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Abstract

A hydrogen plasma is produced with a COZ-TEA-laser of
about 1 MW power. The plasma is investigated with probes,
streak and short time photography, transmission measure-
ments, holographic interferometry and shadowgrams with a
ruby laser. The measurements are compared with a theory of
plasma production by laser from solid targets and good
agreement has been found also for lo.6 /u laser radiation.
Recombination is found to be important in this experiment.




Introduction

Hitherto, for the production of plasma from solid hydrogen

and deuterium, Ruby- and Neodymium-Lasers have been used
/1, 2, 3, 4, 5/. With the development of the TEA-laser by Beaulieu
and his coworkers /6, 7/, plasma production with lo.6 /u laser
radiation was become possible. In several publications the gas
preak-down produced by a pulsed 002—1aser has been investigated
/8, 9, lo, 11/. Gibson et. al. /12/ observed plasma production

on solid surfaces by focusing a Q-switched C02-1aser on it. They
report spectra of multiply ionized atoms. Only a rough description
of the plasma formation process is given.

In this article, for the first time, plasma production from
a solid hydrogen target by a Coz-laser with high pulsed power is
reported. In the first section the C02—laser will be described.
The experimental set up and results will be given in the following
sections. In section IV the measurements will be compared with
the theory, and with previous results of plasma production by
Ruby lasers.

I. TEA-Laser

To get a Megawatt-coz-laser, the number of active molecules
in the gaseous laser medium has to be increased, compared to the
normal cw Coz-laser /6/. Increased gas pressure requires higher
voltages for the electrical discharge to occur. The voltage
ranges up to a Megavolt, if the discharge is parallel to the
laser beam /13/. In the case of transverse exitation, voltages
of several tens of kilovolt are sufficent. Different lasers of
this transverse exitation type are described in /6, 7, 14, 15,
16, 17/,

For the experiment to be described we built a TEA-laser
with electrodes arranged along a helix (fig.l). The laser has
dimensions as follows: length = 4 m, diameter of the discharge
tube = 60 mm and the electrodes = 25 mm. A resistor of 1.2 KQ




is connected in series with each of the nearly 5oo discharges.
The distance between neighbouring discharges is 8 mm. The power
supply for all discharges consists of a capacitor of 25 nF,
charged up to 30 KV. It is triggered by an electrical spark
gap. The resonator mirrors are fixed at the ends of the plexi-
glas tube in adjustable mounts. The resonator consists of one
concave gold mirror (R = 11 m) with loo % reflectivity and one
plane germanium mirror with 65 % reflectivity. The active gas
is a mixture of 5 % Co,, 5 % nitrogen and 90 % helium. The gas
pressure is about one atmosphere. The gas streams out of the
discharge tube into the atmosphere through a small hole in the
tube. A photograph of the laser and vacuum cell for plasma pro-
duction (on the left) is seen in fig.2. The power supply char-
ging the capacitor limits the repitition rate to one shot in

5 sec_l. Between the beginning of the discharge and the laser

radiation there is a delay of 1 - 3 /usec.

The energy of the laser pulse has been measured to be
0.2 - 0.3 Joules, using a cone calorimeter. During the measure-
ment in the cone a spark can be observed and also a sharpc(rack
can be heard. The observations are similar to those in gas break-
down or plasma production on targets by laser irradiation. If
the absorption coefficient for lo.6 /u radiation is taken in
consideration, which is lower than that for 1 /u, it can be
assumed that the energy is concentrated mainly in the tip of
the cone and plasma is created. Part of the radiation leaks
out of the cone too. Consequently the measurement determines
only the lower limit of the output energy of the laser. The
exact energy as measured with a liquid calorimeter for lo.6 M
/29/ is greater by a factor of about two. The pulse shape has
been measured with a gold-doped germanium detector (Philco,
type GPC 216). The intensity was reduced by scatterplates made
of rocksalt. The detector circuit is shown in fig.3. The over-
all time resolution is about lo nsec. We can discern in the
laser pulse two parts depending on the gas mixture (fig.1l2);
an initial pulse with half width of 250 nsec and a peak power
of about 1 MW, followed by a slow decay of 2 - 5 /usec and a
mean power of a few hundred KW. Very often self mode locking
can be observed in the laser pulse /9/. The width and amplitude

of the very short pulses due to mode locking could not be de-
termined.



