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3 ABITNACT

Processes occurring during high-temperature heating of plasma
have been studied experimentally by focusing laser emission
of ultrashort duration on the surface of lithium diuteride,
Experiments included the shadow photography of piasma with
1llumination by ultrashort pulses and the photo-registration
of the dispersion of plasme with the aid of an image inverter,
as well as the time dependence of laser pulse reflection and
the measurement of the electrcn temperature of plasma with
respect to its X-ray radiatiocu, The basic processes which
accompany the heating of plasma by ultrashort pulses are
examired theoretically within the framework of approximations
based upon the results of experiments.
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THE STUDY OF PLASMA FORMED BY ULTRA-~
SHORT LASER PULSES

N. G. Basov, S. D. Zakharov, 0. N.
Krokhin, P. G. Kryukov, Yu. V.
Senatskly, Ye. L. Tyurin, A. I.
Fedesimov, S. V. Chekalin, and

M. Ya. Shchelev

Processes occurring during high-temperature
heating of plasma have been studied experimentally
by focusing laser emlssion of ultrashort duration
on the surface of lithium deuteride. Experiments
included the shadow photography of plasma with
11lumination by ultrashort pulses and the photo-
vegletration of the dispersion of plasma with the
aid of an image inverter, as well as the time
dependence of laser pulse reflection and the
measurement of the electron temperature of plasma
with respect to its X-ray radiation.

The basic processes which accompany the
heating of plasma by ultrashort pulses are
examined theoretically within the framework of
approximations based upon the results of experi-
ments.

I. Introduction

In 1668 in the Quantum Radiophysics Laboratory of the Physics
Institute imeni P. N. Lebedev of the Academy of Sciences USSR,
research was started on the heating of plasma by laser emission of
uitrashort duration (10'11-—10_12 s). Upon focusing such pulses to
the surface of a target of lithium deuteride placed 1n vacuum, 1t

was possible Lo register rapld neutrons [1]. This fact indicated
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the existence of conditions of thermonuclear d-d-reaction and,
conseauently, the achievement ¢l high values of temperature and

density in the plasma. Thus it was shown that the energy of a powerfui
laser of ultrashort duration can be effectively introduced in the
plasma.

At the same time it was established that the significant part
of the laser emission 15 reflected from the target [1, 2]. These
results were ¢nnfirmed in references [3, 4].

In the analysis of the findings a number of questions appear.
In the first place, in what manner does energy absorption by a solid
-body occur if the laser emission has been concentrated in a pulse of
several picosezonds duration? In the second place, how do we explain
the power reflection of laser emission from the target? And finally,
what are the possibilities of lon temperature increase and, conse~
quently, neutron yield during the heating of plasma by ultrashort
pulses?

To answer these questions supplementary experiments were made
which investigated the basic features of heating and dispersion in
the plasma being formed. Some of them have been described in
reference [5].

Furthermore, it was established with the ald of the high-
resolution photoregistering apparatus that structure of the laser
emission pulse has a complex character and 1s not reproduced from
experiment tc experiment.

The ability of the plasma volume to generate thermonuclear
nautrons is determined by the values of temperature, density, and
lifetime for the plasma in this volume. In the plasma formed by
ultrashort laser pulses, these parameters are changed depending vpon
time as well as upon coordinates, whereupon the characteristic time
of diapersion is '\»10"9 $ and the characteristic dimenslon 1is '\'10-2 cm,
Therefore, the reglstration of plasma parameters with simultaneous

space and time resolutions (Ax ® 10"3 cm, At ™ 10"10 s) is a difficult
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technical problem, which is even more complicated due to the non-
reproducibility of laser pulses from burst to burst [2]. Nevertheless,
the achievement ol elther space or time resclution individually is
possible in practice. In this work we selected an alternate plan,
i.e., 1in ocur experiments we recorded parameters with high time resolu-
tion (to 2-10"11 s) averaged by the plasma volume. In this case, we
attempted to check the results of cne procedure by the data obtained
with another. The measurements, whose results are examined later,
were made with total pulse znergy 0.1 J. We used smaller fluxcs than
in [1] becuase of the working conditions of the laser; for more

det1l see {5]. Lithium deuteride LiD was used as a target.

Theoretical research on the possibilities of heating iocns by
focusing ultrashort pulses on a solid target 1is of considerable
interest. A physical modeil of heating was constructed with the aid
of experimental data. Calculation was performed within the framework
of hydrodynamic equations of two-component plasma, averzged with
respect to space, taking into accourt electron-ion relaxaticn and
energy losses to emissions when the duratlon of laser pulse is
considerably shorter than the characteristic plasma time {relusration
time, time of hydrodynamic dispersior;. This makes it possible to
examine processes in plasma from tne moment of the termination of
laser pulse, selecting as boundar- ¢oaditions the parameters of
plasma Nys Xy TO which 1s formes zf..1 ultrashort pulses (n0 -
electron density, Xg ~ characteris! '~ dimension, TO — electren
temperature). With the aid of such aa approximation model, the
analytical dependence of maxiru:: ion temperature on the initial
parameters, which can be measured experimentally, has Leen found. The
simplifications made in the calculacion, consisting of the arbitrariness
of Ngs Xgs TO’ is not essential; however, it considerably facilitates
the analysls of the possibilities of ion heating.

The results obtalned are valid for plasma which is freely
expanding into a medium without counterpressure and containing u
flxed number of particles. 1In the case of a thick target (target
dimensions much more than xo), this corresponds to conditions under
which it 1s possible to disregard the energy losses to electron

FTD-MT-24-987-71

(V%)

LKW, o




thermal conda tivity. SBelow we «:cus: the possitie role of thermal
conductivity and xisc the pressare of powerful laser emission of
uitrashoprr duratics; cileulaticrz are mhde of the energy and duration

of the emissloun puice Itom the vlasmz.

II. Experimental Results

1. Heating Pulse

As a sourceof ul.rashort pulses we aced a laser on neodymium
glass operating in the soft-synchronlization mode; the emission wave-
length was 1.06 pm. Ti¢ laser characteristics are described in
detail in [2].

The repetition int:rvals of ultrashort pulses, determined by
the distance between th: generator mirrors, was 15 ns. One pulse
was separa: 1 from a pulye sequence by a specilal shutter with a
15 ns opening time. This pulse was then amplified.

As a result of examination, it was found that an individual pulse,
as a rule, consisted cf several peaks (subpulses) of different
intensities, divided by different time intervals. Furthermore,
it was explained, in accordance with the data from reference [6],
that the generation time structure was not reproduced from burst to
burst. Total duration of the laser pulse was approximavely 10 ns.

In this case, 1t corntained several peaks with the average interval
between them 1-2 ns. This time was determined by the relative
position of the laser components. Total energy of the laser pulse
was ~0.1 J and usually was greater, the larger the peaks in the pulse.
The duratior of an individual peak can be assumed to fall within the
“12 t6 2,107 5. The lower 1limit was obtained
from measurements by the two-photon luminescence method, and the

interval from 2-10

upper 1imit from merasurements by an image converter and represzents

the time resolution of the image converter tube. It should be

noted that in a number of experliments wg intentlonally attemptad to
increase the number of peaks in a laser pulse so as to more completely
reveal the irregularities in the formation and heating of riasma under
the effect of ultrashort pulses on a sclid target.




