiconductors, for the natural width of the
spontaneous recombination dnd also for the diffraction and absorption losses. Because

very thin semiconductor plates can be chosen surprisingly low values of the current density
of approx. 10 amp/cme are sufficient [IPP 6/31, 35, 36].

5.2 Light Distribution in a Ruby Laser (H. Hora, B. Kronast (Dept.l), H.J. Kunze (Dept. 1))

As a continuation of the investigations mentioned under the same heading in the last annual
report (page 207) the results were presented in the form of a publication [37].

5.3 Scattering Coefficient in Stars (W.H. Kegel)

Investigation was made as to how far the reduction of the scattering coefficient as a
result of collective effects is important in connection with radiation transfer in stars.
Numerical calculations showed that any appreciable influencing of the scattering coefficient
by collective effects occurs only in those temperature and pressure ranges where as regards
the radiation transfer the scattering in relation te the absorption is to be ignored.

5.4 Knudsen Flow (R. Gorenflo, M. Pacco)

In collaboration with Dr. Blauth and Mr. Scherzer of the Ultra-high Vacuum Group the flow

of a Knudsen gas through a long, thin tube is investigated. Of special interest here is

the initial flow at the tube outlet. The appropriate integral equations were formed. Since 1t
appears difficult, however, to solve them numerically or analytically the physical phenomenon



1s simulated on the IBM 7090. The SHARE random generator RDM used for the purpose was
tested as to its statistical properties.

6. Numerical Mathematics and Data Processing
g

6.1 Evaluation of Spectroscopic Measurements (R. Gorenflo, H. Hora, Y. Kovetz, W. Liinow)

Evaluation of measurements on cylindrically symmetric plasmas, which had to be untertaken
on a large scale, was largely automated in several parts with the collaboration of

Dr. Eberhagen (Exp. Dept. 1). H. Hora devised a programme by means of which the measurement
curves, after being sorted point by point, can be rotated, rectified and calibrated and
which under specially selectable, individual spectroscopic conditions provides the light

intensities.

R. Gorenflo and Mrs. Y. Kovetz were responsiople for the numerical solution of the Abel-

type integral equation that was then necessary

1
1(r) = L —aIx) . 5 g, Ak x L,
T | NE =

x =
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This integral transform causes perturbations which are superimposed on the measured
function I{x) to become amplified in the caleculated function i(r), which is often very

rough and at intervals even negative although it has to be positive.

Both effects can be avoided by approximating I(x) by means of a not too long sum of sultable
orthogonal functions whose transform is known and which uses the extra information

i(r) > 0 as a secondary condition.

Discretization gives rise to a quadratic programming problem for the expansion coeffilclents.
A modification of the method is in order when I(x) is not measured constantly, but is
present only in the form of a small number (e.g. 7 or 8) of perturbed mean values in
adjacent intervals. IBM 7090 programmes were compiled and used for both cases. It should

be possible to devise purely discrete smeothing methods as well in which only the monotony
and curvature properties of the perturbed function T(x) in the form of as lew parameters

as possible are included in the calculation [IPP 6/19, IPP 6/29 |.

Finally, line and continuum intensitlies for optically thin hydrogen plasmas were calculated
by W. Linow as a function of temperature and density. A numerical method was devised by

means of which temperatures and density can be determined from intensity measurements.

6.2 Investigations on Numerical Stability (0. Eder)

In the investigation of the stability of a homogeneous linear but, with regard to the
integration interval, singular integral equation an infinite determinant in which the
individual elements themselves were again transcendental functions in the elgenvalues
was produced on substituting the occurring integral by summation. An adequate criterion
for determining the stability in this general case could not be found. A method was
devised, however, which makes possible here an explanation of the question that 1s

satisfactory for practical purposes.
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In connectlon with this work the behaviour of the eigenvalues when finite expressions are
substituted for the integral was investigated. While the number cf‘eigenvalues is fixed by
the integral equations, their number increases on approximation with the degree of the
determinant, which is the larger, the more accurate the integral of the nucleus is

approximated by summation.

6.% Interpolation (0. Eder)

—

For interpolation between glven points it is customary to use curves that in certain
coordinate systems correspond to simple functional relationships. In several practical
cases there was no point in specifying definite coordinates. For the case where all that
is known is that the curvature is an obvious function of the arc length, interpolation was
now carried out for a number of given points by purely differential geometrical means.
Generalization toward spherical curves by addition of the winding and also toward plane
surfaces can be effected without difficulty. '

6.4 Ccalculation of Plasma Density Profiles (0. Eder)

With due allowance for "Bohm" diffusion, recombination and also for classical diffusion and
likehéarticle diffusion the radial profile of the plasma density 1s sufficient for a non-
linear differential equation of the fourth order which is dependent on four parameters and
for which there is present a secondary condition in the form of an integral equation
(formulated by G. Grieger MPI). The solution was made after linearization by the difference
method.

Ignoring classical diffusion and llke-particle diffusion,the behaviour of the plasma
density was described by a differential equatlon of the second order (D. Eckhardt MPI)

which could be solved analytically for special parameter values.

6.5 Numerical Solution of Differential Equations (0. Eder)

Further progress was made on a project begun in 1962 for the mechanical solution of
differential equations by power series formulation or Taylor.expansion or by the method of
the repeated quadrature and also by error adjustment methods 1n accordance with given
approximation functions. As comprehensive a class of differential equations as possible
depending on the largest possible number of parameters had to be considered. With the

present mechanical facilities this 1s generally possible even as a function of two parameters.

6.6 Training of Programmers (0. Eder)

From lst October till the end of the year a daily two-hour course with practicals was held
which was also attended by other interested persons from our Institute, the MPI and the
Institute for Inorganic Chemistry of the University of Munich.

6.7 Formulation of a Script (0. Eder

A start was made to formulating a script on the courses on mathematical methods and
Fortran programming conducted by 0. Eder in 1963 and 1964.
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6.8 Computer IBM 7090

In the course of 1964 the mean computing time consumption rose to about 270 hours/month.
The table gives a classification according to institutes:

Computing time consumption 4in 1964
h. min. h. min.
Institut fiir Plasmaphysik 1 108.18
Experimental Plasma Physics 1 331.20
Experimental Plasma Physics 2 15:05
Experimental Plasma Physics 3 129.04
Theory 374.19
Theory Computerx) : 128.48
Administration 112.27
Engineering 17.15
Other institutes 1 934,39
CERN, Geneva g.42
MPI f. Arbeitspsychologie 1.15
MPI f. Eiwelss- und Lederforschung ' 352:55
MPI f. Astrophysik 242,43
MPI f. Biochemie 0.25
MPI . Extraterrestrische Forschung 50.28
MPI f. Kernphysik, Heidelberg TeB9
MPI f. Physik 569.41
Fritz Haber Institut, Berlin 0.26
Technische Hochschule, Munich 196.02
University of Hamburg 4.4
University of Munich 490.08
Bavarian Academy of Sciences 8.16
Total 3 042.57

%) Work is here performed on the Fortran system.

6.9 Increasing the Input/Output Capacity

Since past experience has shown that in 3-tier operation the input/output capacity of a
1401 system is not sufficient on 1t¢s own to handle the volume of work possible with a

7090, an IBM 360 model is to be hired for 1st January 1966. The printer of the 360 is
almost twice as fast as the previous system. Plans are also afoot to link up the 360 to a
channel of the 7090 via a direct data connection. The 360 will then contain the operating
system, while the 7090 is to serve as a "satellite". Because of the greater flexibility

for input and output and the possibility of multi-programming with the 360 this arrangement
"has the advantage of obtaining a more rapid passage time of test programmes (an estimated
reduction of a few hours to less than 1/4 hour). All programmes required for the purpose
are to be compiled in the Institute.
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7. Scientific Documentation of Plasma Physlcs

(D. Hilsenbeck)

The Institute 1s planning to establish a system of secilentific documentation of plasma physics

for the purpose of:

1. Ensuring the quickest possible dissemination of the latest scientific results in the
field of plasma physics by compiling records to be issued regularly;

5. Reducing to a minimum the amount of time and effort spent on literature research on

particular subjects;

3. Establishing an information centre in which, 1if possible, all works in the field of
plasma physics are kept and can be made available to interested persons at the earliest

Re 1.

1t is intended tc provide quarterly registers arranged according to authors, institutes and
subjects and also a monthly bibliography section. Description of the subject is to be done
by means of key words contained 1n a key word list. It is planned to store the bibliography
information and the key words on recording tape and to use electronic data processing units
for further processing up to the lssuing of the register.

Re 2.
For literature research the question is expressed in terms of a comblnation of key words
which is compared with the stored key words. This covers all those works which contain the

stated combination of key words.

Re 3.
In order to ensure that the information provided in the registers 1s topical and complete,
all works should be available in the Institute as soon as possible.

For this purpose steps were taken to arrange for an exchange of laboratory reports, annual
reports and title lists with almost every relevant institute In Europe and overseas. The
possiblility of receiving literature directly from countries of the Eastern bloc is at

present being investigated.

