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Abstract

Different methods using magnetic field probes to determine the
properties of electron rings during their compression, roll-out
and acceleration are presented. The results of the measurements
of the electron number and the axial velocity and acceleration
of the rings, as obtained with the various diagnostic devices,

are discussed and compared.

Zusammenfassung

Es werden verschiedene Methoden zur Bestimmung der Elektronenring-

eigenschaften mit Magnetfeldsonden wdhrend der Kompression, des
"roll-out" und der Beschleunigung dargelegt. Die Ergebnisse der
Messungen von Elektronenzahl, axialer Geschwindigkeit und Be-

schleunigung der Ringe, wie sie sich mit den verschiedenen Diag-

nostikanordnungen ergeben, werden diskutiert und miteinander ver-

glichen.




I. Introduction

The collective acceleration of ions with relativistic electron
rings1, which allows much higher ion energy gains than in ordi-
nary ion accelerators, uses the intense self-fields of the
electron ring to couple the ions to the electrons. Owing to

this strong coupling some of the ion properties (such as average
axial velocity, acceleration and number ratio) can be determined
from the measurements of the electron ring. By using the intense
electric or magnetic fields, which surround the ring or by mea-
suring the emitted electromagnetic radiation (Synchrotron radia-
tion), the electron ring can be investigated during the accele-

ration process without destroying it.

In previous experiments, the magnetic self-field of the electron
ring was used during the ring compression, mainly to determine
the electron number 2. In this report, we concentrate on the use
of the ring self-field for determining the properties of the
electron ring during "roll-out", i.e. transition from the com-
pression phase to the acceleration section, and during accelera-
tion. We are interested in the measurement of the ring velocity,
acceleration, electron number, minor dimensions, and the holding

power.

Other powerful ion diagnostic methods such as those using nuclear
emulsions and films or nuclear reactions are not treated here be-
cause they are necessarily connected with the destruction of the

ring.

II. Magnetic field measurements

a) Single-loop magnetic probes to determine Ne during compression

Magnetic probes made of a single loop have already been used to
study the electron number during the electron ring compression 2.

The radial and the axial magnetic field components are proportio-

nal to the current I of the ring, but they depend on its axial



and/or radial position. The axial component BZ of a ring with a
radius R, that is much larger than the loop radius RL as well as
the minor ring radius a is given on the axis and in the plane of
the ring by

I
(1) e P P°Z§ [in MKSA units] :

where the electron current I is related to the electron number Ne
by

I= eNeC

(2) >2TR ) so that

AA:eCﬂ“e
(3) BZ=41!_ RZ- -

The electron number evaluated from the axial magnetic field com-

ponent therefore depends on the square of the radius R:

(4) NG = ‘—-WOSCBZ

Although the effect of finite minor ring dimensions under present
experimental conditions seems to be negligible 2, the Rz—depen—
dence of Ne and the necessity of compensating the total flux of
the compression magnetic field through the probe cross-section

by an additional magnetic pick-up loop call for the use of the

radial magnetic field component Br of the ring to determine Ne.

Indeed,the compression magnetic field flux through the loop cross-
section is very much smaller (since the magnetic field is nearly
homogeneous), and one can always find a position of the loop re-
lative to the ring such that Br does not strongly depend on the
ring radius. Magnetic probes of this type are therefore now often
used. The magnitude of Br’ however, depends sensitively on the

axial position of the ring relative to the probe.

The measurement of the radial or axial magnetic field component
of the electron ring with single loops seems relatively easy, in

so far as the ring only moves radially as during compression.




During the "roll-out" process, when the ring is transferred from
the compression plane towards the acceleration section, however,
the single loops lose their sensitivity, and the compensation of
the outer magnetic field is very difficult, so that other types

of probes must be used.

b) Probes with helical winding for determining Ne during com-

pression and "roll-out"

If an electron ring of radius R and current I is situated at an
axial distance z from a probe on the axis, its axial magnetic

field component is

(5) B, = bl 1;23/2 ;
ZR (1+(&))

from which the strong axial dependence of BZ can be seen. Inte-
grating BZ over z along the axis, however, gives a quantity that

only depends on the electron current I:

“+ oo

(6) 557_(2) dz = po L

—_—

which is already equal to the circumferential integral

§Ed§=fJoI 7

which is used in Rogowski belts.