2. Shadow Photography of Plasma with
I1lumination by Ulitrashort Pulses

Methcas of shadow photography with iliumination by lazer pulses
of ns duration bave been develcped rather thoroughly [73. In our
experiments such methods were used as they applicd to ultrashort
pulses. The firs' measurement resclts were reported in f51. The
installation diagra:m is given in Fig. :. Tne output emission of the
laser passed through a KDP crystal and a smalil part of the iight was
transformed into a quadratic component {wavelengtr. 0.53 p=m}. With
the aid of a glass plate and a system of mirrors the area nesr the
surface of the target was translucent with green light. In the focus
of the lens with £ = 200 mm was inastailed a blade which cut off part
Bf the focal point. The edge of the blade in most of the experiments
was directed perpendicularly to the surface of the target. In tnis
case, after the laser burst a Schlieren photograph of the plasma was
obtained, on which areas were reproduced with ‘he refraction gradients
along the surface of the target. In a numter of experiments the
btlade was removed and shadow photographs of plasma were obtained.

The image was recorded after a system of filters which separated the
spectral region rear 0.53 ym. Such filtration was used to reduce
the effect of the natural emission ¢f plasma.

2 G 53mxn Fig. 1. Experiments in the
shadow photography cf
. ! 2 plasma with the aid of
i1} >ﬂ- , ultrashort laser pulses:
Acsep 78 b 1 — KDP crystals, 2 —

L08mrn ¥y

mirro~, 3 — target, 4 —
lens, 5 — blade, 6 — Til-
ters, T — camera, 8§ —

glass plates, 9 — evacuated
vessel, 10 — calor!meter,
11 ~ phctocell, 12 --

B}H"@“yf osciilograph.

7 55 & - KEY: (1) Laser. [mum = imj.

.

Focusing 5T the heating emission was accomplished by a len. wiy
f = 60 mm. The shape of the burs: was recorded by a photocell w:it.
an oscillograph with the total resolution time approximateiy 1 ns.
Because of delay, the sounding pulse came tc the target 1.5 ns after
the heating pvlse.
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Figure 2a depicts a shadow photograph of plasma at a chamber
presuure of iﬁ"2 torr. We obtalned the image of a zone opaque for
light with wavelength A = 0.53 um. After 1.5 ns vhe edge of the zone
went away from the target a distance of ]..‘5-10'2 cm, which corresponds
to a rate of dispersion perpendicular to the aurface of the target of
1-107 em/3. Due to the dispersion of laser light on the hetero-
zeneifles of neodywium glass, the light beam of the quadratic
component was inhomogeneous in cross section. In the photograph

Athis 15 revealed in the nonuniformity of the background,

‘Graphlc Not Reprcducible

gf“”“’""r‘*”*“ Flg. 2. Photograph of plasmas
1 T -formed by ultrashort laser
. ____ .- - opulses: a) plasma expanding
br:m:;:,:;.wm, into vacuum; 1.5 ns after the
_ e : arrival of laser pulse on tar-
. 4 t - X get, shadow phetography; b)
: Pz oot the same, Schlieren photography;
{ . ¢) plasma expanding into air

Fi‘ﬁ‘ N at a pressure of 7 torr,
A Y . Schlieren rhotograph; the
=5 2 pressure shock front is seen
L q 48 ns after the moment of
" v1 - formation.

’ The image in Fig. 2b is the Schlieren photograph of plasma with
the same pressure in the chamber., The rate of dispersion or the
area with large gradients of the refractive index in the direction
away from the target, averaged for the first 1.5 ns after the

effect of the pulse, 1is (1—-2)°107 cem/s

Figure 2c¢ is a Schlieren photograph of the process in alr at a
pressure of 7 torr. In this burst the target was acted upon by two
pulses, =6 ns apart. The front of the shock wave induced by the
plasma and formed by the first pulse is noticeable. In the period
47.5 ns the wavefroat moved away from the surface a distance of 2.3 mm;
thus, the average speed 1s 5-106 em/s. The velocity of the pressure
shock front in a direction parallel to the surface of the target is
3'106 em/s.
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The presence of a time structure u’fects ﬁhe results of the
methods used differently. With shadow photography the opaque range
of plasma, formed by any one subjulse, is recorded. On the Schlieren
photograph of plasma the total effect of all subpulies 1s observed
and the tmage can consist of a sertes of stripes. In the laiter éase,
the processing of large numbers of photographs makes it possible to
g*ate that a velocity of 107 em/s 1s characteristic for the conditions

of our experiments.

3. The Photoregictration of Plasma
Dispersion with the Aid of an
Image Converter

Shadow procedures give the image of plasma at a fixed time. «
The continuous cbservation of the plasma process is possible vhen -
using the slotted scan method on an image converter tube. However, - ,
in this case, instead of two-dimensional registration, we obtain ' -
cne-dimensional. Therefore, the -shadow and image converter methods -
supplement each other. S

The installation dlagram is given in Fig. 3. The part of the
laser pulse diverted from the beam by the glass plate was directed
to the pnotocell starting the image converter tudbe. The remaining
emission passed through the light delay system (corresponding to
image converter starting delay) built on full internal reflection
prisms and was focused on the target. Preasure in the chamber where
the target was located could be varied fron ';-;-10"3 t0'5-10'6 torr.

A plasma image In the necessary spectral range was Suilt-up on the
image converter entrance slits with the ald of a lens. In a series
of tests, along with plasma illumination laser pulse scanning wes
performed. In this case, the pulse was directed tc the image
converter tube with the ald of a glass plate and mirror through the

filter.
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The scannling rate of the image converter tube could be changed
in stages from 107 to 1.5'109 cm/s [Translator's Note. The value of
this e.ponent 1s not certain as thils figure is extremely blurred in the
original document.]. The instrument had a light amplification of
(2-3)+103. Time resolution could reach 2.107*1 s [8].
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Fig. 3. The photoregistration of
divergence with an image cocnverter
tube: 1 ~"internal reflection;

2 - diaphragm; 3 — lens; 4 — tar-
get; 5 — photoregistration -
image converter tubes; 6 — ; ass
-plates; 7 — photocells; 8 —
mirror; 9 — calorimeter; 10 -
filters. )

Pigure la gives the thtograph oi" the scan of plasma radiation
- in the blue-green range of the spectrum (filter $28-22). The

entrance 3l1its of the image converter tube were oriented perpendicu-
larly to t{he surface of the target. A ser;es:etfect of 3 pulses
with an interval of 4 ns is noticeable. By the angle formed by the
boundary of the area of noticeable brightness and by the direction
of the axis of the time profile we can de*ermine veloeclty. From 3
the third pulse veloeity 1s (1.2 ¢ 0.2)- 107 cm/s., The propagation
velocity of brightness toward the laser varies from 0.8- 107 to
1.5-107 em/s from test to test. During dispersion, powerful plasma
radiation is maintained in a small area which moves from the target :
with the veloclity S3-10° em/s. This area extends 0.2 mm from the ?
target, which approximately coincides with the spatial resolution |
of the camerz.

wact el L e it i B i Ve mdd
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Graphi Not Reproducible
Yy ey FPig.e 4. Tracings of
. : plasma digpersions on the
a)";tz image converter tube.
R (target acted upon by
Lo TN . several ultrashort laser
©osbo eeomiecloo 4} pulses): a) plasma A
05 m s mememe g 3L padiation scani b) photo-
J scan of plasma dispersion
o . in scattered laser light
.Uy | U (scattering angle ®30°).

1;;5 KEY: (1) ns.
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Pigure ¥ is a photograph or laser light scattered on a target,
cbtained with an‘interference filter 100 A wide. It is evident that
intense dispersion at a 90° angle occurs in an area ~0.2 mi in length.
This area coincides with the area of intense brightness {Fig. 4a)
and moves with the same veiocity (3-106 cem/s). The seak vertical

-stripe in Pig. b has been caused by the dispersion of laser emissions
from the plasma. With the sensitivity of the image converter tube

to ultrashort pulses experimentally established, 1t was possible to
evaluate the eaergy of diffuse elimination. It was equal (assuming
isotropy) to a value comparable with total pulse energy.