The work started in the Institute on lst September was devoted mainly to:

a) Settling objectives 1 - 3;

b) Establishing contact and discussing the programme with the Institut fir Dokumentations-

wesen, the Zentralstelle flr maschinelle Dokumentation, the Gmelin-Institut in Frankfurt,

the Deutsches Rechenzentrum in Darmstadt and the Documentation Department of the Deut-
sches Elektronen-Synchrotron in Hamburg;

¢) Determining which documentation works in the Federal Republic can be enlisted for
documenting plasma physics (nuclear energy documentation of the Cmelin-Institut and
documentation of elementary-particle physics of the Deutsches Elektronen-Synchrotron);

d) Compiling a list of key words for plasma physics.
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ENGTNEERINC DEPARTMENT (DIPL.-ING. K.H. SCHMITTER)

1. Summary

Moving the Engineering Department o block Tl took till PFebruary 1964%. The group engaged
on high-voltage technique, however, could not begin full-scale operations till November
when construction work on the high-voltage hall was finished. The resulting wait had its
affects on the development ard testing of components. More serious failure to meet dead-
lines, particularly in the construction of the 2.6-MJ capacitor bank, could be avoided by
erecting makeshift laboratories.

Present requirements were satisfied by extending the scope of the Department to include
the rield of installation technique and chemistry, while the hitherto separate fields of
vacuum technique and general technology were merged to form a single group. As the service
for electronic equipment introduced in 1963 had been so successlful, a service for vacuum
equipment as well was put into operation in the middle of the year.

The wide scope of experimental work at the Institute resulted in 1964, too, in a correspond-
ingly wide diversity of technical cperations. From devices and equipment for fast discharges
to those for stationary cperation, assignments had to be handled on behalf of nearly all the
experimental branches in plasma physics. In keeping with the reguirements of the individual
experiments due emphasis was placed on various specialized groups. Again in the forefront,
for instance, were development and production assignments for theta pinch experiments,
particularly in the fields of planning. high-voltage technique and dasign. In the electronics
rield the caesium experiments accounted for the biggest share of the assignments handled,
while the developments in magnetic-field technique were of use for, besides the caesium

experiments, mainly the arc experiments and the "Yourglass".

The work of the Departrnent was avpreclably facilitated by using the standard equipment
developed in past years.ibout ten other standard units and components were developed to supple-
ment those already In service. Laboratories abroad showed keen interest in one of those units

In particular, namely the universal image converter.

Development work left relatively litvtle room for the very necessary technical groundwork.
In the field of hard superconductors headway was made in accounting for the degradation
effect. The principles determining the dimensions of fast banks were expanded.

The central workshops, including the electronics and electrical-engineering workshop, were
transferred kefore the end of the year to the new facilities in the ZW block. In 1964 a
total of 429 assignmen%sz were handled in the mechanical workshops and 138 orders prepared
for passing on to outside workshops. The total of 46 9%6 man hours represented an increase
of 27.5 % on the previous year. This performance was spread over the various departments
roughly in accordance with the agreed schedule.

The capacity of the carpentry shop was increased in She same proportion. A total of 6 642
ran hours was recorded.

By the end of the year the electrorics and electrical-engineering workshops produced 164
series devices and farmed out the prcducticn of another 115 devices of its own design to
outside firms.
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The balance shows that the amcunt of work required of these workshops by Departments 1
and 2 deviates morse sharply from the agreed schedule.

2. Planning Group

(A. Knobloch)

2.1 Project Supervision and Technical Clarification for the 1.5 (2.6)-MJ Capacltor Bank

(A. ¥nobloch, H. Schlageter, in collaboration with Dept. 1) ‘

Installation work by the AEG/38W industrial assoceiatlon on the bank racks and on the
auxiliary equipment was concluded at the end of January 1964. A4 sixth of the collector
system deslgned in the IPP and constructed by Krauss-Maffel was then installed by IPP
staff (v. report on Design Group), the appropriate pulse cables being laid at the same
time by SSW. At the end of May 1964 a start could be made (together with Dept. 1 and

ARGE) on attempts to put the bank into operation without matching capacitors.In the

course of these experiments the spark gaps were converted from 3-electrode to h-electrode
operation (with insulated trigger pin). Because of magnetic influence caused by the iron
racks of the bank the Simatic chokes were removed from the bank and arranged together
shielded in a cabinet. Discharges wereeffected, mainly at a charging voltage of 30 kV

and finally with the entire sixth of the bank (250 kJ at 30 kV) on a 30-cm secticn of the
original coil. In a total of 66 experiments with the sixth at 30 kV the result each time
was 3150 kA at 30 kec/s, which is equivalent to & maximum field in the coll of approx.

130 k[. In order to adhere to deadlines it was decided not to pursue experiments with the
sixth up to 40 kV, and at the beginning of August 1964 work was resumed on installing the
collector and laying the appropriate cables. It was possible to finlsh installation of the
cables and nrecollector by the end of September 1964, while installation of the main
collector, including fitting of the 1.5-m long load coll sub-divided into ssveral single
coils, took tili the end of November 1964. Since then introductory measurements (conduccea
by the IPP and ARGE) on the completed device ({including matching capacitors) have been in
progress. Regulation of the bank control system (Simatiec), voltage tests on the entire
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collector system and also initial discharge experiments with parts of the bank at 30 vV
have been carried out.

The need for keeping to a schedule meant that the preliminary experiments with a vacuum
switch serving as a crowbar switch originally planned on a precollector could not be
conducted. It is intended to test thlis switch in a separate discharge device,

Under the heading of %technical clarification 'the contact experiments on l-cm wide samples
with a maximum of 200 kaA/cm at 25 ke/s were continued. Without Impairing the contact
properties tests were carried out on: 2 contact comblnatlons equlvalent to precollectors
(mean load 61 kA/em) 80 kA/em: 1500 discharges; a contact combination equivalent to coll
contacting (mean load 147 ki/em) 170 - 200 kA/em: a few 100 discharges.

The mecheanically prestressed precolliesctor insulation was subjected 1n the actual device o
a surge voltage fatigue test {together with the High-Voltage Group) wlth damped 25-ke/s
discharge with superposed radiofrequency (cable reflections) corresponding to a peak
voltage of 71 kV. A service life of 22 000 discharges was obtailned.

Wig. 1 shows the installed collector mystem with a 30-cm section of the load coil.
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2.2 Planning (A. Knobloch)

2.2.1 Preliminary Technical Clarification for the Hellios Project

2.2.2 In the course of discussion concerning another fairly large theta pinch experiment
(v. annual report for 1963: "500-kJ bank") the Engineering Department suggested as
flexible as possible a capaclitor bank. For this purpose 2 preliminary projects for

2 x 30 kV and 2 x 40 kV respectively were drawn up. Tenders, particularly for capacitors,
were invited. !

2.3 Elaboration of the Analogue Method ((J. Deleplanque), G. Herppich, A. Knobloch,

H. Schlageter, F. Werner)

The existing analogue methods were elaborated so as to ensure early detection of possible
perturbing effects, e.g. in the experiments for putting into service part of the 1.5
(2.6)-MJ bank, for the purpose of detailed technical clarificatlion and as an aid to
deslgn work.

2.3.1 The low-voltage model system was expanded; the jitter of the‘switches used 1s now
+ 300 nsec so that when a maximum time transformation of 1:100 is included the majority

of the circuit problems occurring can be treated in the model.

The following are some of the cases for which model measurements were made:

1) 1.5 (2.6)-MJ experiment

2) 500 or 400-kJ project

3) Two-part capacitor bank with double-feed load coil

L) Optimum RC matching of pulse cables. These measurements have now been concluded for
cable types 20P1 and 40P3, a report on which is now under preparation.

251250 25125
nF| n psi

201200 2020

|
S e Flk l o

101100 10 110

0 i 10— 10nF
%(%_)ZCF standard energy content of cap. Ci

Ck = compensation capaciter
Rk = compensation resistance

= max. voltage at load T == duration of reflection oscillation

e

Fig. 2 RC matching at the load end of inductively loaded pulse  cables
Characteristic data of the RC matching and the resulting voltage for a
10-m long 20-kV ecable (UL = charging voltage).

Fig. 2 shows for one example the characteristic curves for the matching per cable
according to which optimization is possible. -




5) Systems using circults with preducible pulse forms.

2.3.2 Plane and spatial radio-frequency fields in the region of discharge devices were
investigated with appropriately increased frequency by means of models. In order to in-
crease the capaclity of this analogue method a broad-band amplifier for 200 VA. (100 Ass;
10 ke/s - 500 ke/s) is belng constructed by the Electronics Groups. The approximate
determination cf spatial radio-frequency fields and distributions is accomplished by
a newly tested method in an electrolytic tank in which metal components are copied in
insulating materials. The scanning system designed for the tank is under construction.

2.4 Plans, Design Principles and Mathematical Data for Dimensioning Discharge Devices

(K.H. Fertl, A. Knobloch, H. Schlageter)

2.4.1 Survey of the data of inductively loaded capacitative energy-storing devices in
standard representation (ignoring damping). Standardization according to the quantities
E® (stored energy per unit length of the straight cylindrical load coil), f (discharge
frequency) and u (energy efficiency) allows a simple survey of possible values of the
maximum induction and the field variation with time.