The divergence of the laser beam (diameter 5 mm) was
measured with a germanium mirror of lo m focal length and an
infrared detector (fig.4). The beam divergence was determined
to be 1.1 mrad. This is very near to the diffraction limit,

which is l.o mrad for a beam with the same diameter.

II. Experimental set up

The various methods employed for the observation and
diagnostics of the laser produced plasma are shown in fig.S5.
The cryostat for the production of Hz—targets is described in

/2/.

The laser beam is focused on to the solid hydrogen target
by a rocksalt lens of focal length of 5 cm. The diameter of
the focal spot results from the beam divergence. It was cal-
culated to be 1llo /u. We assume a mean laser power of 0.5 MW;

9 2

that is equivalent to a radiation flux of 5 « lo” W/cm“ on

the surface of the target.

The adjustment of the distance between the lens and the
target is done with the aid of gas break-down produced in the
chamber filled with air, and with the same CO2 laser. As des-
cribed in /8, 9/ a forward growing filament starts at the focus
of the beam. By observing the starting point of this filament
either by eye or short time photography the focal point can be
determined exactly. The lens is adjusted until the focus is
situated in the same plane where the hydrogen target will be
grown.

A part of the incident laser beam is deflected by a silver
mirror into an ir-detector. The absorption of metal surfaces
for lo.6 /u is low, so the unfocused beam does not destroy the
mirror. Intensity in the edge of the laser beam is recorded
this way (fig.5). After each shot this measurement is cross-
checked with the measurement of intensity in the center of the
laser beam using another ir-detector. Also the radiation trans-
mitted through the hydrogen target is measured by an ir-detector.
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An image converter camera has been used in streak and short
time photography regimes for the investigation of the plasma.
Ion probes biased to - 3o V are located at several points in the

vacuum cell.

For holographic interferometry and shadowgrams of the ex-
panding gas or plasma a ruby laser was operated synchroniously
with the TEA-laser. The ruby laser was Q-switched by a Pockels-
cell and emitted a light pulse of 20 nsec duration at a con-
trolled time. Coincident with the ruby laser emission a time
mark was added to the detector signal cf the Coz—laser. Shadow-
grams too were taken with the Ruby laser. The optical arrange-

ment is not shown in fig.5.

III. Results

Short time photographs show the production of plasma (£ig.6) .
The target was photographed, transverse to the direction of the
laser beam, at various times during the emission of the laser
beam. The target is marked in the pictures. Its thickness is
1 mm. The following conclusions can be drawn. The plasma is
created at the beginning of the laser pulse on the front of the
target. About 1 /usec later, plasma can be observed also on the
rear side of the target. A strong emission of visible radiation
occurs up to 1 - 2 mm distance from the surface. Contrary to
observations in gas breakdown, a luminous front can not be ob-
served. This is confirmed by streak photographs (fig.7). A speed
of "burning" through the target can be calculated from streak
photographs and from the transmission measurements of the CO,-
radiation. Both methods give a speed of "burning" of 1.1 - 105 cm/s.

Measurements of transmitted laser radiation are shown in
fig.8 for different thicknesses of the hydrogen target; up to
2.0 mm thickness. At the beginning of the laser pulse the target
is transparent. This can be seen from the peak of transmitted
light observed at the beginning of the pulse. Then, for a period
of about 1 asec, the target is opaque to the laser radiation.
From the thickness of the target and the duration of opacity we



calculate a "burn" velocity of o.ll cm//usec. As in fig.8,
very often another minimum of transmitted laser light is ob-
served, which is delayed with respect to the fast rise of the
transmitted radiation by 300 - 400 nsec. The measurements of
the transmitted radiation were done with the same sensitivity
of the detector as for the incident light.

Interferograms were made with the holographic double exposure
technique with a ruby laser, which was synchronized with the
TEA-laser. The pulse duration of the ruby laser (20 nsec) is
short compared to the Coz-laser pulse. In fig.9 interferograms
are shown taken at different moments. A fringe shift to the
left corresponds to a refractive index < 1l; this indicates
electrons. A fringe shift to the right corresponds to a refractive
index > 1, this indicates neutral gas.