Analysis of resulte shows that the heating and disversion of
plasma, which are cbserved on the image converter tube, can be
presented according to the diagram in Fig. 5. In general, three

atages of the proceas are observed. The first stage lasts 3 ns. .

In this stage, plasma 1s expanded with relatively low velocity
(3-106 em/s) -and lascr emission strongly disperses. Both the first
and subsequent pulses falling on the target during this time have no
noticeable increase in velocity of dispersion.?

Fig. 5. Plasma dispersion
I I ! l l during registration with image
.g,u,(1) converter tube. a) tiue depend-
ence of laser pulses; b) scan of :

' : plasma self-lumineszence; c¢)

of o time dependence of laser emis-
,p-,gﬂ?ﬁﬁaﬁ sions scattered a% an angle -of
o GBI 90°; Uj — s1it position; M —

b) o y? aﬂWWWVTW”WWWWVK( boundary of target.
3 KEY: (1) ns.

If the pulse comes 3 ns later, 1t has a strong increase in
velocity (107 cm/s). The second stage of the process is beginning.

'In this case, by pulses we mean subpulses (peaks) of the total
lagser pulse,

. w
ST PP RPN R IO LY

ik




[

Nt

Pulses which arrive during this stage with a duration of 4 ns are
dispersed more weakly than the previous ones. They give an additional
rise in dispersion velocity; hovever, the numerical value of this
increase is difficult to determine from photographs.

Finally, if an additional pulse arrives 7 ns after the initial
moment, it marks the beginning of a new "triangular" dispersion.
If pulses continue to arrive on the target, the plcture chserved on
the image converter repeats with a period of 4 ns. Throughout the
process (10-20 ns) the area of powerful dispersion which coincides
with the zone of intense brightness moves away from the target at a
velocity of less than s3-106 em/s. Between this area and the target
surface weak brightness is observed (Fig. 5b).

4. A Study of the Time Dependence
of Laser Pulse Reflection

The emergence of a powerful reflection of laser emission when
focusing ultrashort pulses on a tafget has already been noted [1, 2].
Total energy in the reflected light can reach 30% [2] and_ conse~
guently, 1s essential in the energy balance of plasma heating. A
study of reflection is important not only from the point of view of
decreasing this detrimental effect and increasing the efflcilency of
heating, but can also throw light on the processes which occur in
plasma.

X

The time dependence of reflection was determined with the same
image converter tube used in the above studies. The installation
diagram 1s given in Fig. 6. Part of the laser emission was deflected
by the glass plate to the photocell starting the image converter
tube. After a lignht delay of 15 ..- the basic emission was focused
on the target in a vacuum of 10% torr [Translator's Note. The
exponent * here 1is 1llegible in the original document.]. Direct and
reflected emission was collected with the ald of lenses on small
reflectors coatzd with magnesium oxide. The light scattered on the
reflectors was directed to different parts of the input slov of the
image converter tube. The optlcal paths of rays, in thls case, were
thoroughly shielded from each other. Reglstration was carried out
at 1mage converter scans of 80.20 and 3.5 ns.
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Pig. 6. Experiment on time

dspendence of reflected laser ’
pulsads: 1 - glass plates; 2 — =
total reflecting prisms; 3 — fil- ’
ters; 4 - lens; 5 - mirrors; 6 —

light proof screen; 7 — magnesium

oxide reflectors; 6 ~— diaphragms;

9 — target; .10 — moving-image

camera with image converter tube; .

11 -~ photocells; 12 —- calorimeter.

;
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In preliminary experiments it was established that reflection
from plasma exceeds parasitic dispersion (reflection from the lens
and the window of the evacuated vessel) by approximately 2-3 orders.
The simultaneous-scan of incident and reflected laser emissions is
shown in Pig. 7. The first two pulses (peaks) 0.3 ns apart (Fig. 7b),
are reflected more intensely than subsequent ones. The degree of ) o
?erlection noticeably varies between 2 and 3 ns from the begimnirg of S <{¥
peaks (between the first and second groups). We can also note that %', j
within the weaker reflection stage a direct relationship is not %
observed betwesen the intensity of reflected light and the intensity ﬁ
of incident light. Some pulses are reflected more weakly and others
more powerfully. Sometimes present in reflected emissions are'pulées
which are so weak in the incident radiation that they do not appear
on the photographic¢ film. In #ig. 7a the number of pulses in the
incident radiation is less than it is in Fig. 7b. The character of
the rﬁtlect;on is th: same; the first pulse 1is reflected more power-
fully than subsequent ones. In this case, it is possible to determine
that the degree of reflection varies noticeably during the time of the
first pulse, which does not exceed 4§ ns.
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Sometimes in incident radiation the first peaks have so little
of the total laser pulse energy that they are not visible on photo-
graphic film. According to estimations, thelr energy does not exceed
1()"3 J. Such peaks are recorded in the channel for reflected
emission because the sensitivity of this channel 1s higher. 1In this
case, the reflection of the first Incident pulse being recorded on the

11




film usually decreases. With powerful defocusing (an increase in the
dimensions of the focal point to 1 mm) the degree of reflection was n.t
changed ncoticeably during 10-20 ns.

Fig. 7. Traces of laser emission
(two cases): upper path — the
incident lesser pulse; lower path —
the reflected. :

KEY: (1) ns.

A

.

S mer (1) dmcen (1)
a) b}

It 1s interesting to note that when focusing into air at atmos-
pheric pressure, reflections from a spark could not be registered,
which, apparently, is connected with the low density of the plasma
formed. Therefore, i1t was possible to use a sample in air in our
experiments in order to check the correctness of camera operation and
the absence of parasitic reflexes.

5. X-ray Measurements of the
Electron Temperature of Plasma

The rate of dispersion, whose measurement was the basic purpose
of the procedures discussed in Section II, §§ 2 and 3, is finally
determined by the 1nitial plasma temperature. The direct determination
of electron temperature Te was carrled out by measuring the ratio of
the X-ray continuum intensity into adjacent spectral reglons separated
by thin foil (see, for example, [9]). In that part of the spectrum
where the emission 1s bremsstrahlung, the transmission of thin foil
and thin films of various materials can be calculated [10]. This

12
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method has even been used when the recomdiration continuum predominates
in the radistion since the dependence of intensity I on fréguency v

in both cases has the same form: fAv~exp(—kv/ATJAv. The necessary
conditions for measurement correctness- is the absence of line emission
in the investigated spectral ranges. In our case this was ensured

by checking the chemical analysis of the target. Line emission dues
not fall in the pass band of beryllium filters used in the experiments
1f the atomic number of the admixture is 2 < 9. The portion of admix-
tures with 2 > 8 in the lithium deuteride we used was a quantity <0.1f.

The diagram of the experiment is presented in Fig. 8. A lens
with £ = 60 mn focused laser emission on the target which was located
in a vacuum of 1073 torr. The X¥-ray radiation through beryllium windows
15 mm in diameter with the aid of plastic scintillators was recorded
by photomultipliers. The scintillators were made from polystyrene
with p-terphenyl and POPOP added; dew-excitation time was ~2 ns. The
ELU-FTphotomnltipliershaé gain factors of 106 and 108; thelr time
resolution was 5 ns. Signals from the photomultipliers were fed to
the input of a wide-band dual-trace oscillograph. On anotner oscillo-
graph with the aid of a photocell the laser pulse was monitored with
a time resolution of 1 ns.

