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ABSTRACT.

The beam of a powerful neodymium glass laser is focused into a solid deuterimm stick, The temperature of the

created plasma is measuved by Jahoda's X-ray absorpiion method. The electron temperature has been found to range up to
450 eV and exhibits a 2/3-power dependence on the power flux densily,

These resulis are in agreement with a theoretical model involving a strong shock and a deflagration front propagating inwards
the D, jce whereas the plasma expands in the vacvum towards the incoming beam.

Laser~created plasmas {rom sclid-state targets
with a falr amount of hydrogen isotope atoms have
been investigated theoretically and experimentally
[1-9]. Interestis focused either on plasma in-
jection in fusion devices [4 - 8] or on direct genera-
tion of high~temperature plasmas [7-9]. In the
latter case the target may be a solid surface
{semi-infinite medium) or a roughly spherical
gmall particle (total number of ions fixed).

The present paper deals with laser light infer-
action with massive solid-state Deuterium targets.
The experiment is rather complicated. It involves
a powerful necdymium glass laser, a sharp
focussing and a cryogenic set-up. Only two dia-
gnostic technigues are commonly used: sireak re-
cording of the plasma time history (fortunately
deuterium ice is a transparent material) and elec—
tron temperature measurements by means of X-ray
absorption,

Theoretical investigations were also made by
using a simplified hydrodynamical model. Obvicus-
ly, the model involves much more parameters
than could actually be measured. However, the
agreement between prediction and experimental
results seems to he satisfactory.

1. EXPERIMENTAL SET-UP

The laser is a conventional C.G.E. Q-switched
one. The oscillator stage uses a neodymium glass
rod 300 mm long and 16 nun in diameter. A rotat-
ing prism provides the @-switching and a trigger-
ing signal for diagnostic recording. The 30 ns, 3 J
pulse is then amplified through a 5-rod-cascade
up to 180 J. The laser has two cascades which
may be used both or separately. Beam splitting
cccurs after the first amplifying rod. The pulse
half-width depends on the oscillator geometry; it
may vary from 30 to 80 ns owing to involuntary
misalignment.

Shorter pulses were obtained by inserting a
laser-beam triggered Pockels cell between the
oscillater and the first amplifier, The overall
exit aperture is 45 mm in diameter.

The heam is focused onto the target either by
means of a specially devised aspherical single lens
{10} or by an objective with three spherical lenses,
They are mounted inside the same vacuum chamber
as the target., DBoth of them are {/1.

The target is a solid deuterium stick. It is ob-
tained by condensation of gaseous deuterium inside
a copper extruder chilled by liquid helium, The
cryogenic device is sketched in Fig.1. The
deuterium ice is a few millimetres long and has a
2 or 1 mm thick square cross-section.

The focal spot may be moved 2 mm with re-
spect to the target surface,

To record the plasma time history we used an
5.T.1.. streak camera. The observation axis is
perpendicular to the laser-beam axis,

The "plasma thermometer' is made of two thin
plastic phosphors stuck on 56AVPHS3 photomulti-
pliers. X-ray beams from the plasma are colli-
mated and calibrated absorbers are inserted be~
tween source and detector. Under the assumption
of a bremsstrahlung radiation speectrum, the ratioR
of transmitted energies through two different ab—
sorbers is a given function of the source electron
temperature [11]. We used Ni feils about 3 um
thick and extended Elton's calculations [12] to
lower temperatures. Since the photomultipliers
are not identical, the two ways of detection have to
e carefully balanced: preliminary laser shots are
made inserting the same material of equal thick-
ness before the phosphors.

The X-ray recording set-up and a typical curve
of R versus electron temperature are displayed in
IMig. 2. Absorbers are selected to minimize the
experimental error in the evaluation of tempera-
ture. Although the foils are carefully weighed be-
fore mounting, the accuracy of such measurements
is no more than 20% for T, ~ 100 eV and 10% for
T, ~ 500 eV.