Filg. 3 refers to an example with mean values of the specific stress on the structural
elements, the basis being the collector system according to 4.3 (D =
U =

load coll diameter;
resulting charging voltage with series connection)
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2.4.2 Calculation of a pulse-shaped current (space and time dependent) in a metal conductor

(assistance with programming from the Theory Department).

2.4.3% Design and model treatment of a collector with particularly low flux density for
very high lcad currents (obtained by means of contacts positioned at a slant to the
electric flux) and relatively long loads.

Fig. 4 shows a conductor and insulation diagram of a single collector. Such collectors can
be arranged alongside one another for feeding long loads.

Fig. 4 Low-inductance collector. Conductor and insulation diagram

Fig. 5 presents an inductance comparison between the collector system as set up in the
1.5 (2.6)-MJ bank and the low-inductance collector for k = 20. The dependence on the cable
connection area in relation to the load length and on the necessary insulation overlapplng

1s shown.
10 1
Flig. 5
Low-1inductance collector
- induectance comparison
with the 1.5 (2.6)-MJ
05- collector system
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2.5 Experimental Bank (F. Werner)

Preliminary experiments for producing magnetic fields in the 1-MG range are to be conducted
by the Engineering Department on an experimental bank. For this purpose a suitable collector
was designed and bullt and also a few experimental coils constructed.

2.6 Speclal Assignments ((J. Deleplanque), J. Mantel)

Literature studles were initiated to consider technical questions of energy conversion with
the aid of MHD and EHD generators.

2.7 General Assignments in the Engineering Department (J. Mantel, H. Schlageter)

The Department was provided with a documentation section and a library with periodicals
section. With the exception of the medium-frequency generators the power sets for the general
power room of the Department have been approved and will be installed with the relevant
switchgear at the beginning of 1965,

3. Design Group

(G. Wulfr)

As In the previous year, a major part of the working capacity was earmarked this year for

the 2.6-MJ theta pinch experiment. The drawlngs were comlefted. After supervising production
at the firm of Krauss-Maflel the designers collaborated with the fitters from the mechanical
workshops of the Central Workshop in installing the precollector and main collector_(E. Breit,
M. Eberwein, G. Kaspar, G. Thater, A. Wasner, G. Wulff). In charge of these operations was

the Planning Group.

Together with the High-Voltage Group, moreover, a matching capacitor in a plexiglass case
with sandwlich conductor connection was developed and constructed for this experiment (W,
Ertl, G. Wulff). (For dimensions and electrical data see Fig. 6).

Design orders:
Balanrce sheet

Carry-over from 1963 29 orders
New 29 orders
Completed 28 orders
Cancelled 9 orders
Carry-aver 21 orders

The following orders arz worth noting:

1) Unit No. 119 3erial No. 54/231 (Fig. 7)

Desigrn of vessel with magnetic ccils for investigacing arer. Jet and electrode can be
shifted, possible to measure magnetic field distributica by mzans of probe in the arc.
For this nurpcse 130 drawings were made (J. Kaufmann, R. Zickert).

Unit No. 92 Serial wc. 64/16 )

In colilaboration with the High-Voltage Group & high-voltage testing cystem was designed

for 320 kV a% €0 m& (Fig. 8) (N. Debudey, A. Wesner)

ne
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The dimensions of the installation are as follows:

Max. height 3005 mm; max. length 4750 mm; max. width 2540 mm. The diameter of the two

spheres 1s 400 mm, one of thembeing so fitted as to be mobile. The distance between the
spheres 1s adjustable from O - 500 mm, the travel speed belng 0.5 m/min. The carriage

is driven via a spindle by a three-phase stop geared motor. The distance between the spheres
is selected by a setting device in the control desk.

Electrical data:

L4 selenium extra-high-voltage rectifiers
peak inverse voltage 147 kV; current 60 mA

4 doubler capacitors 0.04/UF; 167 kV

1 shock capacitor 0.16 /uF; 34 kv

Total output of installation: 320 kV; 60 mA.

Annual statement of hours expended on design

Total hours 23 362.5
Incl. for holidays 1 935.0 = 8.3%
illness 1 3440 = 5.8¢%
filing 1 127.0 = 4.8 %
Hours expended on design 18 956.5 = 100.0 %
For Department 1 7 316.0 = 3B.6 %
Department 2 3 062.5 = 16.2 %
Department 3 5 341.0 = 28.2 %
Department %4 2 672.0 = 14.0 %
Department 6 430.0 = 2.3 %
MPI 135.0 = 0.7 %

4. High-Voltage Group

(R.-C. Kunze)

4.1 Work relating to the 2.6-MJ Bank (J. Bdumler, J. Gruber, R.-C. Kunze, G. Klement)

Outstanding questions of insulation in partial collectors and in the connection for the
matching capacitors were clarified in collaboration with the Planning Group. The approval
tests on the pulse cables at the firm of SSW were concluded without any obJjections being
ralsed.

With the assistance of the Design Group the matching capacitors were modified in accordance
with their new characteristic data (ef. annual report for 1963). Two experimental capacitors
were tested at nominal voltage and withstood 300 000 discharges without breakdown. At the
same time a fatigue test was conducted on two capacitor samples of the firm of Tobe Deutsch-
mann which were offered for the same loading example. These capacitors already broke down
after 1800 and 6000 discharges respectively. Production of all matching capacitors was then
initiated in collaboration with SSW. The cases presented difficulties. As the manufacturers
were unable to fulfil definite promises to supply oil-proof cases in polyethylene, the

Group developed containers in plexiglass on their own. The production, testing arnd in-
stallation of the capacitor were concluded.



The magnetic field bank including control system and charger was constructed and tested.

The final version had the following data:

Total capacitance 900/uF

Charging voltage 10 kv

Peak current 625 kA

Rise time 15.5/usec

Decay time constant lho/usec

Frequency in osecil- 12.1 ke/s i

lating operation 600
400
200
[ka]

The harmonics in the current
and the matching capacitors.

0 10 20 3 40 50 60 70 8 90 100
—— >t [us]

Fig. 9

curve are caused by the stray capacitances of the collector

As second supplementary installation the preionization bank was constructed in the form of

a transit-time assembly with
following data: 5 x 1.]/uF;

charging device and control system. The assembly has the
5 x l.O/uH

Charging voltage 40 kV

Pulse height 20 kA

Rise time E/usec
Peak duration T/usec
Decay time 5/usec

Fig. 10

0 5 10 15 20 25 30

— t [us]

In addition, a measuring device for controlling the capacitors by C and tgd measurements

was constructed. With it all

sections of the installation can be measured.
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4.2 Magnetic-Field Bank for Dept. 1 (ef. annual report for 1963) (G. Klement, R.-C. Kunze)

For an existing experiment a magnetic-field bank with a charging energy of 15 kJ which
includes a control system and charging device was installed and put into service. The
. measured values of the bank when short-circuited at the collector are:

Total capacltance 300 uF
'
Charging voltage 10 kV
Peak current 360 kA
Rise time le/usec
Decay time constant 150/usee
Frequency in osecll- 19.2 kec/s 400 4
lati eratio i
ating operation l 300 -
200 -
100 A
(ka]
T Ll T L] T

O 5 10 15 20 25 30 35 40 45 S0
—— t [ug]

Fig. 11

4.3 Crowbar Bank for Dept. 3 (J. Gruber, G. Klement)

Designed and produced as an Iintegral part of the shock tube experiment was a capacitor
bank with a charging energy of 30 kJ connected on the crowbar system. The bank was
constructed from the same components as the magnetic-field banks for Dept. 1 already
mentioned. With the control and charging systems it was put into service. On the bank
with load (two-turn coil with L = 5.5/uﬂ) the following characteristic data were measured:

i Capacltance 62}ﬁuF
100 Charging voltage 10 kV
' 1 Peak current 90 kA
k4] 50- /‘\ Rise time 90/usec
; Decay time constant 1.5 msec
T w N\ 3w/ @0 50
P“sl — 1
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4.4 Crowbar Bank for Dept. 4 (R.-C. Kunze, E. v. Mark)

Fer varlous experiments in Dept. & a rast capacitor bank with charging device and control
system was constructed. The bank is fitted with coaxial spark gaps as starting switches
and with ignitrons GL 7703 as crowbar switches. It comprises 10 single capacitors, each
provided with a starting and a crowbar switch. With the bank short-circuited at the
collector the following results were obtained:

Capacitance T2.5 AR
Charging voltage 10...18 kv
Self-resonant 135 ke/s

frequency
Stray of the + 10 nsec

starting L 8004

switches T 7
Peak current - 800 kA 400
Decay time constant 10.5/usec [kAJ B
Ripple 10 % Y ’ r . ’ r . i i s

00 2 4 6 8 © 2 % ®© 1B 2
[ﬂSJ—-—f
Fig. 13

4.5 chargersfor Capacitor Banks (J. Biumler)

The following chargers, all of them in voltage doubler connection, were constructed in
collaboration with the El. Eng. Workshop:

unlt 50 kV/200 mA for Dept.
units 10 kV/500 mA for Dept.
unit 10 kV/500 mA for Dept.
unit 25 kV/300 mA for Dept.
unit 10 kV/500 mA for Dept.