P

RS 700

Fig. 8. Measurement of electron
temperature of plasma with respect to
X~-ray emission: 1 - lens; 2 - tare
get; 3 — beryllium filter; 4 —
scintlllator; 5 — photomultiplier;

6 — photocell; 7 — calorimeter; 8 —
glass plates; 9 -~ diaphragm; 10 —
osclllograph.
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Before measurements it was established th.. the contribution to
the signal of hard X-ray radiation as a result of the bremsstrahlung
of rapid electrons on the chamber walls [2] could be disregarded. For
this the direct X-ray radiation of plasma from the target, in one
registration channel, was shielded by polyethylene 0.8 mm thick. On
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another channel, where changes were not madé, the experimental condi-
tions were controlled. Such & scheme servnd to check protection of th
computers from the visible radiation of the plasma since polyethylene
is transparent for the visible spectrum. As a result, 1% was found that
the emission from the walls did not exceed the threshold of camera
sensitivity.

The relativeisensitivity of channels was determined from a
comparison of signals obtained when using a filter of the same thick-
nass (15 mg/cmg). During measurements the filter thickness 1in cne of
the channels was doubled. Flasma temperature was determined with
ralculations performed in [10].

Experiments showed that the pulse duration of X-rsay radiation
was 5 ng, 1.e., it was determined by time resolution. For laser
pulse energy of 0.1-0.3 J, Te, determined on the assumption of
Maxwellian form of electron distribution function, varied from 140 to
220 eV for a main va%ue of 180 eV. This corresponds tc filter pass
band from 4.5 to 10 A. In the channel where a fine filter wa, used
and a photomultiplier with a gain factor of 106, the mean value of
anode current was 1 A. For instance, for a specific burst with pulse
energy 0.2 J the average anode current of the photomultiplier was

0.45 A and the temperature T, = 180 eV.

The solid angle at which the scintillator was observed from the
plasma region was .2 sr. The transmission of the beryllium filter
15 :ng/cm2 was 5’10"5 {11]. After producing a rough evaluation of the
conversion effectiveness of the scintillator and photoelectric cathod:
(number of photoelectrons per 1 keV of X-ray photons in the pass band
of the filter) according to [12], we obtain radiant energy passing
through the filter to the scintillator on the order of 10-2 erg and,
consequently, the total energy of bremsstrahlung radlated by plasma
in different directions is on the order of 10“ erg. This estimate lays
no claim to accuracy. However, 1t wlll be of use when evaluating
naX, {see Section III, paragraph 1) because of the low dependznce of

radiant energy upon plasma concentration.
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IIT. Discussion of Experinantal
Repults

1. Let us make a short review of the basic laioratory findings
after emphasizing that the obtained resulis relate to laser pulses
- which consist not of one but of several peaks (subpulses). Experiments
show that interaction of every subpulse with a target 1s not the =ome
but depends upon the previous history and time of the peak sequence
relative to the beginning of the process. At the initial moment-
we should assume the arrival of the first pulse (peak) at the target.

'
.,
RV RORETR W R ORI

From the results obtained it follows that the Iirst pulses - . k
.(following in 3 ns) form the plasma which moved away at a low (3-106
cm/s) velogcity (see Section II, § 3, and Fig. 5). At approximately
the same time we observe the intense reflection of laser emiszion at
an angle of 186° and lateral dispersion (the reflection) at an angle :
of 90° to the directisn of the incident beam. A small fraction of the e B
total energy is._spent on the formation of the initial plasma. This A
i1s apparent from the fact that the first pulses with initial energy
107%-20"3 7 are recordad on the photograptic film in the emission :
reflected at an angle of 180°. For comparison let us say that in - % -
order to ionize and heat, to a temperature of several electron volts,
a layer of the target with an area equal to the area of the focusing
spot (3-10" -4 cmz) and a thickness x, equal to the wavelength of laser

o

1.5'107 cm/3) observed during the registration of plasma brightness

on the ime;ze converter tube as wellias in shadow photographs. Further-

more, & noticeable decrease in intensity of lzser emission reflected ,
at angles of 180 and 90° 1s noticad. In 4 ns the pulses arriving at ;
the target are absorbed by the hot plasme which has been formed, as

is apparent in Fig. 4. After 7 ns (if the next pulse arrives) on the

image converter tube we observe the formation of a new portion of
high-temperature plasma which moves away at a velocity of 1-107 cm/s.

emission (nl1 um), it is necessary to expend energy on the order of ' 5
1073 3. i
After 3 ns the possibllity arises of furthér heating the plasma —é

This is indicated by the high dispersion rate of the plasma (up to {
g\:

15
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If pulses consinue to onter the target, the pattein is repeated with
a period of § ns. <

6

During the entire procese, a layer of slovly (3-10° cm/s) dis-

_ persing plasna is observed near the target. This is indieated by :

photographs of both the plasaa radiation scan and the latera’ dispersion .
{reflection) s:zan. -

~ The X-ray measurements of the electron tempevature of the
plasma glve a mean value of 130 eV. Under such conditions electron-
ion relaxations will be able to occur for substantial gas-dynamic -
expansion (see section V) and, theiefore, a recalculatior of the

initial electron tenpgrature (rizht after the arrival of the pulse

which gives the high-temperature heating) leads to a value of Tben 270

eV. Determining the electror Lemperasure from the dispersiin rate

cbserved from the image converter tube and shaGow photographs gives a

value of Tofz 70-160 eV [se? furmula (16)]. . As has aiready been

mentioned, these measuréments vere made on different laser bursts;
therefore, it 1s natural to assume that the difference obtained was -
caused by the difference in the parameters of laser emission.

The longitudinal dimension Xy of hot plasma &t the initial moment
can oe determined from the dispersion of the glowing region in its
own and the reflected light of the laser, scattered at an angle of
*90° to the incident beam. The value of s, £°.102¢s. On the cother
hand, Trom the shadow and Schlieren photographs, which give an idea
of the dimensions of the region occupied by rather dence plasma
re~10° ca3, we obtained x, = (1-2)+10"2 cm. The same values are
obtained 1f we take into account the total energy of X-ray radiation
(see Section 1I, § 5). This energy .is proportional to the product of
nOVb,where Vo is the initial volume of hot plasma. Since the radius
of the focal point is known we obtain, with the aid of the formulas

below (20), (28), an es:imated value of njx, * 1012 om~? which, when

Xq * 10~2 cm, corresponds to n, * 10°! em™3. & layer of the solid

target with a thickness approximately equal to the wavelength of the
laser emission becomes hot plasma.

16
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" 2. On the basis of the experimertal data discussed, the following
model of the formation snd dispersion of the plasm under the effect
of several ultrashort intense laser pulses on a target is the most -
probable model, A small part of the energy in the first pulse goes
to the singls initial fonisation of the lithium deuteride layer with
" & thickness of an order equal to the wavelength of laser emiasion. =
Sinultaneously with the ionization there occurs a heating of the - -
formed plasse to a temparsture of several electrcn wolts. Purther
mmmummmwmtmtmtphmm -
;»-!—"-‘-!‘) "[13) rapidly becomes greater than the frequency @ of the

inser light., &meorthh. the remaining part of the pulse is
‘*etfbctisbly reflicctad,

. The mm plasms formed moves away relatively slowly. Subse-

* quent ultruahort pulses coatinue to be strongly reflected unmtil o
mxmamiwmmcmmmhmumtwmmaw
the sandition : - e

] -'(%’_:)f"‘.. ‘ W

vhmzutheammo:gm,tmmw“eomtm
atom of the parent substance of the tu-set s and n i the totald A
density of atoms and ioms. TS

At the moment when plasma density fa'ls to the values deteramined
by (1), laser pulses begin to be effectively absorbed, forming high- L E
temperature plasma which wmoves away with high velocity. The portion f
of reflected 1ight ncticeably decreaszes. For z certain perlod of
time, the hot plasma formed is nontransparent for laser emisalon.
After transparency sets in, the next laser pulss penetrates again to
the target and forms a new portion of high-temperature plasma.