In fig.9 only in the second interferogram a small fringe
shift to the left can be seen. The electron density is too small
to be calculated exactly. However, an upper limit for the electron
density and the total number of electrons in the plasma can be
estimated from the interferogram. The observed fringe shift is
certainly less than 1/lo of fringe distance at 1 mm distance
from the target. The thickness of the target, which is 1 mm, can
be used as a scale. Assuming transverse dimensions of the plasma
at this point to be 1 mm, we calculate the electron density Na
<3 - lo17 cm-3. The upper limit for the total number of electrons
can be estimated with the assumptions that the plasma flows
continously from the target surface.
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H, = n, - Vp «F - AT <4 - lo (1)

The plasma velocity vp was determined with probe measurements to

2 cm2 was used.

be 1.3 - 1o’ cm/s. For the area F, a value lo_
The duration of the plasma flow A%t is comparable to the time
the laser beam takes to burn through the target, which was

measured to be lo“6 sec.

In the interferograms photographed near the end of the CO, -
laser pulse a fringe shift to the right due neutral gas can be
seen. This flow of neutral gas from both sides of the target can
be observed more clearly with shadowgrams.



From the shadowgrams (fig.lo) the velocity of the expanding
neutral gas can be determined to be Vp = l.o - 105 cm/s. This is
low compared to the expansion velocity of the plasma. The reason
for the flow of cold neutral gas can be easily understood. During
the impact of the laser radiation, a small amount of hot plasma
is produced, the rest of the target is heated either by contact
with the plasma or by the compression wave leaving the focal area.
After the laser pulse, the solid hydrogen disc disappears completely.

The energy transferred to the cold neutral gas cloud can be
estimated from its velocity. The expansion starts after the
disc of hydrogen has acquired internal energy in a time short
compared to the expansion time. The velocity of the gas cloud
can be identified as a one-dimensional rarefaction wave into
vacuum. The kinetic energy is then given by /28/
2

* Vg (2)

S1icS

- i=1
Ekin—Z.j'

The mass of the hydrogen disc M of 1 mm radius and 1 mm thickness
is 2.0 * 10—4 g. Considering that the rotations and vibrations of
the hydrogen molecules are frozen we use Y= 5/3.

We then obtain

Ekin = 0.02 Joule
In the following section we calculate the energy balance using
this result and including the sublimation energy of the frozen
hydrogen target.

Electrostatic probes measured the expansion of the plasma at
different distances from the target and at different angles to
the incident C02—1aser beam. The probes, biased to - 3o V, detect
only ions. The angles to the laser beam were 29 0, 45 © and 67 2
Signals of several volts were measured by the 29 ° probe (fig.ll).
In the 45 © direction the signals were 1/4 - 1/2 of the 29 9
probes. The signals from the 67 B
1/20 of the 29 ©

is independent of the angle and distance of the probes. The total

probe were decreased to 1/lo -

probes. The expansion velocity of Vp = 1.3 * lo7cm/s

number of expanding ions was calculated from the probe measure-
ments to be 0.2 - 1016 ions.



An interesting observation is shown in fig.l2. The incident
laser beam was detected in alternating shots with and without a
hydrogen target. The signals are very reproducible. The results
could be explained in the following manner. After the initial
sharp peak and during the slower decay of the laser pulse, a
strong reflection occurs in the presence of a target. Part of
the reflected radiation enters the C02-laser and will be amplified.
The bump in the laser output signal is a manifestation of this
amplification mechanism. In the absence of the target, no re-
flection takes place. Consequently there is no amplification
and the decay of the laser pulse continues smoothly. The reason
for the reflection at the target is not clear.

IV. Comparison of Experiments with Theory

To visualize the physics of the experiment, we use a model
of plasma production by laser which was developed in the past
years by Caruso and Gratton /20/ and Mulser and Witkowski /21,
22/. Roughly, the model assumes an absorption of the laser ra-
diation in a thin sheet near the surface of the target. A hot
plasma is produced and expands towards the laser into the vacuum.
As a consequence of momentum conservation a compression or shock
wave moves into the solid. The properties of the plasma, so
created, and of the shock wave, are determined by the power
density in the focus and the wavelength of the laser radiation.