Preliminary experimental results were dis-
closed in Refs [9] and [13). Further experiments
show the same gualitative behaviour which can be
summarized as follows (IFig. 3):

The plasma appears first in the focal volume
when a threshold value of about 1018 W/cm?® is
reached first.

Inside the ice the plasma growth towards the
surface is perturbed by multipie breakdown pheno-—
mena (region 1).

When the plasma has reached the free surface a
strong expansion mainly directed towards the
focusing lens occurs. At the same time a
luminous front propagates rearwards into the
target with a velocity close to 108 cm/s {regicn II).
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Bxpansion in both directions is sometimes de-
layed by a few nanoseconds.

At last, when the plasma armount is very large,
a cooling stage beging (reglon IH1) and develops as
the lager is still delivering power to the plasma.

X-ray emission is contemporary with region 1
as shown in Fig. 4. The electron temperature
turns out to be several hundreds of eleciron volis.

We are, therefore, mainly interested in the
study of region 1T identified as the heating stage;
a theoretical model was devised to cope with 1L,

2, THECORETICAL MODEL

To explain both expansion and inward propagation
of the plasma the one-dimensional plane model
involves a laser-supported deflagration which
sustains a strong shock {14]. T3oth propagate in-
wards., The flow in a (X, t)~diagram and profiles
are sketched in Fig. 5.

The origin of motion is at the ice-free surface.
The laser radiation penetrates to R (see Fig. 3).
The plasma generated and heated by light ab-
sorplion above R is assumed to expand isother-
mally to the left. The boundary R between
regions (B) and (5) of the flow is a discontinuity
for the thermodynamic and kinematic variables,
and also for the equation of state, (5} is a dense
and a relatively cold medivm,. () is a high-
temperature and moderate-density plasma.

The following further assumptions are made:

1} The flow is plane and one-dimensional., The
shock is suppoesed to be established instantaneous—
1y at the origin of the process;

2) the dizcontinuity in the deflagration front im-
plies negligibly small heat conduction. More
exactly, heat conduction concerns only a very thin
laver;

3} matter is described by a perfect-gas law in
both media. (8) is a diatomic gas {(3~1.4), (1) is
an elementarv-particle gas (y=1.67);

4y {8 is loaded by a strong shock,

Radiation transfer and losses

Since the plasmes in () is asswmed to expand
isothermally, the density distribution is related to
ihe particle velocity u through

U R
= p exp - 1
77 Dy e oy i
where cp is the so-called 'thermal velocity™ of
sound: o
2 _ kg
T M
where A is the molecular mass, Ty the plasma
temperature and k the Beoltzmann constant.
Using
== - e 2)
t ! ¢

we find for & given time a density distribution ex-
ponential with respect to the abscissa; the scaling
constant is tog = 1.,
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FIG, 3, Plasima time history for a dewlerjum stick with 2 2 ymm square,
cross-section, Focusing is adjusted 7 millimeters inside the ice. Regionli
is the heating stage in the interaction process.
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FIG.4. X-ray time history. X-ray signals are simultaneous with region II,
In this experiment, the coupling between (he laser pulse and hydro-
dynamics was rather poor and the electron temperalure was therefore about
126 eV,

In such a profile laser light incident from the left
will be absorbed provided that the density is lesgs
than the cut-oif density:

_ uQQ M e I
Pe " drre?

where wy is the laser frequency, m, the eleciron
mass and mg, 7 the ion mass and charge, respec-
tively. In the corresponding x., pceplanelightwillbe
reflected and iravel backwards.