With equ. (2) the electron number Ne is found to depend only linear-
ly on the electron radius and is independent of the axial ring

position:



+oo

The integral QBZ(Z)dZ does not depend on the minor axial ring
dimension, and it does not change very much with the minor radial

electron ring half-axis a:

+ 00
— FQBCNE Qz
(8) jBZ(Z)dZ =~ W( I + 352 ) .

For % = 0.1 the integral increases by only 3-10_3, compared with

a ring of zero minor dimensions. The integral can easily be mea-
sured with a magnetic probe of helical winding which is co-axial
with the electron ring, but inside it all along the axis. The
pitch of the winding should be a compromise between the sensiti-
vity and the time resolution, (i.e.low-inductance) of the probe.
The length of the probe should be chosen such that for all elec-
tron ring radii and axial positions the integral is very well
approximated. If the probe extends from €1 to Cz , with

€1< zZ < §2_ and Z being the ring position, the integral is

Ca
(9) g Bz(z)dz = 'UZO

St

M1,
2\! 2\1
(&) (+(z=))*

One already obtains more than 0.95 of the integral for 2—2;1?-R
and ;?_-ZZR . The probe length therefore should exceed the
axial extent of the ring motion area (for instance, the length of

the "roll-out" region) by at least three electron ring radii at
each end.

Owing to its relatively high inductance the probe with the heli-
cal winding cannot be used in the electron ring acceleration-
section, but it is of great advantage for determining the elec-
tron number during compression and the subsequent "roll-out" of

the ring.
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Fig.1: The axial magnetic field component and its time derivative

for a uniformly moving electron ring

c) Fast single loops for the diagnostics of accelerated electron

rings

As during the acceleration of the electron rings the electromag-
netic fields of the ring at a certain location in laboratory
space change very fast, they have to be measured with lbops of
very good time resolution. We concentrate here on magnetic pick-
up loops on the axis that measure the axial magnetic field com-

ponent Bz. The loop is located at Zg:

If the electron ring radius R and the electron number Ne are con-
stant in time, the ring passes by, and if the minor ring dimen-
sions are assumed to be negligible, the field Bz(z) and its deri-

vative de/dt are given by:

MoeCNe 1
(10) B.(z)= > - - 3,
z L R (1+(ZR29)2)/




and
z-2z, 1
. dBy _ _ g mecNe RR dz
e 3 : "‘Z-ozs/'
dt 4TR (].{.(Z_F_a_.))Z. dt

Retardation effects are neglected since only small axial veloci-

ties occur.

The characteristic shape of the two quantities is plotted in

Fig.1, assuming the ring moves uniformly with its axial speed
%%, which is regarded as nonrelativistic:

d
ﬁ&:“zﬁ?'c < 1.

For relativistic velocities (Bi4>4) the profiles would become
2_

] ) 1/2

would increase by & , too 3, as indicated by the dotted lines in

smaller. by a. factor of -} = (1 .~ B8 , and the maximum of BZ

Fig.1.

The quantity g%& is very convenient for measurement of the ring
properties since it is proportional to the voltage induced in a
small loop on the axis, when the ring passes by. Under the expe-
rimental conditions it is normally not necessary to compensate

the induced voltage of the main compression field.

o) Measurement of N

For nonrelativistic axial ring velocities the electron number Ne
is determined from the maximum of Bz(z)(at z = zo). Its value is
given by equ. (4)

B) Determination of the axial speed dz/dt = v

There are several possibilities of measuring the axial velocity

from these magnetic probe signals.



For nonuniform axial ring speed we see from equ.(11) and its

derivative

2 2
.éigﬁ:==__\3‘PoeCAE Gé%)]%i atipe (Z ,>( )léz
dt* 4T R* (1+ (;é_z.f)% (7 z zo) >‘*'/z

(12)
Z=Zs A1 2
4 SRt has di
Z-Zo®)% dt*
1+(R"
2
that in the case of %E§=O the extremum values of g%l are located
at

(13) z,,,=z¢,1‘—FZi

with the values

dB,; _ 3,u.,.,ecN 1 f o
ae dt/zm_ 4TRE (34P22R dE[_

which depend linearly on the ring velocity at z,

dz

R
d3 Zm—Zo R d=
P . __M_..— < : -
EE 4iz does not vanish, but A R <1 with A (dz) ’
the locations of the extrema shift to dt

Ap+ R _| Ay
(15) ZjoLmi Za oy agaBo prrynd 78

Another method of determining the axial speed gt

time of flight between different magnetic probes that measure

g%i since the zero crossing of this signal accurately gives the

time when the ring is at the probe location Z- A further value

is given by the

is obtained from the time of flight of the ring between the two
extrema, which are separated just by the amount of the electron
ring radius. As can be seen from equ. (12), the slope of %%Z at

zg gives a further possibility of evaluating %%.