The model is confirmed, qualitatively, by the observations.
In the early period of the laser pulse the solid hydrogen is trans-
parent to the lo.6 /u radiation, as can be seen in the transmission
measurements. As the intensity rises the hydrogen is ionized and
the radiation is absorbed strongly. Luminous plasma flow from the
target into vacuum towards the laser; this can be observed in the
streak photographs. Also there is evidence for the existence of
the shock wave. As d&scusSed in /2/ the "burn" velocity should
correspond to the shock velocity. Soon after the arrivel of the
shock wave at the rear face of the target, the target is expected
to break up and become transparent to the laser radiation. This
is indeed observed from comparison of absorption measurements and
streak photographs.



For a quantitative comparison we use the formulas of /2o/
for the mean velocity Vp, the total number of particles N and
the mean temperature Tp of the expanding plasma.

Vp = const - w79 . 12/9 . ¢2/9 (3)
N = const ° rl6/9 R 74 ¢5/9 - AT (4)
Tp = const - r2/9 . A4/9 . ¢4/9 (5)
with

r = radius of focal spot

. = wavelength of laser radiation

¢ = power density in focal spot

AT = +time duration of laser pulse

The velocity L of the shock wave in ionized hydrogen at a
density corresponding to a solid is given by

-L/18 |, 1/9 . 47/18 6)

VS = const r

ua W/bmz. 2r = l4o /u,

AT = 18 nsec) good agreement was found between experimental and

In experiments with a ruby laser (¢ = lo

theoretical values using such a model /2/. We calculate the para-
meters of the C02-TEA-laser produced plasma using equations (3)

- (6), and using the results of /2/ to calculate the constants
used in equations (3) - (6) above.

The calculated numbers are compared with the measurements.
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Table 1
Ruby-Laser CQ;-laser, theor. C02—1aser,exp.
7 7 7 ,

Vp 1.9°10" cm/s l.o°lo’ cm/s 1.3°10" cm/s ion probes

N=Ni+NO 4-1016 0.74-1016 Ne< 4'lo16 interferom.
Ni = o.2'.'l.o]'6 ion probes
N, = 0.8-1016 energy balanc

KTP ~ loo eV 5...15 ev (lo...25 eV)

\Y 3.0-106 cm/s 3.1-105 cm/s l.l-loS cm/s transm.laser

e

The following factors were used

R
COZ/Arh

A
C02/lR

¢CO2/¢R

¥
002/rR

= 14.7

Il
[%]]
(o]

(9)

The ion probes are not able to detect neutral atoms and

molecules. If the ions produced in the focus undergo partial re-

combination during expansion, the probes measure fewer ions than
the number of ions N originally produced at the target. It was
shown theoretically by Mattioli /23/ that in an expanding plasma
strong recombination can take place. Also a good indication for

such processes is given by the shape of the measured signals of
the ion probes (fig.ll). Seka, Schwob and Breton /24/ got similar
results using a neodymium laser. They observed an ionized sheet

of plasma followed by a flow of partially or completely recombined

plasma. Therefore we assume that the expanding plasma is recom-

bined partially.
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For the determination of the number of recombined atoms we
set up an approximate energy balance. When it becomes transparent
the plasma has absorbed about 0.25 Joules of energy up to that
time. The energy of the expanding ions can be calculated from
the probe measurements. We get o0.03 Joules. The energy of the
cold matter flowing out of the rear of the target is o.ll Joules
including vaporisation energy of 0.09 Joules. About one half of
the absorbed energy is still missing. We assume that this energy
is hidden in the expanding recombined gas, neglecting other pro-
cesses like reflection of the laser radiation, emission of ra-
diation from the target. Using this remaining energy of o.ll Joules

nd the assumption that the atoms flow with the velocity of the

ions, we are able to determine the number of recombined atoms NO
B, = 8:8 * 1016

The total number of particles N is given by the sum of the number

of ions Ni measured with probes and the numberof neutrals NO

estimated from energy balance. The result

N = Ni + N =1l.o0 ° 1016

agrees well with the theoretical value of o0.74 ° 1016.