T DRl Flasivins

L.et & and & be the light fluxes in the forward
and backward directions. We may solve the trans-
fer equation:

4P

ZI_‘: el A

where according to Dawson and Oberman [15]

K =420 Zininee®iog A 1 __ap?
“ 3cw%{2ﬁmck']‘)3/2 (1 “wif’wg}i JT-Thp

where w, is the plasma frequency for the density p,
The beundary conditions are

2" =@, for x=-w
=P for X=X,
We find, thus, Sa
- =il
3 [
q)g): <}“_:O [} {4y

Thus provided 8ap?l./331, i.e. the density
gradient is not too steep, the incoming energy may
be regarded as entirely absorbed.

l.et us now consider the plasma radiation. We
may use Eq. (3) and compare the radiation mean
free path for a Planck distribution with the plasma
dimensions. TFor temperatures of about 108 or
107°K, the plasma is transparent to its own radia-
tion and the emission will be pure bremsstrahlung.
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FIG. 5, Scheme of the theoretical model, The flow is deseribed on the
(X, 1) diagram (left) by a shock front followed by a deflagration R, The
curves on the right are fhe density and temperature profiles for a given
instant, On both graphs laser light comes from the lef(.

The emitted power is given by
Po=1,29% 100 p27 ¢ erg/em®s (5)

J4

Substituting (1) and (2) into Eq.(3) and integrating
over X from - to x, we get

P =4 18X10%pk T 7 erg/s (6)

The volume dependence of the radiative losses
appears through the duration 7 of the flow, Al-
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though expression (68) has been established for
constant laser flux it indicates, in a more general
wav, the interest in short pudses. The numerical
cajeulations were performed with a value of
7108 g,

Energy balance eguation

At any given instant the total energy &5 is
shared hetween the two parts (5) and {(E):
1} the total energy transferred to (8) is given by

& T Mgug

Alg being the shocked ice mass atl time t, and ug
the particle velocity behind the shock front,

2} the total energy transferred to (E) can he
writien as

gy dy tdy P Ey
internal  kinetic  radiative
energy energy iosses

L.et My he the mass of deuterium having passed
through (R) and Up the particle velocity in {(R).
Then we bave

. yMged

é Ei =1
f’ ' uz 5hlln

6131: o3 dx NR% 5 t g uRch
an
ro

gy ¥ fopdt

with I* given by expression (6).
The incoming laser flux is totally absorbed in
(EY and transferred to the overall flow

o - UEsTELY A
G dt

(1)

The number of variables in Eq. (7Y may be re-
duced to 2 by:

1} taking into account the mass and momenturn
transfer equations through the shock and deflagra-
tion planes;

2} noting that Dy (deflagration velocity) is closge
to ug thanks to the large density jump through R
and thus the small amount of matfer flowing through
this front.

ugand T, were chosen as independent variables
that

o en [7y-5  fusNP gl
To lus Ted = 7 |5 (Z G

s L1 @

oMs

We need one more equation involving ug and Ty .
Assuming thermal conduction (electron or radia-
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tive} to be negligible, the density at xy depends
only on the laser light frequency w, and since
radiztion cannot propagate in a plasma denser than
the cut-off value, one should have

W =wp for Xy

For deuterium and neodymium glass laser light the
critical density is

Po =Py 3.4X103 glomd

Now the required cquation is given by conserva-
tion laws through the deflagration front

70 (LR 2
uS(IR) (15)“}'1”30 Cq (9)

Inserting expression (9) into Eq. (8) we obtain:

o (T ]“23_ lrﬂ?ﬁt":_‘i_. u_uiﬁﬁm_ﬁsg i (10)
oI P ST T @ g,

Other variables are easily calculated for a given
laser flux and one may readily show that shock
velocity and temperature Ty are proporticnal to
@é/S and @%/3 respectively, as far as the radiative
losses are negligible compared to other energies
appearing in the problem. A more detailed dis-
cussion of the model is given in Ref, [14].

Our resulis are to be compared with Caruso's
who found @774 and @ /% laws in a model [16]taking
into account overall momentum conservation and
using dimensional methods,

In contrast to previcus investigations [17] we do
not consider thermal radiction transport in the
model, As will be shown in the next secticn we ob-
tain satisfactory agreementi with experimental
results in the actual temperature range by ignor-
ing thermal radiation.