L T & T
o e

4.6 Crowbar Spark Gap (R.-C. Kunze, E. v. Mark)

A spark gap was developed which can be used as a crowbar switch and which 1s at present
being tested. The spark gap 1s constructed similarly to the coaxial starting spark gap,
but the two parts of the cascade are ignited by uncoupled trigger circuits. Invest-
igations hitherto have shown that the spark gap can be triggered in the region of + 2 kV
on either side of the zero crossing of the voltage with stray of less than + 50 nsec.
Tgnition of the spark gap is also perfectly possible beyond this range, but the voltage
abeve the spark gap causes a straying structure of the discharge. The setting of the
spark gap with regard to its statie brealkdown voltage is uncritical, and so a high

operational life (minor influence of burn-up) can be expected.
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4.7 Investigations of Pulse Ignitrons (c.f. annual report for 1963) (J. Gruber)

The measurements of the delay and jitter of ignitrons were continued. Newly developed

ignitrons with ancdes of austenlte steel from the flrm Schneider-Westinghouse, Paris, show

less delay and Jjitter compared with the ignitrons of type Gl 7703 (General Electric) and
WL 8306 (Westinghouse) mostly used hitherto.

34 ignitron delay
WL 8306
4
GL7703
14
0 10 20 ' )
Fig. 17 r[c] Cathode temperature
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Cathode ‘emperature

WL&308
GL7703

400+
300+
200+

1001
t =

i

nanosec, 10 20 " 30 !:0
fF Z Fig. 18 Tl Cathode temperature

Continuous cperation of ignitrons is accompanied by inherent heating. The measurements of
the heating of the ignitron cathode show that there is no need for an external cooling
system in most cases,

ATC ; —_— :
A Heating of ignitron cathode in pulsed
74 operation (pulse sequence 30 sec.)
o ' 90 kA
5..
4
3-
50kA
2-
1=
{m—
L ¥ L) 1]
ST s0p ' 1000 Pulses
Fig. 19

The investigations on service life were continued with higher currents (peak current 90 kA)
and an cperating voltage of 18 kV: In ths case of tubes wilth graphite anodes the end of the
service life is marked by a pronounced rise in the arc-through rate, while in the case of
ignitrons with metal anodes mostly misfiring caused by a redvction of the ignitor

resistance occurs. In Fig. 20 the ignitor resistance is represented as a function
of the number of pulses.

Of interest in discharge circuits, particularly in crowbar circuits, is the additional
chmie resistance due to the switches. The ignitron internal resistance was determined by
current and voltage measurement. In a suitable ecircuit it was possible to measure the ohmic

voltage drop of the ignitron directly after the strong inductive voltage component was
compensated for.
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Fig. 20

4.8 Miscellaneous Work

Construction of a capacitor bank of 12.5 kJ‘9 kV for lasers (J. Biumler)

o8 e~ —ra

Development and production of a bakeable 100-kV duct for UHV (J. Biumler)
Development and production of a 15-kV capacitor for image converters (J. Gruber)

Determination of the lifetime and measurement of the characteristics of pulse capacitors i
made bel SSW and BICC (J. Biumler, G. Miller)

Construction of a device for magnetic shrink fitting of ends to coaxial cable and use of i
the same (J. Biumler, J. Gruber)

Investigation of insulating materials and parts for electrical strength (G. Klement, G. Miller'

Measurement and construction of a current-limiting resistance for 200-kV acceleratcrs
(G. Klement)

Investigation of lonization fire alarms (J. Biumler)

5. Electronies Group

(A. Steinhausen)

5.1 Power Sources

5.1.1 Stabllized High-Voltage Sources 0.6 - 5 kV/20 W (W. Melkus, W. Reinhardt)

Development work on this stabilized high-voltage source, which was mentioned in the last
annual report, was completed. The source is fully transistorized and has the advantage that
the avallable output voltage can be adapted to prevalling requirements by simple
modification of the high-voltage section.
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Output voltage: 0.6 - 5 kV set in 3 rough stages and infinitely variable in between.
Output power: 20 W in all ranges, but output current not more than 15 mA.

Variation of output voltage when malns voltage varies by + 10 % ¢ 4 i %o .

Variation of output voltage by load variation from no load to full load: 1 %o.

Ripple: 0.2 %s- 0.8 % depending on load.

The polarity of the output voltage can be reversed by changing the wiring in the source.
The principle is shown in the block wiring diagram (Fig. 21).

It comprises a series pack, of whiech 20 units, 10 of them with modified output voltage, have
already been built. Sources for maximum voltages of 10 and 20 kV are being constructed.

O] o Longitudi- High =5kv
220V~ e fal Vibrator 'gt
Yy transistor YRl | I
| {
Control
/\ —===— Fuse box oscillator

7.5 kels
Differen -

Inverter f

e = tial
amplifier
Uconst

Fig. 21

5.1.2 Coil Current Supply Source 6 - 10 A at 2.20 (F. Skerjanc)

A transistorized current stabilizer was developed for supplying current to a magnetic-field
coll (R = 2.2 ohms). The current can be adjusted in stages of 6-7 A, 8-9 A, 9-10 A and in-
finitely to 1 %e.

Fluctuation of the supply voltage by + 10 % varies the output current by + 1 % . At 9 A
and with 2.2-ohm load the amount of ripple is 0.7 %o .

A built-in electronic microfuse safeguards the source against overloading.

5.1.3 Emission Current Stabilizer (F. Skerjanc)

A regulated emission current stabilizer was developed for a mass spectrometer. The emission
current can be selected bhetween 100 /uA and 3.8 mA. The rilament voltage hereby is adjusted




5.1.4 Constant-Voltage Source 20 to + 200 V; 3 A (W. Melkus)

Development 1is proceeding on a constant-voltage source which can take power at negative
voltages. The equipment consists essentlally of two control circuits, one with controlled
silicon rectifiers for the rough adjustment and one with transistors ensuring a voltage con-
stancy of + 1 %o . Noteworthy is the high efficiency,hence the low heat generation of this
eircuit. It is therefore expected that appreciably higher outputs, higher currents in par-
ticular, will be attained.

5.2 Measuring Amplifiers

5.2.1 RF Broad-Band Amplifier 50 ke/s - 5 Me/s / T0O Vs (F. Skerjanc)

For ion resonance measurement an amplifier of this type was constructed and connected to
a sine-wave generator. At a load resistance of 50 ohms it supplies 70 Vss' Its output re-
sistance 1s approx. 5 ohms. The amplification is 10. The output stages work on the cascade
principle.

5.2.2. High-Resistance Logarithmie DC Amplifier (F. Skerjanc)

For measuring a probe current a logarithmic amplifier was developed whose input resistance
is approx. 500 Gohms. Connected to a power source of 10 mV to 10 V with an internal resi-
stance of 10911, it attains a band width of O to 2 ke/s. Chosen as the input stage was a
special cathode follower combilnation circuit which ensures a very high input resistance
and the smallest possible input capacitance. This is follpwed by a linear amplifier the
logarithm of whose output voltage is taken by a silicon diode stage.

5.2.3 Probe Cathode Follower (G. Roos)

For an electrolytic tank a probe amplifier is being developed which at an input impedance
of approx. 1 Gohm and with parallel capacitance of a few pF has an output range of 300 Vss‘
The wide range is attained by a special version of the bootstrap principle. The voltage
amplification 1s about 0.995; the output impedance approx. 100 ohms and the frequency range
0 to a few ke/s.

5.3 Fast Control System (F. Skerjanc)

Developed as an additional feature of the time delay programme was a series unit with which
trigger pulses can be delayed up to about 11 msec in the followlng manner:
10 stages of 1 msec, 10 stages of 0.1 msec and infinitely between 0-0.1 msec.

5.4 Slow Control System (W. Melkus)

The device has four identical time stages, each of which triggers the following stage after
a period infinitely variable between 0.1 - 1; 1 - 10; 10 - 100 sec. The time Interval is
determined by RC circults which trigger a thyratron, this in turn actuating a relay. The
unit affords wide scope for application.

So far 15 of these devices have been produced.




5.5 Image Converters

5.5.1 Image Converter Camera for High-Speed Photography with the RCA Tube 44497

(F. Hofmeister, W. Urbas)

The development of image converters with the RCA tube 4449A was introduced by the group in
1961 with the reproductlion of a type designed earlier by A. Steinhausen. With this as a
basis, several progressively improved models materlialized in due course, the last of these
being type EL 085,completed in October 1964. Construction was started on a series of this
type; the first completed unit was supplied by the end of the year to CEA, Fontenay-aux-
Roses.