{(zo)
With B (z)_l S G’Bzo/t‘ l S "ol‘t'

t(zo)
the four different methods are summarized:

Fs
(16) dz. = 116662 R-
dt B, (z.)
Zm=Z°i"-§
from th B
e extremum values of-ag— ]
(17) dz — s
ot - R
te+8) T tz-8)
from the time of flight between the extremum values of j&z,
z
dz ot
18 = 0.57#35-R:
L d‘t’ | B2 (z.)]
r
dB.
from the slope of dt at z, and
(19) dz _ _4AZo
dt at|
Z
from the time of flight of different magnetic probes.
c(z
Y) Evaluation of the electron ring acceleration déi and its

holding power

The measurement of the acceleration of the electron ring is im-

portant since for unloaded rings it serves to determine the Br

in the magnetic expansion acceleration section from

Sec

17 <1€t cm
(20) B- [9au55] = 5.12141-10 o




Furthermore, it offers the possibility of measuring the "holding
power" of the electron rings if the acceleration at a certain
location in the ERA section (with a certain Br) is measured for
loaded and unloaded rings. If the acceleration increases along
the acceleration section, the "holding power" of the electron
rings is determined from the maximum acceleration up to which the
difference in the ring inertia persists. This method has already
been applied in the latest experiments 4. The influence of the
ions on the electron ring acceleration at the limit of the "hol-

ding power" (while the ions are being lost) has been numerically
calculated 5.

The electron ring acceleration is evaluated as the time deriva-

tive of the axial velocity.

There is also the possibility of obtaining the acceleration from

the curvature of the g%ﬂ signal, which is normally measured.

As at z = z, we have

0(352 d= d% 1
(21) P = 952(20) dt = RE 7

Zo Zo Zo
the electron ring acceleration can also be evaluated with equ. (18)
from
dt3

(22) dZ = — 0.1925 R* =e

dtz 2 L
Zo ot ’

Zo
This value is relatively uncertain, however, since the accuracy
d3B,
dt3

of the amount of is small.
§) The influence of finite minor ring dimensions on the electron

ring magnetic field on the axis

Let us assume an electron ring with a rectangular density distri-
bution of an axial extent of 2b, but negligible radial spread.

The magnetic field Bz(z) and its time derivative are then given




MoecNe 1 Z-Zo+b Z.=Zo™b
by B @)= L= oo (1 +(z-z°+b)2)z-,__ / +(z—z°—b)=)’/z
Bl ) e 7
s dB, ()  poecNe 1 g O | =
dt — 4rR* 2b Z-Zo+b)2 Z-2o—b)2Y72 | dt .
" (+ZEE (HEET
The maximum value of Bz at z = Z is changed compared with equ. (3)
oecN 1
(25) B, (z,) = £ ¢.

47rR2( b2\ !
1+(Q)

and the locations of the extrema of ggz are now
(26) Zp = —\[1+ —g— ’

dt" R()

The different methods of determining the axial ring velocity,

assuming

except the time of flight measurement with different probes, are
then given by

& R 3 (b ) 4B.
(27) Jo| = 646 E(;o)(” ’8—(12)) ot
Zom Zem
from the extremum values of i%z‘ 7
Z__ RA+S(E)S

(28)
et B3 Tte- 5 1+5B



dB,
dt

from the ring time of flight between the two extrema of
and

!

By

. -
dz, _ 057735 R- - I"’ 1+ (2 2)
(29) dt B, (z.) ( (F?)

Zo

from the slope of 9Bz 4t 2z = z_.
dt o

With this last equation the acceleration of the ring can be found

from the curvature of g%& by

dz
dt?

Zo

= — 0.1925-R-

(30)

B.(z.) d°B,| (H_(%)z).

_ g@;’ i3 l
dt*
- Zo

The dependence of the magnetic field Bz (for the electron ring at
zo), that of the extremum value de/dt and that of dsz/dt2 at Z
on the ratio b/R of the ring axial half-axis b to its major radius
R are plotted in Figs.2 to 4, respectively. The values, normalized
to those for b = 0, are partially obtained from numerical calcu-
lations and are compared with the analytic expressions. In Fig.5
the location z of the extremum values of g%z is given as a func-
tion of b/R, too. The analytic solution given by equ. (26) is a

very good approximation for axial extents b/R < 0.5.