3. INTERPRETATION OIF
EXPERIMENTAL RESULTS

Since earlier measurements various improve-
ments have been made in the laser and diagnostic
technigues. First, many shots were avallable
showing a shorter laser-pulse rising time. Since
at the beginning the pulse may be described mere
exponentially: P~ P, expet, & wasg found to be
1.6X108 g-1 instead of 10851, Thus electron
temperatures up to 460 eV were ohserved.

Optimal focusing is also different from previous
experiments. The best coupling for light flux and
hydrodynamics is found for a focal-spot position

1 mm inside the deuterium ice. It is worth noting
that we used most generally laser amplification

in a single cascade, and to operate a great number
of shots the output energy was limited to 90 J, in
bractice.

Morecver, the plasma time history recording
was improved by placing a Kodak blue filter before
the 5.T.I.. photocathode and by using an electronic
chronometer the accuracy of which is 0.1 ns.



PEUTERIUM PLASMAS

Time matehing is then ebtained with an uncertainiy The corresponding maximum cleciron tempera-
of only 1 ns. ture caleulated by means of formula (10) is found
Smaller deuterium sticks 1 mm thick were also too high by a factor of about 2 which implies flux
found te be useful; the inward propagating front of too farge by a factor of about 5. This result is
region 11 {Fig. 3) is allowed to reach the rear free obhitained with a feeal spot 100 o in diameter
surface as shown in I¥ig. 6. It is then easier {o actually measured in vacuo., I a reasonable sup-
detect the propagating front and to measure its plementary aberration due to the imperfect diopter
veloeity 13 whose order of magnitude is a few vacuum-deuterium ice is taken into account, a
108 cm/s, focal spot of diameter 170 um provides a fair
We are now able to compare the experimental agreement between measured electron temperature
values of the front velocity D, the laser light {lux and evaluated flux: (see solid line in Fig. 7). The
¢ and the electron temperature T, with the theo- experimental values range from 2.2 to
retical predictions. As @ rule, the measured 3.8X108 W/em? whereas the caleulated values
electron temperaiure was naturally assigned to the corresponding to 270 eV to 400 eV electron tem-
region {E) of the model and refers to a plasma perature range from 2 to 4 %1022 W/em?,
with comparatively low density. Experimental and theoretical front velocities are

also in agreement within the above-stated (large)
errors., It is not yet possible to determine which
front {deflagration or shock) is actually recorded
on the streak pictures, However, the latter seems
to be favoured by comparing experiment and model.
Anvway, since the velocities are very close to

each other, s0 are R and 5, and our flux evalua~-
tion should not be altered by identifving the ob-
served front with any discontinuity.

§iw/em?}

6 s FOCAL DIAMETER 100 pm  FOCUSSING iR VACUUM
i e FGCAL DAMETER 170 pm FOCUSSING MSIDE THE ICE

EXPERMENTAL
FLUX RANGE

FLUX RANGE FLUX RANGE

THEORE TICAL % 'EXPERIMENTAC
2 (P —

tirme &

] INSIDE

R RIURNE e \CE SURFACE
‘ T )
?:!O_ac h\/
e A : '\/r"\j\r-l
: : 2

‘0“

QUYSINE
HE SURFACE
FocaL sPOr

Laser ‘
Pawer 6,108 w :
- - e e e

i

0 05 i r{em) -
F1G.6, Plasma time history in a 1 nun thick deuterium stick, The streak
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time scale, Time runs upwards,

FIG.7. Determination of the laser flux at the time and place of higher
temperatures, The dashed curve is drawn for the focal region geometry
recorded in vacuo. Takiug into account a supplementary aberraticn
yields the solid curve,