With the advent of image converter EL 085 thls development series can be considered on the
whole as complete. Improvement of the electronic system menas that the image quality is now
virtually determined only by the properties of the tubes used. The image converter can be
made avallable for varlous purposes by means of exchangeable plug-in units. For present re-

quirements the following types were developed:

a) Plug-in unit for sweep phctographs with a sweep speed adjustable between 100 mm//usec and
5 mm//usec;
b) Plug-in unit for rapid sets of three with time intervals ad justable between 50 nsec und

500 nsec and with exposure times of 10 nsec - 50 nsec;

¢) Plug-in unit for slow sets of three with time intervals adjustable between 5 /usec and

100 ,usec and exposure times of 0.05 /usee -1 /usec.
Extension of the plug-in unit programme later is possible. It is intended to develop a slower
streak photograph plug-in unit and a /usec plug-in unit for seven very rapld photographs of

size 5 x 25 mm for spectrographic use.

5.5.2 Image Converter for Light Amplification and High-Speed Photography with EEV Tube P 829 A

(A. Steinhausen)

In this image converter further technical improvements were carried out on the supply systems,
the rapid control system and on the optical equipment. The image converter was used for the
are experiment (C. Mahn, H. Ringler).

5.5.3 Generation of Fast Pulses (A. Steinhausen)

General investigations were conducted with gas tubes to produce small rise and fall times.

In particular, pulses with rise times of about 1 nsee were cbtained at 4 kV.

5.6 Ruby Lasers
5.6.1 Laser Head (K. Maischberger, G. Roos, (H.Higlsperger))

The type with elliptical high-eccentriciiy mirror and direct cooling of the ruby rod des-
cribed In the annual report was adapiled for an appreciably higher flash energy. The maximum
energy of the lamp used (EGG, Type FX 47) is 10 kJ, but this should be limited to 7.5 kJ to

ensure a long service life of the lamp.
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5.6.2 Laser Bank (G. Roos)

As power supply for 4 lamps, arranged crosswise, of a purchased laser a bank with a storage
capacity of 4 x 10 kJ was developed and partly constructed. Owing to the large dimensions
and the weight the unit was divided up into 4 mobile banks of ElOO/aF each at a max.
operating voltage of 4 kV. Incorporated in the individual bank carriages are the charger,
discharger, a series choke for the lamp and an ignitron. The control system of the unit is
located in a separate rack shared by all four banks, and so the laser and the banks can

be set up in an experiment room of their own.

A special feature worth mentioning is the preionization device for extending the lifetime
of lamps: about 30/u5ec after the high-voltage ignition pulse the discharge currents are

switched to the lamps; each by a different ignitron.

5.7 Other Diagnostic Tools

5.7.1 Integrator (K. Maischberger)

This equipment was developed for current integration in an ion accelerator. It has 2
electronic counters and a five-figure counting relay with digital indlcator and enables the
charge Q = II dt to be recorded over time intervals of 1 minute to 28 hours. A changeover
switch allows 2 current ranges of 107 to 1072 A and 107 to 1072 A to be selected. The
unit can be used without being grounded and has an accuracy of 1 %.

5.7.2 RF Pulse Transmitter (G. Roos, F. Skerjanc)

The requirements to be met by the RF pulse transmitter described on page 155 of the annual
report for 1963 were rather high. This made it necessary to develcp a new version.

In the old model the gate pulse served directly as DC voltage. In its successor the door
pulse is compensated and a variable DC voltage connected in series.

The circuit consists of a symmetrical diode gate to which a double pusﬁ-pull output stage
is connected to the output. This is constructed in such a way that it can be changed over
to 2 end stages with inphase-opposed output signal. The adjustable DC voltage is
connected to the amplifier output via a C-L unit.

5.7.3 Electron Ream Compensation (K. Malschberger)

The deflection which an electron beam undergoes on passing a gas discharge because of the

latter's electric field can be compensated by creating an equally large fieldby means

of auxiliary electrodes. This affords a convenient method of measuring electric fields in
gas discharges which can be extended to provide electronically controlled compensation.
Such an experimental device has been constructed.

5.8 Transmitters

5.8.1 1.5-MW Pulse Transmitter (G. Roos)

A coaxial power line system for fitting a load %o the transmitter was caleculated and
designed in collaboration with the Design Group. The load, the plasma column, is known



only approximately. The line system is therefore provided with several connections of

varying impedance.
Parts of the control system for the transmitter, such as control panels for supplying the
pulse stage with DC voltage and the appropriate linking circuits for the transmitter and

the experiment,are complete.
?

5.2 Maintenance (B. Heinc)

Repalr and maitenance work was performed on 469 units. Costs for spare parts came to
DM 7 88B.63. Another 11 units had to be sent out for repair. These repairs cost DM 1 167.65.

6. Magnetic-Field Group

(B. Oswald)

6.1 Intense Stationary Magnetin Fields (B. Oswald)

In order to create the conditions for developing intense magnetic fields of up to over
1C0 k)" in small field volumes and medium fields in models of fairly large volume and

at the same time to enable heavy-duty magnetic coils to be tested, a motor generator set
was Installed in the Group's facilities and is to be put into service soon. The converter
consists of a drive motor and two DC generators which can be connscted in series or in
parallel as required. The continuous rating is 2 x 700 kW at a current strength of

2 x 2500 A. In short-time operation the set can be loaded up to 2 x 700 kW at 2 x 7000 A.
The firm of Schorch in Pheydl was vesponsible for the construction and installaticn of

this converter.
Available s'ncz the beginning of the year for investigetions on superconducting materials
enc for other kinds of measurement work is an iron magnet for homogeneous and time-

accurate fields of up fte 50 k.

6.2 Water- ZooledZoils (H. Lohnert)

Irn collabcration with the LDesign Group and the wWorkshop series production of ccil type
Ep 2C0/12 was initiated. OC coils of type Sp 100/13 have Ceen produced and some of
chem izsted. For the purpose ol testing the winding insulation it was necessary to

aaver 9 a 1% ganerccor Do 200 - 500 ke/s.
Curves a: ! tables rzlsating te the fleld distribution of individual coils were published

in tnz form of 2. TPP report. Tables of operating values and design data zre belng

oils for Hourglass Maenetic Wields (A. Kellerbauer, P. Kriger, B. Oswald)

Several naw pancake-type ccile with Tairly large dimensions (inner diameter 80 mm, axial
leagth 500 mm or 500 rm) vere produced. Tn dasigning thasz coils special care had to be
fzken Ve preszee vhe rotational symmetry of the field, In tnis cenrection the time

Cepandznec of bthe field wras atso Investigated more closely as the current rosz and during

sranelicion So the sxitended ocuvvent peak.
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Allowance was made for the steepest possible field drop at the coil ends by providing one
of the colls with 2 moveable counter-field coils.

6.4 Magnetic Field for Shock Tube (A. Kellerbauer, P. Kriiger)

In order to produce as homogeneous a magnetic field as possible of about 10 kr1 for the
shock tube beilng constructed for Dept. 3 it was necessary to develop a rectangular coil
which had to be adapted to a given capacitor bank.

A pair of two-turn colls were tentatively put into operation. In the magnetic-field measurement
of this device the influence of eddy currents in the solid copper electrodes on the field
distribution was investigated more closely. '

6.5 B-min Field (P. Kriiger, B. Oswald, R. Pshlchen)

In connection with "HELIOS" and "HELIOSIS" the Group contributed to discussions on the
technical realization of B-minimum fields. Because of the requirements to be met both by
the mirror coils and the Joffe bars it was necessary to consider optimation more exactly

in view of the extent of ohmic loss.

A four-pole B-minimum coil model was constructed, the contours |Bl = const being measured
for a mirror ratio of 1:3 and compiled in graph form. Such a set of curves is represented y
in Fig. 22 for the median plane between 2 Joffe bars.

With regard to the current density and the joulean heat in the Joffe bars it was necessary i
to make a comparison between [our-pole and six-pole arrangements. :

6.6 Superconducting Coils (H. Lohnert, P. Kriiger, B. Oswald)

In a fairly small metal cryocstat 2 experimental coils with an inner diameter of 25 mm, an
outer diameter of about 70 mm and an axial length of 65 mm were tested first. One of these
coils was wound with single-insulated Nb25Zr wire with a bare diameter of 0.254 mm and
attalned a maximum magnetic flux density of 30 kr‘on the coil axis. The second consisted

of copper-plated Nb25Zr wire and had the same dimensions. Together with a small insert coil
with an inner diameter of 10 mm it was excited to just over 60 k.

{n the variable field of the large coil the quench characteristic of the insert coll was
recorded. It was here found that in the upper field range the limiting values of this coil
agreed with the curve given for wire samples, and sc only in the lower field range could

a slight degradation effect be observed (v. Fig. 23).

At a magnetic flux density of 10 k™ the maximum current density measured was 105 A/cma.