For an electron ring of finite radial extent 2a (the electron den-
sity being inversely proportional to the radius R), the dependence
of Bz(zo) and the extremum of its derivative g%& are plotted in
Figs.6 and 7. The a/R dependence of BZ is in very good agreement

with the analytic result of

Ne 1 1+ R
By o £BocNe 1 At
o L e Ty
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Fig.2: The axial magnetic field component BZ (relative) versus

the relative axial ring half-axis b/R
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Fig.3: The time derivative

9%5 (relative) versus b/R




-+

by 1
0++%40‘!5+eeR:

2

o

Fig.4: The relative values of Bz versus b/R
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Fig.5: The location of the extremum values of g%& versus the

axial ring width b/R
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Fig.6: The magnetic field Bz versus the (relative)
half-axis a/R
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Fig.7: The time derivative Z versus a/R
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Fig.8: The location of the extremum values of gEE versus the
t
radial ring width a/R

The locations of the extremum values of SBZ, as plotted in Fig.8

versus a/R, are relatively well approximated by
R a \2
(32) Zm = Zo = —2—(1—(3)

For electron rings of finite axial and radial minor dimensions
the expressions for the magnetic field and its derivatives can be
approximately expressed by the combination of the corresponding
expressions above. The influence of the radial minor extent is
partly compensated by that of the axial one. The exact dependence

is given by the ratio and the amounts of both minor half-axis.




€) Determination of the minor axial ring dimension during

acceleration

From the previous section it is obvious that for relatively thin
electron rings the magnetic field BZ and its derivatives are not
influenced very much by the minor ring half-axes a and b. To get
an estimate of the focussing and the "holding power" of the elec-
tron ring during acceleration, however, the minor ring dimensions

are of interest.

The axial and radial magnetic field components of the electron
ring at radii near the ring radius are very sensitive to the
minor axial ring dimension (while being not very much influenced
by the minor radial extent). An example is given in Figs.9 and
10 for the axial dependence (or the time behaviour if the ring
passes by with constant axial speed) of the derivatives of Bz
and Br’ respectively, at a probe radius Rp of 0.8:R, as obtained
from numerical calculations. The values are plotted for various
minor axial half-axis b, normalized to the electron radius R. It
can easily be seen that the axial dependence of éEE (and corres-

dz
pondingly that of g%ﬁ for a moving ring) and, even more, that of

gEE are strongly influenced by the axial electron ring extent

z
b/R.

The actual shape of these curves, however, will depend on the

actual axial electron density distribution, so that the measure-
ment of the time derivatives of B. and Bz as a function of time
at a fixed probe location (from which the axial distributions of
the derivatives with respect to z are obtained) can only give a

rough estimate for the axial ring extent.

d) Fast loop using the azimuthal magnetic field for measuring

the electron ring acceleration

The evaluation of the electron ring acceleration for the local
values of the ring axial velocities by differentiation calls for
good reproducibility of the rings and gives results with relative-
ly high errors. A diagnostic method directly yielding the electron
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ring acceleration or at least continuous values of the axial ring
velocity would be needed. As the axial motion of the electron ring
in the acceleration section corresponds to a certain axial current,

the corresponding azimuthal magnetic field should give information

on the axial ring velocity and acceleration.

v
v
)
e 1

Let us assume an electron of
(0,4

£

= o e p
a speed dz/dt = B - c.
The corresponding magnetic
field (in MKSA units) at

charge e moving axially at

Fig.11: The diagram illustrating

the direction of the vectors

the observation p<6)i{71t B A and[_i\
is then given by "'
3 B o MeSC Ax(A-A)I—=A) | _ Mee|Ax(nx{(R-8)xR})
T 4 S R% ot AT KR et

~
where 3 is the unit vector in the direction of the radius R and

B
k=1- B-B, and the expressions have to be taken at retarded
times.

For an electron moving axially the corresponding magnetic field
is directed azimuthally.