The observed reflection of the first pulses at an angle of 180°
and dispersicn at an angle of 30° to incident emission are apparently
part of one and the same process, the reflection which appears upon
the breakdown of condition (1). The experimental data show that the

17
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character of refiection for targets ~f lithium deuteride (obtained ;
by compression) does not differ greatly from isotropic; however, t:e ;
first pulse is reflected in a smaller solid angle.

From the data it follows that upon focusing ultrashort pulses
with energy of 0.1 J, a noticeable varliation is not cbservad in the

condition of the reflection of light from plasma when mp > w.

IV. Emission and Thermal Conductivity
of Plasma. An Evaluation of the
Effect of lLaser Emission Pressure

1. Thermal conductivity, leading to an additional inerease in
the number of heated particles, can play a substantial role in the
high-temperature heating of plasma by laser pulses. In our case, we 3
can disregard radiant thermal conductivity since plasma is optically
fine, and assume that the basic mechanism for the heat transfer is
electronie thermal conductivitiy. We shall also assume that the initial
heating of electrons from temperature To oceurs in a finite domain
with dimension Xq and then this region 1s expanded because of thermal
conductlvity. Near the front of a thermal wave, as 1s known (see,
for example, [143)

MR,

Teis=T.0 [1—=]", (2) :

where x¢ is the coordinate of the front of the thermal wave.

Let us substitute Te(x, t) into the heat equation:

5 T 9 85207
Tn.~—“7°—«aa;-7‘f -o—;-. (3)

where g © 1050 CGS units; Te is 1in ergs.

Passing to the limit x ~» x¢ and integrating the obtained expres-
sion, while taklag into account the law of conservation of energy,

under boundary conditions t = 0, x, = Xgs We find

¢
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where Q is the plasma energy in erg when t = 03 S 18 the area of the

focusing spot of the laser emission on the surface of the target in
2

em .

Maximum propagation veloeity for the thermal wave is

%-Lﬂ—-:l.% 1% (_g_)sn (nex (5)

Equating this velocity with the asymptotic velocity of

plasma dispersion o,==(3Z7,/m)'®, we obtain the relationship, which is
virtually independent of the form of .ions,

P=15 10+ (,!,‘?.)'{’ keV, (6)

Thermal conductivity during dispersion and relaxation of plasma
can be disregarded if T, <Ty. If T,277, it 1s necessary to take
thermal conducitvity into account. At ngx, = 1019 em™? temperature
TP =500 eV; therefore, for our case, we may disregard thermal con-

ductivity.

2. Let us examine the regularities of plasma emission during
dispersion. For 1lithium deuteride, plasma emission, beginning with
V100 eV, is basically bremsstrahlung (see, for example, [14]). At
lower temperature, recombination emission predominates.

The need to examine the emission process 1s connected with the
following facts. In the first place, the essence of one of the
experimental methods —~ the X-ray method — lies in the measurement of
radiant energy in certain sections nf the spectrum (see Section II,

§ 5). 1In this case, integration in time occurs Lecause the emission
pulse duration is shorter than the time which can be resolved by the
metering arrangement. In the second place, it will be necessary to
account for emission in the calculations of electron-ion relaxation
(see Section V),
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The intensity of the bremsstrahlung, which we shall examine
subsequently, is deseribed by the following expression [19]:

== 13410 257" erg/om3.s. §9

Emission can be considered three-dimensional if the mean free
path 1 of the braking gquanta in the plasma [14]

(where Te is expressed in degrees Kelvin) is a much more charscter-
istie dimension of plasma Xqe We wlll consider this condition to be
fulfillgg. fgr instance, for lithium deuterlde at Te = 200 eV,

ng = 10°" =2m™~, calculation shows that [, =36-10° carpxe=10-2 cat. We will
also examine temperature Te > 100 eV and assume the plasma to be
fully ionlzed.

In pulse action time T = 10711 39712 s, electrons heated to a
temperature of Te 2 100 eV cannot transmit any substantial portion of
their energy to ions. Equalizatlion time for electron and ion tempera-
tures is [13] '

_ 3 mTy 8
T8V m %A (8)

where In.s=5 is the Coulombt legarithm., For lithium deuteride at

ng = ‘5-10‘0 crn"3 and Te = 200 eV, this time ty=~3.10-% 3. Consequently,

conditien
T DT (9)
is fulfilled throughout the range of temperatures 1n question.
Thus, inlitially, we have plasma occupying volume VO with electron

coneentration ng and electron temperature TO. Considering (9), we
obtaln T{i‘mo”(}

20
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' Plasma at the moment of formation, 8s well as during dispersion,
is not uniform. Its temperature and density are characterized by a
certain spatial distribution. We do not consider this distribution
and we examine the values of the parameters averaged throughout the
volume., On the one hand, this is done because the initial density and
temperature profiles are known; on the other hand, the majority of
experimental procedures (including those described above) giﬁe plasma
characteristics averaged by volume.

Let us first examine two-dimensiocnal plasma dispersion, 1.e.,
when the thickness of the plasma layer x << 4, where d 1is the
diameter of the focusing spot. Let us take the following designations:
-n = Zng (Z is the average ion charge), M is the average mass. of ionms.
For 1ithium deuteride Z=2, M=4my, where ny is the atomic mass of
hydrogen. From the equation of motion for the plasma volume as a

whole

PAV =dEy., (10)

where ;"-.-.:u(T,-{--ZL T4)~ the pressure of plasma; n==a8,/[x; V==8x. S 1s the
area of the heated surface; E“"H is the energy of the directed motion
of ions (contribution of electrons mme/ﬂ); after substitution, we
obtain the equation of motion in the calculation for one lon:

2T, -\ Tez= Mk, i (11)

Here and subsequently the CGS system of units 1s used; T — 1n ergs
(with the exception of specifically stipulated cases), %, ¥ are the
time derivatives.

The law of conservation of energy is written in the form
— 3 L (2T Ty= 5 S 2 +i0), (12)

where 1(t) 1s emission intensity in the calculation of one ion.
Taking into account (7), expression (12) assumes the following form:
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(ZT +- T;)»--—-#‘! = x3-- 09- 107 2% x, % r'-!-- ) (13}

The solution of equations (il)~(13) gives the following results,
If we designate by Qo the energy released in plasma at moment t = O
and by Er a the kinetic energy of directed motion of ions with
t + », then E./Q=f(Tydn.x;) at the given values of Z and M, when

Euna/Qu=1—(£/Q;}. In Fig. 9 the solid curve i1llustrates this dependence
for lithium deuteride in the case of two-dimensional dispersion. For
other values of Z and M, scale TO/nox0 is multiplied by (Z¥10) (Mimnu)'a.
The approximate solution of the spherical case is carried out
similarly.

tay PRIl e oy . Fig. 9. The dependence of the
"’f Vil // : ratio of the energy of the asymp-
. ’/*' / totic motion of plasma EFA to the

4 ] total energy of the laser pulse
7 4 Qo applied to the plasma on the

/ 4 initial parameters of the limited
{(without thermal conductivity)
it plasma: temperature To, density

n, and thickness X (radius ro).

1 —~ spherical dispersion; 2 —

0-’ cdude L2 Y uuL‘ ot 3. NS EETL *
0 " . two-dimensional dispersion.
o T R Tt 2

%% (2) KEY: (1) rel. unit; (2) eV/em ©.

For lithium deuteride at njx, = 1012 em~? and T, = 200 eV the

losses to radiation are small, which is also confirmed by experiment
(see Section II, § 5)., For the prescribed value of S, the total
number of heated particles N=m¥; therefore, as can be seen from
Fig. 9, the role of emission increases with an increase in N when
T0 is constant, and when N = const it decreases with an increase in
To.