After completion of a larger cryostat with a freely accessible inner diameter of 30 mm a
pair of coils with a minor diameter of 50 mm, an outer diameter of 152 mm and 158 mm
respectively and an axial length of 50 mm was constructed. Besldes producing an effective
field of about 40 k", this device was intended for investigating the dependence of the
quench characteristic on the coil size and investigating the split-pair effect. The design
made it possible to modify the distance between the coils and excite different parts of the
windings (v. Fig. 24).
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Fig. 23 Limiting characteristic of superconducting coils
a) Wire sample Nb25Zr, 0.254 mm, copper-plated
b) Inner coil
¢) Outer coil

The latest experiments show that lt is not difficult to construct superconducting coils

of up to 50 k[ for diameters up to 50 mm. The size of the field volumes required in
plasma physics makes it necessary, however, to develop larger coils. Special importance

is here attached to further investigation of the degradation effect. This work is there-
fore being performed in conjunction with investigations of the Special Physico-technical
Group on wire samples since an explanation can be expected from the physical behaviour of
the superconductor itselfl. Together with the Vacuum Group a start was made to constructing
an experimental cryostat for large coils.

Superconducting coils with high energy content call for safety precautions in the event

of an unintentional normal transition. An appropriate protective circuit was built for
the coils described above.

At present there are hardly any wires or strips available for fairly intense magnetic
fields. A trial coil of Niostan strip (NbDSn) failed by a wide margin to reach the limiting
values given lor short samples. A small coil of NbTi wire is being prepared.

6.7 Magnetic Energy Storage (B. Oswald)

Magnetic energy storage devices may be of interest mainly in the case of ohmic loads. At
the present level of superconducting technique superconducting storage units for very high

discharge voltages would have to be devised first before useful discharge veloclties could
be attained.
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Another difficulty arises from the fact that hard superconductors tend to become normal
conductors as a result of rapid variations of field or current.

Further theoretical consideration was given to the discharge characteristic of magnetic
energy storage devices and to the usefulness and efficiency of superdonducting storage

devices (v. IPP 4/13 ).

6.8 Extreme Magnetic Fields (H. Lohnert)

Preparatory work was done towards producing extreme magnetic fields of up to 1 Mi" and
carrying out the measurements entailed. In small multi-turn coils it was possible to
obtain short-time flux densities of up to 600 k[

6.9 Magnetic-Field Measuring Technique (A. Kellerbauer, P. Kriiger)

In order to do justice to the diversity of measurement work, the measuring equipment for
both stationary and radio-frequency magnetic fields was improved. A non-magnetic X-Y

probe guide of high accuracy is now available for Hall and maghetic probes. A proton resonance

probe for calibrating magnetic field probes 1is being prepared.

7. Vacuum and Technology Group

(H. Higlsperger)

7.1 Vacuum Technique

7.1.1 Laboratory Pump Stand P 121 (H. Higlsperger, H. Miinch)

A pump stand was developed for laboratory purposes. The pump system comprises a backing
pump RZ 12, a diffusion pump DO 121, a high-vacuum slide valve, three small-Tlanged valves
without stuffing box for the prevacuum, for the by-pass and for ventilating the recipient,
and also a safety valve combined with ventilating valve for the backing pump. Besides the
high-vacuum pump nozzle there 1s a prevacuum pump nozzle for work in the fine-vacuum range.

Data:

Final total pressure without cooling trap 1-10‘6 torr
Final total pressure with colling trap 5-10-7 torr
Effective suction capacity abt pump nozzle 50 1/sec

“7.1.2 High-Vacuum Slide Valve (H. Miinch)

Two sizes were developed, NW 32 and NW 65. The valves have small dimensions for fitting
purposes, allow completely free passage when open and withstand atmospheric pressure in
both directions. The connection dimensions correspond with those of the usual standard
flange.

7.1.% Metal Cooling Traps for Liquid Nitrogen (H. Hdglsperger, H. Miinch)

Two types of cooling trap were developed:

a) Bakeable UHV cooling traps NW 32 and NW 65, which are designed for both horizontal
and vertical installation, maximum coverage of the condensation surfaces with liquid

e i b ST,
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nitrogen being guaranteed in each case.

Conduectance of cooling trap NW 32 5 1/sec
Capacity 4oy
Consumption = 0.3 1/h

The data of cooling trap NW 65 are not yet available.

b) Angled cooling trap NW 65 for dismantling, suitable for incorporation in vacuum systems
instead of a tube turn NW 65, with maximum utilization of the coolant. For cleanlng the
condensation surface the cooling trap can be taken apart without undoing the connection
points to the vacuum apparatus. Data on the cooling trap are not yet available.

7.1.4 Rapid-Opening UHV Valve (H. Higlsperger)

A valve for measuring molecular flow was designed and constructed.

Valve stroke 20 mm
Opening time : £ 1/50 sec
Shutting force against which opening is possible approx. T kp
Leak 10710 torr i/sec

The valve is opened by means of a lifting magnet and then locked. An attached mechanism
allows the valve dise to be returned smoothly to the closed position. This ls necessary
because the valve seat takes the form of a glass caplllary tube.

7.1.5 Effusion Cell (H. Higlsperger, (A. Wasner))

For measuring vapour pressures according to the crystal oscillator method a so-called
elfTusion cell was designed. The nitrogen bath i1s pumped off via a manostat to keep the
temperature constant. A replenishing device for mounting on top in which the temperature
of the liquid nitrogen is alsc set and kept constant by lowering the pressure above the
surface of the bath enables the liquid nitrogen to be replenished at reduced pressure.

7.1.6 Pump Stand with Recipient (H. Miinch)

For the purpose ol investigating the trigger mechanism in plasma switches a pump -stand with
appropriately designed recipients was developed and constructed.

T.1.7 Service for Vacuum Pumps (H. Miinch)

This facility was introduced tc make possible the testing, maintenance and repair of

vacuum pumps on the spot.

7.1.8 Other Work (H. Higlsperger, H. Miinch)

Coating of parts in high vacuums, leak detecting and testing work on vacuum components
and apparatus

7.2 Low-Temperature Technique

7.2.1 Standard Transfer Line for Liquid Nitrogen (H. Higslperger)

Standard transfer 1ines were developed and made for the "PAGAN" 100-1 nitrogen cans of
the British Oxygen Company Ltd. in use at the Institute. The transler line unit compr!.-=s
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can connection with safety valve, connecetion for combined pressure build-up and release
valve, connection for stand-type gauge, and vacuum-insulated transfer line.

7.2.2 Stand-Type Gauge for 100-1 Cans (H. Higlsperger, (K. Maischberger))

A stand-type gauge was developed as a supplement to the standard transfer lines described.
On being switched over, the gauge measures each time in a quarter of the can volume. Once
a minimum level is reached an acoustie signal is given.

7.2.3 Automatic Cooling-Trap Replenishing Device (H. Hdglsperger, R. Scherzer)

A start was made to developing an automatic replenishing device for cooling traps. A vapour
pressure thermometer dependent on the filling level of the cooling trap actuates a control
piston which in turn clears or shuts openings in the control ecylinder. This causes
appropriate lines to make the connection of compressed air to can to cooling trap, i.e.
replenishment, and also the connection of can to atmosphere, i.e. ventilation of the can.

7.2.4 Storage Tank for Liquid Nitrogen (H. Higlsperger)

A storage tank for liquid nitrogen with a capacity of 200 1 of liquid gas was planned and
ordered. The storage tank is intended as a container for the ligquild gas produced on the
premises. The contents can be tapped by the force of gravity, using either a liquid-gas
pump or pressure build-up.

7.5 Technology

7.%.1 In the field of General Technology the following lists some of the assignments
for which Mr., Berberich was responsible:

a) Development of bakeable metal-ceramic compounds

b) Experimental measurements with extending measuring strips

¢) Experiments with models in the field of photoelasticity

d) Adhesion experiments on plexiglass and Trovidur parts for capacitor casings

e) Production of sheaths for electrodes ol W, Mo, Ti, stainless steel and Inconel for
improving the burn-up properties

) General galvanization technique

g) Glass technique

7.%.2 Electrostatic Coaxial Frobes (G. Dietz, H. Higlsperger)

For measuring densitles and temperatures in plasma, probes made of brazed metal and
ceramic compound were developed and produced. Stipulated values were:

Heat resistance up to 450 °C
Insulation resistance > 100 M£L
Leak <10_6 torr 1/sec

7.%.3 Plexiglass Experiment Chamber (H. Wetzel)

A plexiglass chamber for shock wave experiments was cemented by means of a reliable
gluing method, i.e. by restoring all adhesive compounds to surface adhesion.



7.3.4 Investigation of Coil Models (H. Wetzel)

Investigation of discharge coils was conducted on the basis or photoelasticity. The
object of these investigations was to find the ideal shape for such coils in relation
to the load expected. Hitherto only cases of static load have been investigated.

7.4 Glass Technique (F. Zitzmann, K. Fritsch, W. Landgrar, R. Ehrlich)

0f 158 orders placed 145 were completed. The total number of hours involved is spread
over the separate departments ags follows:

Department 1 approx. 100 hours
Department 2 approx. 1 900 hours
Department 3 approx. 40 hours
Department 4 approx. 1 000 hours

Production review:

Tempitronwith multiplier 1
Electron gun and chamber system for two-chamber lonization gauge 1
Double-grid probe 60 mm in diam. 1
System build-up for 90O spectrometer 2
Ion-electron converter ror 90O spectrometer 2
Farvitron systems 4
Multiplier with flange 1
Probes of various types (guard ring, Urax, grid, dipole and RF probes) 188
Sinter parts for tubes, discharge tubes and vacuum ducts 50
Apparatus for growing monocrystals B
Glass vessel lor gas laser 1
Hg glass pump stands 2
Glass tubing of various diameters 2ho

Other orders involved new production or repair of vacuum installations, glass equipment

and apparatus.