The magnetic field consists of two parts, the "velocity field"

(first sum term) Bg,1 and the "acceleration field" B¢ﬂ. with
the magnitudes




_ MoeC (1—[52)s:ho<

(34 Bg, 1= %r [RRE 1w

and

Mo€ s:'n o< ﬁ;
4 KR

(35) Bg 2=

ret

It turns out that for the ring parameters under investigation

the magnitude of the "acceleration field" is more than two orders
smaller than that of the "velocity field", so that the first one
(i.e. B4%Z ) is ignored in the following.

If we concentrate on relatively small axial velocities (i.e. B<1),
for which k = 1, and neglect the retardation, we get for an
axially extended probe at the distance Rs from the (linear) tra-

jectory of the electron

+00

(36) d=z = HeCC: .
JB‘P = 41 Rg o

Y

with the time derivative of

)R e 2

e T T R

As the "acceleration field" term is neglected, equ. (36) is also ob-
tained o from the electric field in the frame 3, where the elec-
tron ring is at rest,and its Lorentz transformation into the Labo-
ratory system. An example might illustrate the applicability of
this method: '




At a probe radius of RS = 5 cm for an electron ring with

8 =< 5~1O"2 and E = 1.5-1065_1, which corresponds to a radial
magnetic field component of Br = 2.3 G in the expansion accelera-
tion section (see equ. (20)), one already obtains
+o00
d B¢dz

per electron and per cm probe height in the radial direction,
which is easy to measure for rings with electron numbers in the

range of several 1012.

The induced voltage in such a probe, however, depends on the geo-
metry of the ring surroundings and the probe, since the image
currents contribute to the signal. An estimate for an electron
ring of R = 2.5 cm major and a = 0.5 cm minor radius and a probe
of 30 cm axial length, made up of a 0.1 cm diameter wire, which

is 0.5 cm inside an outer squirrel cage structure of 3.5 cm radius,
shows a reduction of the induced voltage by a factor of about 2,
which is due to the image currents in the probe and the squirrel

cage.

The probe gives the values of the velocity (signal integrated),

the acceleration and the "holding power" of the ring.

The axially elongated probe should have a good time resolution.
For higher B the retardation and the transport of the signal on

the long probe have to be taken into account.

While this type of probe has not yet been experimentally tested,
experience with and the results of the other probes described are

given in the following section.



Fig.12: The sensitivity of a single loop Br-probe versus the

.electron ring radius




ITI. The experimental arrangements and results

a) Single loop magnetic probe

During the electron ring compression in most of the recent expe-
riments a single loop was used that measures the radial magnetic
field component Br qf the ring, from which the electron number Ne
in the ring is obtained. The surface of the probe lies on a cy-
linder of R = 3 cm radius, while its center is located

probe
zprobe = 5 cm from the compression plane. Its axial extent is
about 1 cm. In the azimuthal direction the probe is nearly 3 cm
wide. The sensitivity of this magnetic field probe, given in

Gauss per 1O12

electrons in the ring is plotted in Fig.12 over
the electron ring radius. The image currents in the surrounding
compression coil 6 are taken into account. The compensation of
the main compression field is performed by an additional probe
outside the main coil that measures the coil return flux. The
relation of the electron number Ne to the ring current I, ex-

pressed in terms of the probe sensitivity, is simply given by

56) B,. [3auss :l _ 65 . B [9auss]
S

Ne [10%electron Rlml I A

This probe, however, is relatively sensitive to the distance

zprobe from the compression plane, as can be seen from the curves
for zprobe = 5 cm and zprobe = 6 cm in Fig.12.
compression /main coil
Y //////////////// 7
“blowcoil M
= 1 rol-out Y |
= I,‘;‘—I; —l,,—"‘;[ ACM copper tube (1cm @)

Fig.13: Schematic of the location of the probe with helical

winding




b) Magnetic field probe with helical winding

A magnetic field probe with a helical winding on the compressor
axis allows a measurement of the particle number in the electron
rings which does not depend on the axial position of the ring,

and which is only linearly dependent on the ring radius. Moreover,
in a more or less homogeneous magnetic compression field, as in
the present Garching electron ring experiment 4’8, there is the
possibility of compensating the compression field with the same
probe by the part of the helical winding with the opposite orien-
tation, which can be seen in the schematic of Fig.13. The probe

is helically wound around a copper tube 1 cm in diameter that
serves as the outer conductor of a 50 © signal cable. The main
magnetic field (and that of the ring) does not penetrate the copper
tube, so that the probe area is determined by the distance (of
0.4 cm) between the winding and the tube,and inhomogeneities of
the field due to the return conductor are avoided. For the whole
compression and "roll-out" regions the induction probe, which
measures the electron ring current,has a constant pitch of 2 cm.
The compensation part (left) has the same number of windings of
opposite orientation, but a smaller pitch. The axial location is
chosen such that not only the compression field is compensated,
but also that of the "blow" coil, which shifts the electron ring
in its "roll-out" process from the compression plane to the acce-

leration section.