Without allowing for emission for flat and spherical dispersion,
it i1s possible to obtain the following expressions:

rszr, (l ( )m)]m, (14)

r.+ 3 Te=T, (.;-)”3 \ (15)
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;-[';?L(n;%)l"‘. -, (16)

T4y Ti=T, (.;9.)'- an

Unlike two-dimensional dispersion, in spherical dispersion when
r/ro = 3-4, plasma temperature falls by one order and dispersion rate
iz close to asymptotic. -

3. Let us examine the features of plasma emission. For this
.we will return to the dependence graphically presented in Pig. 9. It
is possible to see that in the reglon where E,~Q, total radiant
energy is determined with great error. In this case, which occurs
in the experiment, emission and gas-dynamic dispersion are independent
processes. The premsstrahlung energy from plasma takes the form

If)==a, ju:r?va- (18)

Assuming that electron and ion temperatures equalize before the
basic component of radiant energy is iliuminated, with the aid of
(16) and (17) we have obtained the following expression for the time
dependence of bremsstrahlung:

/(0=A(|:—-w,-!-ffctgw), (19)
where A is a constant depending upon initial conditions; w::(%ggymi.
'

It 1s assumed that plasma at the initial moment has a density of
n, = ng, and temperature Te = To, while we examine dispersion of a
hemisphere with initial radius Py which is determined from condition

S = ﬂrg where S 1s the area of the focusing spot.

The total energy radiated by plasma does not depend upon
temperature:

4.0, 1010 SZM2 (et .
Ie‘,(oc)--- 1.0 10~ -—‘Vl—.__-‘-:.i (c.O)

23

tte N O e




For lithium deuteride with spherical dispersion and initial
parameter determinied from experiment (nyy=10" cx-?), we obtain /.{«x)- i%-:
erg.

= The decrease 1n emission d!/dt~1/{1-+w?)? and, consequently, charac-
teristic pulse time T,aa° €an be evaluated from condition

®(teaa) =1. {21)

FPor time

—ﬁ- Te (22)

Bl wmn, =7,

82% of the energy is radiated:
I () =0,821 (o).

In the experiment (see II, § 5) X-ray radiation was measured
with the use of filters with a pass band limlited on the slde of
longer waves. For a berylllium fllter 15 mg/cm2 the boundary wavelength
is 8 3. The Intensity of bremsstrahlung in the range of the X-ray
continuum depends exponentially upon wavelength:

I, dr~.exp (— he, 2T)dA.
In order to determine the energy passl.g through the filter,

it is necessary towintegrate the product of the filter transmission
and spectrum: I==J 1,B,d2, where BA is the spectral characteristic of

filter transmission. However, for teryllium filte{ﬁ it is possible
to assume with a sufficient degree of accuracy I=u;l‘dL

Thus, the energy passed through the filter 1s

1, {ty==exp (— {-3-) 1), (23)
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This cnergy decreases with time according to the following law:

G (10 (—aw), (24)

where a=g§;(1+ ) When Ag = 8 A and T, = 200 €V, a = 11.4.

The characteristic time of the emisslon which has passed throuzh
the filter « ” is determined from relationship

wya =1. (25)
Thus, we obtain
==t (26)

Emission duration with variable focusing depends only upon
initial temperature.

Integral values of I, {=) and I(«~) are connected by the approxi-
mate relationship 0

1, (e0)=a™  ¢=2. (20), (2m
For lithium deuteride, in our case, we have l,.(oo)zo,.?s Srg, ta=
2 0.5 ns, 1: n0.2 ns.

In the case of two-dimensioaal dispersion, total radiant energy
is also independent of temperature:

Jus(00) ==3,6- 101 £§1=J.;~'-” (28)

For lithium deuteride under these conditions, we obtain /[y, (oo)=4.10
erg, 1.e., cne order of magnitude greater than with spherical disper-
sion. For two-dimensional dispersion the quantity /, (=) is evaluated
according to formula (27).
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Since there is an intermediate case between two-dimensional and
spherical dispersion in the experiment, the total radiated energy
must fall between Ic.(ﬂ) and I (=), i.e., for"norO s 1019 en~?
between u-1o“ and h.5-103 erg. The evaluation obtained from experi-~
mental measurements gives

I{ec) =1} erg.

k., The possible effect of the pressure of laser emission on the
plasma being formed deserves consideration. The observation of such
an effect during the focusing of nanosecond laser pulses on a solid
target was discussed in [15]. 1In the case we examined, the flures
-near the target are considerably higher and, consequently, greater

than the value of light pressure.

The totzl pulse which can be transmitted from an electromagnetic
wave to plasma 1s expressed in the following manner:

] .
P,N—;W. (/39)
where W is the laser pulse energy.

On the other hand, taking into account the fact that the basic
component of the emission goes into heating, we obtain

WANT,. (30)

Here N is the number of ions participating in the heating and TO is
initial temperature (in energy units).

The gas-dynamic pulse of plasma is expressed by
Pr;'\' ;‘2v (31)
ce

where v_ 1s the asymptotic rate of dispersion., Taking into account
(30) and (31), expression (29) assumes the form
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In the above described experiments o.~100 cw/s and P, ~ 107 Py, ane,,'
consequently, the effect of the pressure of laser emissioa can be

disregarded.

V. Electron-lon Relaxation in
Plasma by .2 Power tra-
short ey e

1. "rhe problem of heating plasma is primarily the problem of
achieving high ion temperature. During laser heating electrons are

heated first, basically because of a process opposite to bremsstrahlung.

Ions cbtain heat from electrons as a resuli of collisions. At high
initial electron temperatures, which can be attained by focusing of
vowerful ultrashort pulses, plasma can disperse before a temperature
balance of its components occurs. The need for taking this non-~
eguilibrium into uccount was considered in [5].

The heating of electrons occurs during a pulse duration of
1 = 1071110712 5, In most of the cases cf practicel interest this
time is much less than $he characteristic times of electron-ion
relaxation t ei and gas-dynamic expansion t_.. For ‘example, for
plasma paramzters in the described experiments a=i0" cx-3, T.~200 eV and
%=~10% cm, we obtain twu=~10-* 3, wy=10? g. However, the electron-
electron relaxation _tim iU 5, Therefore, below we will use the
idea of instantaneous heating of electrons to temperature T,. The
temperature of lons at initial moment '1‘1(0) << To and, without reducing
accuracy, we set Ti(o) = 0., We will be concerned with temperatures
of Te $ 100 eV at which plasma is cqmpletely ionized. At the initial
moment electron density is n, and the plasma dimensions are known.
At this time free dispersion of the plasms begins under the action of
iaternal pressure and emlssion and electron-ion relaxation simul-
taneously. With the same considerations as presented in Section IV,
paragraph 2 we will consider that during expansion, density and
temperature are uniform in the entire plasma volume.
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Since in our experinents the character of the dispersion changes i
in tlae‘wtr‘ from two-dizensional to sﬁharical, let us examine both 3
these types. We:emphasize once again that we are speaking of confined
plasma. Such a condition in practice ccrresponds to the comdition of
heating thin foll or a small isolated particle. Puring the heating
of a . thick target (target voluzme muich greater than initial volume of
plasms) thermal conductivity can play a significant role (see Section

IV, paragraph 1j.

A
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¥With an increase in initial electron temperature T, the relaxation
rate falls and the expansion rate of the plasma increases. Temperature
T'O’ at which the characteristic dispersion time tra is comparatle
-with the equalization time of electron and ion temperature Tays
s deteraines a certain criticsl value of initial thermal energy. At
g - Ty < ¥®; the heating of iona can be considered effective. Relaxation
marages to occur before a8 pronounced temperature drop due to the
adiabatic expansion of plasma. At TO > T'o, on the cther hand,
dispersion proceeds facter than heat transfer from electrons to ions.