Since many streak pictures show lesser contrast
than Fig. 6, the evaluation of I is often rather in-

accurate. Calculating ¢ by means of Eqs (§) and We notice also that if we substitute experimental
(10} would then yield rather doubtful results, Thus, T, values into q.(4) the flux reflected backward
we used an alternative method: the uncertainties is negligibly small.

in the thne measurements are very small. There~ For a given laser output energy and pulse shape,
fore, the position r of the propagating front and the measured electron temperature varies at
instantaneous laser power can be accurately re- random in a range not exceeding the experimental
lated through time matching. Since we also have error, The final evaluation is cbhtained by averag-
a fair knowledge of the focused heam geometry and ing the data for about 20 shots, In Fig.8 average
flux distribution in vacuo, we can calculate at any electron temperatures are plotted versus maxi-
time the flux which would impinge on the target if mum flux evaluated according totheabove~described
its refractive index were equal fo 1. When plotted methed. The few experimental points are in
versus position the flux would follow the dashed agreement with a %% dependence for T, as pre-
curve in Fig. 7. dicted by the theoretical model.
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All the previous methods and results apply to
laser pulses only slightly differing from the
"standard” 30-ns-pulse. A tentative experiment
was undertaken with shorter {(nancsecond) pulses.
These were obtained when inserting in the cascade
a PPockels cell triggered by the oscillator standard
laser pulse itself. The rising part may be de-
gseribed as two exponentials connected by a kink.
During the second one {the steeper), the pulse in-
creases by a factor up to 10% in 3 ns. Unfortunate-
ly, it was not possible to perform experiments
with an cutpuf energy higher than about 13 J: a too
large backwards flux is reflected towards the
cascade and amplified until it reaches a fracture
threshold for glass and partly destroys the laser,

T, {a¥)
500
400
300
2004
04 a5 06 a7 08 09 , 11 121314
LASER OPTIMAL POWER {GW}
FIG.&. Plot of measured electron lemperature versus the laser optimal

power on logarithmic scales. The latter is derived from Fig.¢ for a given
laser shot, The laser flux comsidered in Eq.(10} turns out to be propor-
tional to the optimal power.

However, it was possible to perform a few shots
for 12 J of output energy. An average electron
temperature of about 250 eV was obtained., We
may infer from destructive shots that according to
Eq. (4) the density gradient in region (I3} is likely
te be very steep in such experiments,

Another preliminary experiment was also made
on the following grounds: in section Il we delibera-
tely ignored the influence of thermal radiation.

It might not be true if a very high temperature
(say 1 KeV) could be reached., Then it would be
highly desirable to prevent energy losses due to
thermal radiation diffusion through the colder
medium., A material with higher Z would be suit-
able. A similar conclusion was also stated by
Kidder |18}, To check such ideas a small per-
centage of krypteon atoms was introduced into the
deuterium ice, The shots were performed with a
wider lager pulse: about 80 ns half-width and about
50 J output. In this case the average eleclron
temperature was 450 eV,
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4, CONCLUDING REMARKS

The experiments prove the existence of a high-
temperature plasma when the heam of a powerful
Q-switched neodymivm glass laser s focused on
s0lid deuterium. The simple theoretical model
sgems to be suitable to deseribe the actual inter-
action process, However, the diagnostics avail-
able were rather few. They have o be refined and
confirmed by different measurements. In par-
ticular, we plan to determine the electron density
profile throughout the various regions by hole-
graphic techniques [19].

According te the model, the high-temperature
region is correlated with a rather low-densily
plasma:

pE oy = BAx 10°% g/em®

Nevertheless, since the exponential decrement
remains slow encugh {this is to be checked experi-
mentally) the obtained plasma with a density of
about 10% ions/cm® and a temperature of several
hundreds eV lcoks promising. Then multi~
kilovolt plasmas seem to be achievable wilth a
suitable coupling between the laser parameters
{brightness and pulse shape), and the focusing con-
ditions onte the target.
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