Direct measurements of the temperature were not made. But
it is known that a constant ratio exists between the maximum of
the plasma temperature TP and the kinetic energy Ekin of the
expanding ions. This was shown theoretically in /2¢, 22, 25/.
The constant itself depends on the model used. The temperature

estimated in this way is written in brackets in the table.

A difference of a factor of 3 can be seen for the velocity
of the shock wave. The reason for this seems to be that all the
necessary assumptions in the theory of the shock wave are not
fulfilled by the experimental situation. The theory considers a
strong shock. In the experiment we get only a weak shock with a
Mach number of about 1.
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Conclusion

The production of a hydrogen plasma by a COZ—TEA—l;ser can
be described by the theory which was developed for Ruby and
Neodymium lasers in the visible and near ir spectral range. The
agreement between the theory and the experiment is good if we

consider recombination, which is not included in the theory.

The experiments described are of great interest because

with the development of more powerful CO,-lasers, plasma pro-

2
duction by lo0.6 Ve radiation should become an important tool

for plasma physics.

Acknowledgment

I am grateful to H. Kolenda for help in the experiments.
Moreover I would like to acknowledge discussions with K. Eidmann,
A. Gondhalekar, P. Mulser, H. Salzmann, and R. Sigel. I wish to.
thank P. Sachsenmaier and E. Wanka for technical assistance and
Mrs. R. Pollner for the drawings.




w1

References

/1/

/2/
/3/

/4/

/5/

/6/
/1/
/8/

g

/lo/
ALy

/12/

/13/
/14/
/15/
/16/
AL
/18/
/19/
/20/
/21/
/22/
/23/
/24/
F287

R. Sigel, K. Blichl, P. Mulser and S. Witkowski,
Phys. Lett. 26A, 498, 1968

R. Sigel, Z. Naturforsch. 25a, 488, 1970

C. Colin, Y. Durand, F. Floux, D. Guyot, P. Langer and
P. Veyrie, J. Appl. Phys. 39, 2991, 1968

A. Caruso, B. Bertotti and P. Giupponi,
Nuovo Cun. X, 45, I’6, 1966

P.A.H. Saunders, P. Avivi and W. Millar,
Phys. Lett. 24A, 290, 1967

A.J. Beaulieu, DREV M—2005/70, Jan. 1970
A.J. Beaulieu, Appl. Phys. Lett. 16, 504, 1970

A.J. Alcock, K. Bfichl, N.R. Isenor and M.C. Richardson,
Intern. Quant. Electr. Conf. Kyoto, Sept. 1970

M. Gravel, M.J. Robertson, A.J. Alcock, K. Blichl and
M.C. Richardson, Appl. Phys. Lett. 18, 75, 1971

D.C. Smith, J. Appl. Phys.-4l, 450l, 1970

N.A. Generalov, V.P. Zimakov, G.J. Kozlov, V.A. Masyukov
and Yu.P. Raizer, JETP Lett. 11, 228, 1970

A.F. Gibson, T.P. Hughes, M.F. Kimmitt and R. Hallin,
Phys. Lett. 27A, 470, 1968

A.BE. Hill, Appl. Phys. Lett, 12, 324, 1968

K. Bfichl, Laser 2, 45, 1970

A.K. Laflamme, Rev.Sci.Inst. 41, 1578, 1970

K.A, Laurie and M.M. Hale, IEEEJ. Quant.Electr. QE6, 530, 1970
D.C. Smith and A.J. DeMaria, J. Appl. Phys. 41, 5212, 1970
W.B. McKnight, J. Appl. Phys. 40, 28lo, 1969

D.L. Lyon, E.V. George and H,A, Haus, Appl. Phys. Lett. 17, 474, 1970
A. Caruso and R. Gratton, LGI 68/2, Jan. 1968