B, 5 i ol diben
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lLet us evaluate T'o. Since

.
_ “:—"y‘fﬁ"zw:ﬂhA (33)
‘ | BNERITS S (3

(where Ve 1s the speed of sound), then from condition =u (™)== {T")

we obtain

2% mllt (m 4)'2

T ) eV, (35)

%= 1,4 10"

For lithium deuteride'at ngxg = 1019 cm"2 (as in our experiments)
we obtainT‘o = 450 eV. More preciss calculations give a value of

* =
T 0 600 eV.
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2. Mumamiwmormuu
initisl thickneas Xg. The rate of electron-ion relszation in the
Mmcotmmlummbomm_mthefom[n]

From the table of valuex presented in [13] we shall select laAn=S
Expression (36) is valid with both small and large differences T, - T,
[16]). Substituting numerical values and replacing ny = ncxo/k, we
obtain

-2 (3n

where x-—=533-10-%*(2w /).

Resides energy losses upon collision with colder ions, electrons
lose thermal energy ¢n their acceleration and also on emission. Ions
acquire heat because of relaxation but they lose it only on gas-
dynamic expansion. Prom the equation of motion for the plasma volume
as a whole - -

Pot-Po) F= o (38)

(where P 13 pressure, V is volume, E_ ,  1s the energy of directed
motion of plasma), we may conclude that the contribution of each of
the components to the energy gain of dispersion is proportional to
zil'e/(Z'l'e + T,) and 7,/(2T, + T,) for electrons and lons, respectively.

This conclusion is justified by the following facts. In the
first place, we deal with coliiding plasma, i.e., le << X Here
l is the length of the mean free path of electrons which, according
to [17), can be evaluated by expression

Lo~ Ogxe ns 6. 10" -1-:'«. (39)
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where Te is in keV. Por example, for n, = 5-1020 crn"3 and T, = 0.2

keV we obtain 1 = 5-10'5 em << xq 3 10°2 em.

In the second place, we can disregard the acceleration of ions
by electrons at the edge of the freelv expanding plasma. Plasma
volume Vy ~ SZD will be captured by such acceleration, Here S 1is the
focuzsing area and ZD is the Debye screening Gistance, equal to

F, N .
o= (i) o ) o

where Te is 1.. eV.

Tolume V. compuses a small portion of the total volume V of the
plasma: Vy N (lD/x JV. Por example, for r,=10" cx~3, T,=:| keV wve
obtain 1, = 7 x 10”7 cm and Vy~10-*V when x, = 1072 em.

Hence, we obtain the following equations of relaxation for

electrons and lons:

% Te-Te 2 e 2T, 2

Zm_..-—?.-——; Ti"z— "3 Mxx 27:.-_;7-“'—‘-3‘3(1)' (_“l)
iy _ 20 TeTy 2 gpeis T
T =* I T MY g (42

where 1 is the intensity of radiation in the calculation for one 1ion.
The acdditicn of (41) and (42) leads us, of course, to equation
(12), which upon substitution of i(t) assumes the form (13). Equation

(38) with the appropriate substitutions is reduced Lo (11).

Thus, the system of equations (11), (13), (42) determines the
problem proposed. Its solution has been examined in reference [20].

3. The solution of the system of equations (11), (13), (42) is
carried out by approximation but possible errors do not exceed 20%.
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on graphs.

maximum Tim'when t =1
problen.

ngry = NoXg = 1017 em=2,

(1)

( 1+2‘

- Results have been obtained in analytical form; however, the dependences :
found are complex and assigned parametrically.
give them here, but for the cases interesting us let us present results

and of the scale along the axis of the abscissas by the quantity

(a 142 m(&.,,)m z"‘

Let us note that when selecting Z for plasma consisting of several
elements, we should use a root-mean-square evaluation 2=-Z~—l/'

with which the number of electrons for one ion Z must be nesar Z.
For M we can assume a mean arithmetic value.
for example, Z = 2,25; Z = 2; M = hma.

rlﬁo"’ - R &\
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\
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Therefore, ve will not :

The dependence of ion temperature on time T,(t) has a certain

s determined by the initial conditions of the
It 1s precisely this quantity which is of practical interest
to us. Figure 10 gives dependenceTim(To) for 1lithium deuteride when
The change to plasma of another composition
and initial data is accomplished by means of the multiplication of
the scale along the axis of ordinates by the quantity

b el i S il

For lithium deuteride,

Fig. 10. Dependence of maximum
ion temperature ‘I‘im on initial

electron temperature TO for con-

fined plasma: 1 — two-dimensional
dispersion; 2 — spherical diaper-
sion.
KEY:

(1) 8; (2) keV.




Figure 11 presents with the solid lines the dependence rm(To)
at given values of Ngs Tys Xge We should keep in mind that in the %
two-dimensional case, at sufficiently high To, the ratio xm/x0 >3 ;
and, therefore, dispersion acquires a spherical character. Figure 11
shows with the dotted line how the dependence of this case will
actually be mondifled.

. Fig. 11. Effective time T of maximum

L - E

. B 4™V ARt 1k s s im0 £ s MV P s sl At St & s w2 D€ mdar e ok

) F ion temperature existence as a function of
- / initial electron temperature for lithium
\\\ deuteride when n, = 1071 cm'3, Xq = Tg =
) -
v 3 ‘g;\\ 1 =102 cem: 1 - two-dimensional disper-
: 30N ] sion; 2 — spherical dispersion; 3 — a
- ,", change from two~dimensional dispersion to
i ,/’V’ spherical under the conditions of the
m-’:l,w... e, ol experiments conducted.
»
! B2 gEY: (1) 83 (2) KeV. i
3
:
In the region of low TO’ the drop in Tm is explained by the
pronounced decrease of Toy 28 compared with TrA and Tyan [see formulas :

(33), (34), (22)]. 1In this case, the temperature endurance will be
determined by the latter, more gradual, process and, therefore, will
increase.

. The analysis of the solutions obtained shows that for limited
(without thermal conductivity) plasma, the dependence of the highest
attainable temperature for icns Tim on the initisgl electron temperature
T0 can be broken down into three regions. In the region of low T0
where emission can be substantial, electron-ion relaxation occurs
before gas-dynamic expansion has time to develop. Subsequently,
lons and electrons began to disperse with identical temperatures. i
With an increase in TO a region begins where electron relaxation
occurs during dispersion. The increase in Tim rapldly decelerates
with an increase in To. Finally, at high To, plasma, under the acticn
of Internal electron pressure, disperses even before electron=-ion

R

collision occurs., Now an increase in TO 1s accompanied by a decrease

in Tim'
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Vith assigned initial temperature T, the highest attainable
ion temperature depends upon the product nyx, (see Pig. 10). If
for each ngx, = const we 4efine T‘o as the temperature at which curve
Tym(To) achieves maximum T4, , then ve obtain T eo(ax ) . Temperature

T'o weakly depends upon ion mass (as "1/H) and more strongly depends

upon Z. At n, = const temperature T%,coZ¥. This is connected
basically with the relaxation term since ry~2-2, Therefore, we find
that when heating lithium deuteride, the lons of lithium are first
heated and then, ‘rom them, thermal energy is transferred to the
deuterons.

) Trus, in confined plasma (qox0 = const) it is not possible to
obta;n jon temperature higher than a certain maximum T.im' Moreover,
transitions to T*O lead to a drop in ion temperature. However, il
with an increase in TO we 1ncrease.noxo, then a further rise in '1'1
becomes possible. Precisely this situation can arise under the
effect of very powerful pulses on a thick target. An increase in the
number of heated particies ir this case occurs because of thermal
eonductivlty. Thermal conductivity emerges not as a useless process
leading to undesirable losses, but as a mechanism which facilitates
the obtaining of high ion teaperatures. The heating of ions uwing
electron thermal conductivity is examined in reference [21].