8. Installation Group

(M. Kottmair)

8.1 200-kV Accelerator of Dr. v. Gierke's Department (M. Kottmair)

The control system for the power supply to the ion source was put into service, Wiring
dlagrams were made complete and line and terminal diagrams compiled.

8.2 Chargers for Capacitor Banks 8-70 uF, 20 kV snd L8 ul, 40 kv (M. Kottmair, W. Jakobus)
g s /

On the basis of existing data chargers were designed lor the capacitor bank which keep its
DC voltage constant in the region of + 1.5 %. Constancy is maintained by recharging the
leakage losses when the capacitor voltage has dropped to the lewest value of the range set.
Altogether there are 2 chargers under construction. One unit (20 kV) is already available.




3.3 Rectifier 1000 V, 450 A for MPI, Institut fir Extraterrestrische Physik (M.Kottmair)

The installation, including the necessary high-voltage connection, was planned in eollabora-
tion with the firms of BBC and S5W and the Construction Department. Delivery is to begin in
December 1964 and the unit is to be installed in January 1965.

9. Special Physico-technical Group

(E. Berkl)

9.1 Symposium 1964 (E. Berkl)

In June of this year the 3rd Symposium on Engineering Problems in Thermonuclear Research
was held in Munich, responsibility for the organization of which was assumed by the
Engineering Department of the Institut fiir Plasmaphysik. The Secretary on this occasion
was a member of the Group. At the close of the conference arrangements were made for
publishing a report of the proceedings. The necessary editorial work has meanwhile been
completed, and so a start can be made to distributing copies once printing and binding
are finished.

9.2 Hard Superconductors (W. Amenda, E. Berkl)

As part of the Jjoint programme with the Magnetic-Field Group on problems of superconduction,
measurements were made on short samples of various commercially available hard super-
conductors. Serving as apparatus for these experiments was a glass cryostat for liquid
helium which was criginally intended for other investigations (v. annual report for 1963).
This cryostat proved satisfactory because of its low evaporation rate and the ease with
which it can be dismantled. Since, as already shown elsewherel , measuring the critical
current of a superconductor by current pulses also gives the correct value and experiments
with direct current, besides involving considerable expense on apparatus, almost invariably
cause damage to the probe at high, critical currents, we settled for measurement by means
of pulses. For this purpose controlled silicon rectifiers were used to construct a pulse
generator with the following data:

5/usec & tpulse £ 1.1 msec, 2 A = Ipulse £ 130 A at a load resistance Ra = 0,501 . The
pulse generator can be triggered. The transition to normal conduction is determined
by means of an oscillograph.

It was shown that the critical current measured depends on the previous magnetic history
of the superconductor. IC—HC curves are usually determined in such a way that with a
constant external [ield the wire sample acts as a normal conductor when subjected to a
current Ilblc and, once recooling has taken place, Ic is gradually approached. In this
method (rozen {fluxes arising from the original switching on of the external field are
ignored (denoted in the curve examples by I). If the magnetic field is started up anew
prior to each measurement, frozen fluxes are obtained in the hard superconductor which
are wholly included in the measurement result (denoted by II). This possibly alffords

an cxplanation, in part at least, of the degradation effect (coil comprising hard super-
codductor shows lower, critical values than those obtained from the short sample).Work

continues on this problem.

1) E. Berkl and R. Weyl: Z.f.angew. Phys. 16, 415 (1964)
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Freparations for measuring IU-HC curves under tensile stress have been coneluded and

investigations start in December 1954,

9.3 Helium Liquefier (E. Berkl)

One of the responsibilities of the Group is running the Linde helium liquilier He 36,

Owing to technical difficulties in the unit, some of which occurred only after incorporation
of the new 2-stroke expansion machine according to Dell, regular operation has not been
possible so far. After a number of trial runs a few shortcomings were detected, the

suppliers being requested to eliminate them.

9.4 Random Sampling (K. Klockenkimper)

When high-voltage capacitors for fast banks are purchased random cliccxs are carried out
(High-vVoltage Group) in order Lo assess Lhe truth of guarantee particulars subnitted

by suppliers. The degrce of prcbability iuvelved was investigated. In randon sanpl
without replacement the hypergeometrical brobabllity distributicn w gilves tiu- Ui TEEH
of detecting m delfective units amoug & capacitors tested, it the number of o “opoioo
units in the total batch of N capacitors is n.

e N=11,

/

K-m

This function was devised to provide a characteristic of the testing method's relion Livy.

9.5 Frequency iodulation of Laser Light (E. Berkl, R. Klockenkimper)

acrk was continued on the problem of Trequency modulation of a cohcrent Light beam. From

dats in literature and perscnal studies it appears that at the present level of VHE

tecimnique 1t is possible to separats the side bands oy appror. 10 ucs=, using crystals of




the tetragonal space group T 2 m as modulators. A KHEPO4 monocrystal has already been

grown by Mr. Weichselgartner for such experiments.

As compared with the crystals of space group T 2 m more favourable values (smaller loss
angle, higher limiting frequency) are obtained with many perovskites. These, however,

are sometimes difficult to grow since a great many of them are insoluble in water and

can therefore only be cultivated as monocrystals from the fused mass.

A He-Ne gas laser for modulation experiments is almost complete.

10. Chemistry Group

(H.Weichselgartner)

10.1 General and Routine Work (H. Weichselgartner, H.-J. Wittich)

The Chemistry Group was entrusted with a great deal of cleaning, degreasing, derusting,
descaling and staining work. Some of these processes represented stages preparatory to
further surface treatment. For protecting the surface of metal working materials it was
generally_sufficient to electroplate them with copper, nickel, cadmium or silver.

10.2 Special Electroplating Processes (H. Welchselgartner, H.-J. Wittich)

Included here are those processes which could only be realized after series of detailed

experiments. The following can be singled oufb:

True-to-size chrome-plating of tungsten wire

Cadmium-plating of stainless steel with intervening Ni layer
Consistently strong copper-plating (EOO/u) of K Monel
Platinum-plating of brass ball probes with intervening gold layer
Rhodium-plating of conductor plates.

10.3 General Material Testing (H. Weichselgartner)

Besides a variety of metal analyses prolonged series of experiments were conducted to
investigate plastics also as to their resistance to oxldizing agents and other specilal

properties.

10.4 Growing of Large Monocrystals (H. Weichselgartner)

For E. Berkl (Dept. 4) a start was made to growing large monocrystals of potassium
dihydrogen phosphate KHzPOM' The latter belongs to the ferroelectric crystals and
crystallizes on the orthorhombic system. It has a curie point of 123 ®¢. Good initial
results could be obtained by a growing method based on the principle of the temperature
difference between a storage vessel and the growing vessel. The largest monocrystal
produced in this way measures 22x17x9 mm (suitable for use) and weighs (with seed
surface) a total of 15.25 g. The period of growth was approx. 4 weeks. The temperature
in the growing vessel was in the region of 29.5 + 0.05 9. During the entire growing
process the crystal rotated about its longitudinal axis at the rate of 24 r.p.m. Under
the polarization microscope it was established that the KH2P04 crystals grow along the
crystallographic C axis. The cross section of the completed moncocrystals 1s not
dependent here on the growth pericd, but merely on the seed surface. A larger unit using
the three-tank method is at present under construction. This is to allow four mono-

crystals to be grown simultaneously.




11. Central Workshop Group

(H. Stoll)

11.1 Mechanical Workshops (H. Stoll)

In February of this year work on the new building for the Central Workshop was sufficlently
far advanced to allow the machine tools delivered for the new machine shop to be stored rfor
the time being in Hall 3. In July the machines were then set up by the Central Wkashop on
the appointed sites and made operational but for the electrical connections. In October -
November the workshops were moved to their new quarters.

A total of 19 skilled workers were engaged, while 4 left.

Staff strength of the individual workshops as of 3lst December 1964

Mechanles 20
Precision Mechanics 10
Fitting and Welding 8
Plastic Workshop 1
Overhauling 1
Tool Stores and General Services 2
Job Preparation 2
Order Registration 1
u5

Total

Processing of Production Orders

Order log
Carry-over from 1963 80 orders
Received 625 orders
Completed 567 orders
In hand 138 orders

Of the 567 orders completed 138 (i.e. 25 %) were handled by outside firms. The cost
involved amounted to DM 521 904.--, At an hourly rate of DM 15.-- this sum would correspond
to a production time of 34 793 hours. The number of hours expended on outside orders thus
represents 57.5 % of the total hours expended.

One of the biggest assignments of the Central Workshop was installing the precollector and
main collector and also producing individual parts for the 2.6-MJ theta pinch experiment of
Dept. 1. This alone accounted for 5 911 hours.