P. Mulser and S. Witkowski, Phys. Lett. 284, 703, 1969

P. Mulser, Z. f. Naturforsch. 25A, 282, 1970

M. Mattioli, EUR-CEA-FC-523, July 1969

W. Seka, J.L. Schwob and C. Breton, J. Appl. Phys. 41, 3440, 1970
H

. Puell, Z. Naturforsch, 25a, 1807, 1970



- 13 -~

/26/ H. Puell, Z. Naturforsch. 25a, 1815, 1970

/27/ R. Sigel, S. Witkowski, H. Baumhacker, K. Bfichl, K. Eidmann,
H. Hora, H. Mennicke, P. Mulser and H. Salzmann,
Intern. Conf. on Laser Plasmas, Moscow, Nov. 1970
Rep. IPP IV/9 Jan. 1971

/28/ Ya. B. Zeldovich and Yu. P. Raizer, Physics of Shock Waves
and High~Temperature Hydrodynamic Phenomena, Vol. 1
Acad. Press N.Y. 1966

/29/ K. Blichl, IPP-Report 1971 to be published




I9seT~-vdl 3o a1droutad T*51

kﬂ

+ON+C SV9O
"H+*N+°00 u_cmm »

f
f%/%/z

Wwil=y
dOHdIW-a1709 momm_z -39

4¥3SV1-°0D-v3l




1722 unnoea pue Isse[-yiadl FO ydexboizoyg 2°bta




JTNOITO J030939p UL £°bT1d

(pasDIq 8S1aAal)
}IN211D 1032333 - Y|
Ll
L]
A6- T
NG 19|

505=2
0 I
J
4u0dd

(MV)39
91Z 2d9 0914d

-

'3sQ) O—@




I9SeT-YAL JO 20uabI2ATp weag y°b1a

[ww]
3Jubisig 9t 22 8 ¥ 0 %- 8- ¢- 9- 0¢

- 1 1 | | | | | |

—-u

poiw || 0}
jus|pAinba yipim oY

JON3Od3AIAd WV3S
40 INIWIHINSVIN

[s}un-qup] Apsuayu| v



dn-3es TejuswWTISdXH s*bta

31D1d 1bojoyd _Ha_
DJoWD)-YDAIS  MIS 10323330 - Y|

+
4

4

.

]
4

4
4
B
-
p
4
-+
4

1032333(0-Y |

A1}@wo013413u| d1ydoibojoH

(Y3SV1-V3AL YIM 1Ydufs) E
19sp7-Agny nﬂH
)

¥3ISv1-%0D-v3al o 4Aq

YoyMms -9 s)i03 uaboipAy woiy uononpoid DwsD|d




ewseTd poonpoxd aasel-vdl Jo sydexbojzoyd swii 3Iaoys 9*bTd

4d3Svi-vil
pwspld paosnpoid ¥Y3ISvi-v3ILl Jo Aydoibojoyd awiy jioys



Aydexbojoyd yesax3sg Folt 2y of- |

rl 9-0L panwsunyy : 4 7 dg-gL yuapiour : Y|

wwg UL

—t % —Pp

q =+
[2asr]1 ¢

¥3Sv1-v3l v Ag uaboipAy pijos uo
uoljonpoidowsnld jo ojoyd)ynalls



muwmumusmm ybnoayiy uoTj}eIpRI IS9SBT JO UOTISSTUSURIL g°btda

Ap/si |

S)io} jo
SSauNIIy}

buispasoul

3yb1) pajnwsuni)

34b1) jJuspioul

uaboipAy pnos jo sjo} ybnoiyy
uolDIPDY YISVI-¢0DI JO uoIsSSIwSuDI]



aese] Aqny Yt Axjsuwoxazaejur otydeaboToH 6°bTd

Ap/si |

d3Svi-vil
19sp] Aqny Aq Aijawoiayiajul 2iydoibojoH



surexbmopeys of1°*bta

T

19sD7-AqQny paziuoiyouhs b AQ swpibmopoys
uaboipAy pios

woly ¥3Sv1-v3l Aq uoijonpoid pwspid



seqoad OT3EB3SOI3D09TS wWoxy sTeubts T1°HTd

¥3SVv1-v31l Aq paonpoisd pwspld uaboipAy
Alp/sn | sa3qoid |po1}2913




UoT3jeIpea I9sel JO UOT3ID9TIaY g1°bTd

Ap/st |

19bJp| -2H
Y3M

19b1p] -2H
INOYPM

(¥3SV1-°0D-v3l)
UuonDIPDY - YISV 1UspIdy]