Fig.14 gives two examples of signals obtained from this probe with
helical windings. Each oscillogram contains the signals from a
compression and "roll-out" cycle with electron ring (upper line)
and without electrons (lower line). The lines start to separate
from each other at the electron injection and ring forming time
just after the start of the magnetic field. The distance increases
with time, owing to the current increase during the electron ring
compression (equ.(6)). As the compression is very fast initially
and the radius does not change very much in the second half of the

compression cycle or in the "roll-out" phase either, a constant
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Fig.14: Two examples of signals from the probe with helical

winding

separation of the signal lines means constant electron number in
the ring. The upper oscillogram indicates that the electron num-
ber during the compression and the "roll-out" processes remains
nearly constant up to the spill-out time, where the difference
between the signal lines disappears abruptly as the ring is acce-
lerated axially (away from the probe). The lower oscillogram,
however, shows particle losses starting about 1 us before spill-
out, which might be due to a radial collective instability occu-

ring at the somewhat higher electron number level.

c) Fast single loops for the electron ring diagnostics in the

acceleration section

The fast single loops on the axis of the compression and accele-
ration coil are wound around a copper tube 1 cm in diameter (as

for the helical probe). The application of the tube on axis for




this diagnostic method has two important features: The loop can

be directly connected to the signal cable of good quality and con-
stant impedance by the shortest possibly way to the oscilloscope,
thus avoiding signal deterioration and reflections. Furthermore,
the copper tube as outer cable conductor forms a very smooth boun-
dary for the magnetic field in the "roll-out" and acceleration
sections since the magnetic field does not penetrate it. The in-
duction loop is made of a very thin strip of stainless steel
connected with the inner conductor by a thin wire through a tiny
hole in the tube, so that no measurable change of the main magne-
tic field due to the probe location is observed. This device tur-
ned out to be the only arrangement for a fast magnetic probe on
axis that combines good time resolution with negligible effect

on the magnetic field. Previous devices, even built from thin
wires to transport the signal, normally showed an influence on the
radial magnetic component Br in the acceleration section at the

location of the probe.

2mm
£ E Ké
£ E =
oo. (\! 9
e
l T 50 N cable
Y \copper

stainless steel

Fig.15: Cross—section of the single loop device
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Fig.16: An example of the probe voltage versus time

A cross-section of the magnetic probe now being used is given in
Fig.15. One end of the thin stainless steel strip is connected to
the copper tube, while the other end (at nearly the same azimuth)
is connected through a hole with the inner cable conductor. In
this figure only one probe is drawn. In most cases an additional
identical probe with its cable going in the opposite direction

was used. The axial distance of the probes was made nearly equal
to the electron ring radius in order to check the measurements
according to equ. (13), especially to prove the vanishing influence
of the probe on the Br in the acceleration section. The system of

probes can be brought to every desired axial location.

A typical time behaviour of the induced voltage in the probe is
plotted in Fig.16, which is an oscillogram taken from TEKTRONIX
519. The voltage goes through zero at the time to’ when the ring
is at the probe location, according to equ.(11). From the dimen-
sions of the probe (Fig.15) and equ.(3), assuming an electron ring
radius of R{= 243 cm,wthe electron number Ne is obtained from the
integral ‘Soudt = — Eud'!: by

~0°

o B

Ng = 406 10" 5Udt[Vs] :

The signal in Fig.16 gives a result of about Ne = 2.5 - 1012.
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Fig.17: The axial dependence of Ne in the acceleration section

For a different set of experimental parameters the axial depen-
dence of the electron number Ne in the ring, as obtained by this
method, is plotted in Fig.17. Apart from the value just after the
ring spill-out (at about zSpill = 15 cm), Ne seems to be constant
throughout the acceleration section, which is an important con-

dition for the interpretation of these probe signals.