Despite the larger staff and the corresponding increase in working capacity the carry-over
of orders at the close of the Year rose by approx. 50 % compared with the previous year.,
The planned production capacity of the new Central Workshop will probably not be attained
till 1966,
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Annual balance sheet of hours worked

Total hours: 46 936

Department 1 2 3 4 6 7 MPI MPI  Store

fir fir

extrater. Physik
Physik

Nominal % 35 23 20 12 1 1 b - 5

Nominal hours 16 429 10 795 9 388 5 632 469 469 1 408 - 2 346

Actual hours 17 234 11 978 9 609 6 029 499 269 46 174 1 098

% 36.8 25.5 20.5 12.7 1.1 0.6 0.1 0.3 2.4

In the course of the year a new key for distributing the working capacity of the Central
Workshop was decided on by the departments of the IFP, the MPI filr Physik and the MPI flr
extraterrestrische Physik. This key forms the basis of the Workshop balance sheet.

11.2 Carpentry Shop (W. Kaehs)

The carpentry shop moved into its new guarters in the Central Workshop block at the
beginning of November. The staff was inereased from 5 to 6 members.

Production Orders

Order log
Carry-over {rom 1963 19 orders
Recelved 195 orders
Completed 176 orders i
Cancelled -1 order L
Carry-over 37 orders i

With this carry-over of orders the carpentry shop has work in hand for approx. 3 - 4 months.

Annual balance sheet of hours worked

Total working time in 1964 6 642 hours

Number of hours for:

Dept. 1 2 331 = 35.1 %
Dept. 2 1 204 = 18.1 %
Dept. 3 897 = 13.6 %
Dept. 4 1 618 = 24 .4 %
Dept. 6 139 = 2.0 %
Dept. 7 452 = 6.8 %

12. Central Electrical and Electronics Workshops

(J.Asenkerschbaumer, E. Hecht, A. Simon)

Staff: 10 - 13 mechanics




Series equipment: Produced in workshop: Total:
Trigger unit 3.2 kv 20 o
Trigger unit 1 x 20 channel B 8
Pulse transformer %.2 kV 104 T 239
Power unit 3.2 kv 10 15
Time lag unit 10 msec 1 1
Mains distributor, small 10 31
Mains distributor, 220 v 3 11
Mains distributor, 110 v 12 13
Image converter with RCA tube 4449 A i 7
Series equipment: From outside firms: &
Time lag unit lOo/usec 25 86
Time lag unit 1000 usec 25 25
Timer 0.5 -~ 60 sec 15 15
Socket panel 50 200

Orders to the value of DM 309 262.-- were placed with outside firms.

Hours worked: 8 931

For Department

actual %
nominal %

30 36 21 13
29 26 22 13




MANAGEMENT AND ADMINISTRATION

1. Personnel Development

The number of persons employed increased in the course of 1964 from 473 to reach a
total of 575.

This figures comprised Number %

Scientific and techno-scientific

personnel 106 18
Technical personnel in departments

and workshops 303 53
General services 118 20
Management and administration 38 T
Scholarship holders 10 2

These figures include 12 staff members sponsored by Euratom. In addition, there were
5 guest research scientists from abroad.

Personnel development since the Institute was founded is given in Fig. 1. The figures
quoted for 1965 represent the already approved employment level allowed for in the
budget, while the figures for 1966 represent the estimates in the draft budget. Also
taken into account are cleaning staff as well as scholarship holders, apprentices

and canteen staff for 1965 and 1966. While the absolute number of employees rose at a
fairly steady rate, there was a slight, but consistent rise in the number of general
members of staff per scientist.

2. Construction Work

At the beginning of the report year 1964 facilities comprised 4 laboratory halls (L1 to

L4), 2 workshop laboratory blocks (Wl and W2), a building for general services (T1), a
building with rooms for scientists (D1), theory block (D2) with lecture room, library

and air-conditioned rooms for the large IBM 7090 computer, the laboratory block for the
Englneering Department (Il) with high-tension hall, the central power plant (EZ), the central

heating plant (HZ) and also 3 huts with a total effective area of about 28 000 me.

The location and size of the individual buildings can be seen from the layout plant (Fig.2)
and the aerial photograph (Fig. 7). In autumn 1964 the building for the Central Workshop
and the Central Store (&W) was finished and occupied, the total effective area provided
being 5000 me. This represented a substantial improvement in technical working facilities.

A few rooms of the laboratory block (L5) begun in autumn 1963 for Experimental Department
3 could be occupled by the end of 1964; by Faster 1965 the entire building should be
ready (effective area 2200 me).

In conjunction with laboratory block LS a larger rectifier centre (L5E) was built and
should be ready in the course of 1965. This centre is intended for experiments with high
rejuirements in direct current, particularly for producing intense guasi-stationary
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Fig. 4

Aerial photograph of the
Max Planck Housing Estate
on the north side of Gar-
ching. In the Toreground
the Schleissheim approach
to the Munich-Nuremberg
motorway. In the centre

the two multi-storey
apartment blocks for
employees of the Tnstitut
fir Plasmaphysik. In the
background to the lert

the Reactor Station or

the Munich Technische
Hochschule ("Atomic Egg"),
and adjoining this site on
the right the buildings and
installations of the Insti-
tut fiir Plasmaphysilk.
(Aerial photograph: Bayeri-
scher Flugdienst Hans Ber-
tram, Riem Airport,Munich;
publication of photo No.

GA 17/122 authorized by
BSEfWuv G 4,/5996)

Fig. 3
Aerial photograph of the
Institut rfiir Plasmaphysilk
rom the east. In the fore-
ground the River Isar, in
the background Garching.
(Aerial photograph: Bayeri -
scher Flugdienst Hans Ber-
tram, Riem Airport, Munich;
publication of photo No.

GA 17/129 authorized by
Strwuv G 4/6003).
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magnetic fields. The completion of this building marks the realization cof the most important
constructional conditions for the work of the scientifiec and technical departments of the
Institute, as far as the first development stage 1s concerned.

In an attempt to concentrate work in one spot the Plasma Physics Department of the Max-
Planck-Institut fiir Physik und Astrophysik in Munich has now been transferred to the site
of the Institut fiir Plasmaphysik at Garching. Since sufficient space 1s not available in
the existing facilities for the present vqlume of work, an additional hall will have to
be built.

The remaining construction work of the first development stage includes the canteen, the
transport stand-by service, the administration building and also apartments in the grounds
for guests and employees. This will be accompanied by other development schemes.

Planning for the canteen has been completed. Because of the extremely cramped conditions

in the present temporary canteen construction will have to be started in the first half of
1965, if possible. The new canteen is intended not only for serving lunches and refreshments,
but also as a central meeting place for members of the Institute.

The transport stand-by service will accommodate the vehicles for both the day-to-day business
of the Institute and the fire and first-aid services.

At the present main entrance of the Institute, where 3 huts are now located, an office
building is to be erected. For the time being the individual sections of the administration
are spread over the various buildings comprising the Institute. The new office building is
also intended for general purposes. Also to be provided is an information centre, a
facility made necessary particularly by the steadily increasing number of visitors. Along-
side will be conference rooms with technical facilitles for conferences of international
study groups conducted in several languages.

The completion and financilal settlement of all construction work forming part of the first
development stage will take t©ill the end of 1966. A start will then be made on a second
development stage mainly involving schemes for extending and supplementing existing
facilities. So far no definite decisions have been made 1ln this respect.

On the northern outskirts of Munich, in the immediate vicinity of the Max-Planck-Institut
filr Physik und Astrophysik, 16 rental apartments for Institute employees were completed in
the report year. Together with the 108 apartments in the two multi-storey blocks in
Garching (cf. Fig. 4) that were already occupied at the beginning of 1963 these were
essential for recruiting and keeping highly qualified personnel.

In the interests of work at the Institute it is imperative that efforts to provide
accommodation be stepped up.

3. Organizational and Financilal Development

In the report year there were no changes in the organizational structure of the Institute
(cf. Fig. 5). The same applies to the persons constituting the business partnership on
which the Institute is based and the Scientific Supervisory Board.




The Jjoint research programme with Euratom instituted back in 1961 was successfully

continued in 1964 as well. All scientific and technical investigations form an integral
part of this programme.

For financing its work the Institute had at its disposal in the business vear 1964:

Grants from the Federal Ministry for Scientific Research DM 18,268,000
Grants from Euratom DM 5,226,700
Grants from provincial governments via the Max-Planck-

Gesellschaflt DM 3,194,000
Personal income DM 1,037,000
Personnel costs DM 6,474,800
Costs for materials DM 1,431,600
General expenses DM 3,130,300
Non-recurring expenses DM 16,689,000

Of the non-recurring costs DM 11,161,300 was required for building projects.

The overall financial development since the Institute was founded is shown in Fig. 6.

The figures quoted for 1965 represent the approved budget, while the figures for 1966
represent the estimates in the draft budget. These make it clear that recurring expenses,
personnel costs forming an integral part, show a steady rate of increase. Building costs
and non-recurring eXpenses, on the other hand, are subject to more marked fluctuations;
nevertheless, the actual demand in this respect may be regarded as fairly constant.

Subsequent organizational and financial development will be determined primarily by the
brogress achieved in the snientifiec programmes.
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