5. From the experimental results discussed above it follows
that ngx, = (1-2)-1019 cm'e. With the ald of these measurements, it
is pocaible to explain the neutron yleld in the experiments described
in reference [1]. If we take nyx, = 2-1019 cm'2 and np=10% cx?, then
on the basis of the analytical expressions obtained for the maximally
attalnable ion temperature w2 have Tim = T’im = 300 eV with an
initial electron temperature of Ty=i1*=300 eV. The lifetime of the
maximum ion temperature 1is 7.=5:10-1° 3. Hence, according to [18], we
obtain for the expected neutron yield N,z neutron/pulse, which

agrees with the observation in [1] of single neutrons.
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V. Conclusion

In the study of plasma heating with ultrashort laser pulses 1t
was found that the laser pulse, as a rule, is not single but consists
of a whole series of subpulses (peaks) having dissimilar intensity
and distance from each cther at different time intervals. The results
obtained with a total laser pulse energy of 0.1 J showed that the
absorption of an individual picosecond pulse occurs when near the
target there is plasma with a concentration lower than critical n,
which can be determineé from equality w = w_.

FTSRRSP MR 1

p?
P

The heaiing of plasma under the conditions of the conducted
experiments occurs in the following manner. One of the first peaks
hitting the target lonizes it to a depth approximately equal to the
wavelength of the laser emission. After the value of n, 1s equalized
with the value of n“p, the rest of the peak is reflected. Simul-
taneously with lonization occurs the heating of plasma to a temperature
of several electron volts. As a result, the plasma formed rather i
slowly disperses. All reaks hitting the target in this stage will be ]
reflected (with the deduction of losses to supplementary ionization)
until particle density falls, as a result of dispersion, to a value
corresponding to n“p. At this time, high-temperature heating of
plasma 1s possible.

ek b i

Thus, it 1s possible to consider established the fact that
reflection of ultrashort pulses occurs in plasma regions where
electron density is near critizal. At flux densities used in the
experiments there is no noticeable absorption by the plasma of laser
emission when wp > w,

The hot plasma formed with initlal electron temperature T0 = 200
eV, electron density ng = 5'1020-1021 cm—3, and characteristic
dimension Xy = (1-2)-10"2 cm during a certain period of time is
nontransparent and the incident peaks are absorbed in it. After Lne
onset of transparency due to the drop in plasma density during free
expansion, laser emission agnin penetrates to the surface of the tar-

get and high-~-temperature heating of a new portion of the substance
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occurs. Th; stage of slow dispersion is absent, which indicates the
existence near the target of neutral gas or cold plasma with a<ny.

e 2N T cnh R s el abtan Rl Ik <.

Theoreticdl analysis of the possibilities of heating ions in
the approach of a uniformly expanding plasma, taking into account
electron-ion relaxation and energy loss on emission, indicates that
with the prescribed iritial conditions Rgs Xg» TO’ ion temperature
‘1‘1 as a function of time has maximum Tim' The dependence of Tim on
initial data has been thained. At noxo = const quantity Tim first
increases with an increase in TO and after achieving a certain value
for T'iu’ keging to fall. This drop is ezplained by two factors.

ek, G i Mo T B e L T

b Ae, el B s o

With an increase in initial electron temperature the rate of
electron-ion relaxation decreases in proportion to T'3/2. Further-
more, there occurs a simultaneous increase in the dispersion rats
{proportional to Tlla) and, consequently, a reduction in the time

- of energy exchange during collisions between electrons and ions.

Thus, in plasma with a rixéd number of particles (noxo = const)
it 4s not possible to achieve an lon temperature higher than
Tha~(nx)" . It is possible to achieve a further rise in T, if we
-use a thick target and laser energy with which an increase in the
number of heated particles because of electronic thermal conductivity
becomes noticeable. Thermal conductivity will play not its usual
role of energy losses but that of a useful mechanism favorable to the
_achievement of high;ion temperatures with high plasma density [21].

Since the collection of lon energy during relaxation and the
emission of the plasma occurs as a result of the same electron-ion
collisions and Aiffers only in the size of the cross section, there
exists a profound connection betweeh ion temperature and the radiant

- characteristics of plasma when 1t is heated by ultrashort laser
pulses. It has been shown that Tim and the radiuant energy are fully
determined by the 8ame parameters: To and nyXge Therefore, the
diagnostics of the plasma created with ultrashort pulses, with respect
to its emission, can be used to determine ion temperature. When
radistive losses are small as compared with the total energy cof the
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: plasma (and precisely this usually occurs), the integral radiant 1
energy is proportional to quantity (noxo)2 and not dependent upon T,. é

1

On the contrary, pulse duration of the plasma emission Tan is ]

determined only by initial temperature T,k“,~JT"ﬂ and does not depend
upon noxo. With respect to order of magnitude, Than is fractions of

a nanosecond and cannot as yet be measured by existing apparatuses.
X-ray pulses from the investigated plasma are, apparently, the shortest

that can be obtained today.

The results of this work make it possible to explain experiments
in the observation of neutron emission [1]. The neutron yield
.chsefved corresponds to Ty * 900 eV, T, = 300 eV, ngx, = 2-1019 em?

vhen inltlal electron density n, 1s near critical.

Upon focusing powerful ultrashort pulses the pressure of laser
emission near the target can reach high values. However, from the
calculations made it follows that the supplementary pulse acquired
by the plasma in this case is small as compared with thermal in the
ratio v/c where v ~ /7, is the asymptotic dispersion rate.

" In conclusion the authors sincerely thank A. R. Zaritskly,
V. B. Lebedev, Yu. M. Matveyets for aid in this work, Yu. V.
Afanas'yev and V. A. Shcheglov for discussing the results,
L. I. Andreyeva for supplying the photomultipliers, and V. A. Kova-
lenko for furnishing the oscillograph.
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17. Fkelationship of pumping conrdltlions for a garnet pulsed laser )
with tube filling. 2
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COMMENTS OF EDITORIAL STAFF

Quantum electronics, whose emergence 1s connected with the first
molecular generator on an ammonium beam, presently occupies a
completely independent area of physics.

An unusually large group of scientists and engineers is working
both on the overall problem of the interaction of coherent electro-
magnetic radiation (primarily light) with matter and on the different
applications of the common principles in specific instruments. Inter-
national and national conferences on quantum electronics are
completely comparable to conferences and congresses on traditional
areas of physics. A consliderable number of specialized forms, closely
connected with quantum electronies, have been held: conferences on
nonlinear opties and holography, oa the interaction of radiation with
matter, etc. This 1s completely natural for such a strongly developing
area of knowledge. '

The works of this group of physicists and engineers on quantum
electronics can and should be combined on the pages of a speclalized
periodical. "Quantum Electronics," published by the Sovetskoye
Radio Publishing House, serves this purpose.

In 1971 the collection will be published periodically; we hope
that in the near future it wlll become a Journal.
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The editorial staff of "Quantum Electronics" accepts for
publication original articles and short reports. In each issue there
will be one review article on the present problems in quantum elec-
tronrniecs.

The electoral stai'f assumes that the subjects in the collection
wi'll te sufficiently broad. Works connected with the applications
of lasers in science and technology, as well as these deseribing
specific devices, will be accepted.

Thus, we hope to be able to concentrate efforts in quantum
electronics in one publication which, undoubtedly, will effect an
-improvement in the quality of published works, an increase in the
volume of informatiorn, and, on the whole, further progress in quantum
electronics.
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