As the constancy of Ne in the acceleration section can now be
assumed as well as that of the electron ring radius R, further in-
formation can be obtained from the probe signals. Since in Fig.16
the extremum values are different, the electron ring velocity at
axial positions of R/2 left and right of the probe location are
found to be different. This means that the ring is accelerated
between the two locations. The methods of determining the ring

speed, described in IIc)B), can now be applied.

From the extremum values of the measured probe voltage we get two
values for the ring velocity with equ. (16) . The time difference
between the extremum value gives another value of the mean axial

ring speed with the aid of equ.(17), while from the slope of the
d*B,

olt?

voltage, from which at the probe location is evaluated,




a third value of the axial ring speed near the probe axial po- ;
sition is obtained from equ. (18). An additional value of the mean
axial ring speed is found (according to equ.(19)) from the time
of flight of the electron ring between different magnetic probes.
In this case it is important to have a good reference signal that
marks the time. An example is given in Fig.18, where the signal
of the magnetic probe is added to the signal which occurs at the
end of the ring acceleration, when the ring hits a Faraday cup.
The time at which the ring passes the magnetic probe is very well

defined by the zero crossing of its signal.

5ns

7 #

B,-probe Faraday cup

Fig.18: An oscillogram of the addition of the probe and Faraday

cup signal

As an example of the different methods of determining the axial

velocity vz, Fig.19 gives the measurements of v, as a function of

the axial position z for a series of experiments with the same

set of parameters, assuming the ring to have zero minor dimensions.
The measurements from one shot, as obtained from the extremum va-
lues, are connected by a straight line between the abszissa

z - R/2(point) and z + R/2(circle). The time of flight measure-
ments are given by crosses, while the measurements obtained from

the slope are symbolized by squares.
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Fig.19: The axial ring velocity v, versus z
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It is obvious that the measurements from the time of flight as
well as those of the slope are systematically lower than those
found from the extremum values. If one assumes a finite axial
extent of the ring (at small radial minor dimension) and uses the
equations (25) to (29), one arrives at nearly identical values of
the axial velocities found from the different methods for a ratio
b/R of the axial half-axis b to the electron ring radius R of
b/R = 0.33. For R = 2.3 cm this results in an overall axial length
of about 2b = 1.5 cm, as has to be expected from the quality of

the electron rings at present.

To get the acceleration as a function of z from the dependence of
vz on z, it is suitable to plot the square of v, versus the axial

distance z, as has been done in Fig.20, and to obtain the electron

d%
ot*

ring acceleration from the slope of the curve by

d% 1 d .2
= =7 dz (%)

The measured electron ring acceleration depends on the Br in the
acceleration section and on the loading of the ring. The fact that
at least the time of flight for loaded and unloaded rings is diffe-
rent under otherwise equal conditions can already be seen from
Fig.21, where two oscillograms of the probe signal without and

with H2 loading can be compared.

- 10ns
. * i without
B, loading
\ with H,
loading
reference
signal

Fig.21: Comparison of magnetic probe signals with and without

hydrogen loading




As long as(ﬁPe ion loading has a pronounced influence on the acce-
leration ;i% ,the ions can be regarded to be captured by the
electron ring. In an acceleration section with monotonically in-
creasing acceleration, the "holding power" of the electron rings
is measured from the maximum acceleration, up to which a pronoun-
ced difference in the ring inertia persists (see IIc)y)). An
example of the measured acceleration with and without hydrogen
%%% are quite diife-
rent for all z < 26 cm, corresponding to an acceleration of Bé;

loading is given in Fig.22. The values of

< 3. 10'® € (of the unloaded ring). This results in a maxi-
mum applicable Br—value of Br = 1.5 G and a "holding power" of

about g, = 3 MV/m.
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Fig.22: The electron ring acceleration versus z with and without

hydrogen loading

This method of determining the electron ring acceleration from

the probe signals on axis is limited to relatively low axial ring
velocities(of about Ve, = 1.5 - 109 cm/sec) since later on the sig-
nal quality is impaired by the finite time resolution of the probe
and the signal transport in the cables as well as the time resolu-
tion of the oscilloscope. Furthermore, this method is relatively
complicated and takes a long time and numerous experiments to
evaluate the acceleration from the time derivative of the axial
velocity. It would therefore be desirable to have another diagnos-




tic method that gives the axial electron ring acceleration direct-
ly and - even more important - as a continuous function of time.
This should be possible with an axially extended probe that mea-
sures the azimuthal magnetic field component of the axially acce-
lerated ring, as described in IId). The first experiments with
this method will start soon.
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