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ABSTRACT

This paper describes a high-energy, twelve-channel laser facility
(DELFIN) intended for high-temperature heating of thermonucliear targets
with spherical symmetry. The facliity Inciudes a neodymium-giass laser
with the ultimate radiation energy of 10 kJ, a pulse length of approxi-
mately 10-10 o 10-9 s, beam divergence of 5 x 10-4 radians, a vacuum
chamber in which laser radiatlion interacts with the plasma, and a sys-
tem of dlagnostic instrumentation for the observation of laser beam and
plasma parameters. Described are the optical scheme and construction
detalls of the laser facliity. Presented Is an analysis of focusing
schemes for target irradiation and described Is the focusing scheme of
the DELFIN facility, which is capable of attaining a high degree of
spherical symmetry in irradiating targets with maximum beam Intensity
at the target surface of approximately 1015 W/cm?. This paper examines
the most Important probiems connected with the physical Investigations
of thermonuclear laser plasma and the basic dlagnostic probiems involved
in thelr solutlion.

NOMENCLATURE EOP - Electro-optical transformer
LTS - Llaser-initiated (controlied) thermonuciear B - Brightness
fusion AT - Time separation of dlfferent beams
VKU - Final ampiification stage n - Beam spiltting coefflclient
EL - Final laser energy n, - Electron denslty
Z6 -  Fuise generator q - Energy density in the beam
K - Ampiification coefficlient for the stage S - (Rear aplcal interval) Focal length
KE - Contrast coefficlent for radiation YAG - Y+trium-aluminum garnet
LPKU - Linear preamplification stage a _ Beam divergence
MKU - High-energy amplification stage E _ Specific plasma energy
MW - High-energy laser faclilty B, -  Beam stabliity in the glass
PKU -  Preamplification stage W - Flil coefficient for area of the target
RLP - Laser~triggered spark gap Q - Overall solid angle of convergence of laser

sPp - Component beam radlation on target.
w - Shock wave



During the past number of yearsI In laser-con-
trolled thermonuclear fusion research, signlficant
attention was devoted to the construction of power-

ful laser systems for spherically symmetric Irradia-

tlon of plasmaz_8 and to the dlagnostic instrumenta-
tlon for the study of Its par'ame*l*er's.g_I6 Analysis
of different ilaser-fusion concep‘l*s”_26 Indicates

that for the achlevement of thermonuciear fuslon

with the galn coefficlent E. /€ ~ I1-10° It Is

necessary to attain a laser beam energy E ¥ I04—
105 J with a pulse length of T % 107 =10 ns. In
additlion, the laser beams in these systems shoulid
a high
jeve| of radlation contrast (~ I07-I09), low beam

possess the following speclflc properties:

dlvergence (v 107, multipie-beam output, synchron-
lzation of optical paths, and possibliity to vary
the pulse shape and length.

As was shown In Ref. 27, In actual muitichannel
laser systems the output energy EL Is bounded on one
side by conditions dictated by the Increase of beam
divergence with the Increasing number of amplilflca-
tlon stages, and on the other side by the necessity
to heat a prescribed target mass to the requlired
In addition to
these requirements, the obtalnable laser energy out-

speci fic Internal energy level.

put depends essentlially on the construction scheme
of high-energy ampilflcation stages, which, to a
large degree, determines the attalnabie beam diver-
gence,on the energy deposition regime and on the
detal led structure of the target. The necessity of
high radiation contrast level foliows from the
necessity to effectively heat thin-walled targets
which can be vaporlzed with a prepuise energy of as
Ittle as ~ 107> J.

channel system and optical path synchronization

The requlrements of a muiti-

follow from the necessity to achleve a high degree
of spherical symmetry In target Irradiation (v~ %),

which Is necessary20’24’25

to attaln high compres-
slon.

Above considerations were taken Into account
In the construction of the here-described high-
laser system, DELFIN, buiit of

Nd:glass and Intended for spherical heating of

energy, |2-channel
thermonuclear targets. The purpose of this jaser
system and assoclated dlagnostic apparatus Is a

broad investigation of the physics of |aser-plasma

Interaction, optimization of target heating, and

experimental demonstration of thermonuclear yield
that Is high,reiative to the beam energy (0.01-1.0)
At the present time the
it Is
Intended to generate three beams with the energy of
v 3 kJ.

Among dl fferent schemes for the construction of
3,27

deposited In the target.
first leg of the system Is belng assembied.

powerful laser systems the most effective is the
one with serlies-paraiiel composition of high-energy
ampiification stages In which equailty is maintalned
between the beam spilitting coefficient and the amplii-
fication coefficient of Individual stages for high-
The DELFIN system described
here is constructed according to such a scheme In
which K v 3, n=2;3.
of the DELFIN scheme Is shown in Fig. I,and the

general view of the optical room containing the |aser

energy Input signals.

The fundamentai block diagram

system (excluding the capacitor bank) and the vacuum
chamber with dlagnostic instrumentation Is shown In
Fig. 2.
system of electro-optical gates aliow formation of
light pulses with a length of ~ 107 '%-107° s and

The iaser system allows, when

Two types of pulse generators (ZG) with a

energy of 1073 J.

7 11 6
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Fig. 1. Princlpai block diagram of the high-energy

laser faclilty DELFIN. (1) vacuum chamber;
(2) nanosecond pulse generator; (3) subnano-
second puise generator; (4) LPKA; (5) PKU;
(6) PKUIIl and PKUI; (7) MKUIl and MKUIIT;
(8) splitting and compensating system; (9)
VKU.



Fig. 2.

Genera| view of the optical hall.

necessary, an increase in the puise length to IO_8 S.

These puises are amplifled to the energy of ~ 50 J
in a linear system of preampiifiers (LPKU) with an
exit aperture of 45 mm. Further amplification is
achieved in preampiifiers (PKU I-11) and also in
high-energy and final ampiification stages (MKU I-1{]
and VKU I-111) with a series-parailel addition of
active elements; here the flux density is near the
ultimate (q g 3 Gw/cm2 for T = I ns), Ka 3 and

n < 3.

elements with axes so oriented as to ensure conver-

In each of the tweive VKU there are I8 active

gence of each beam to an aperture of 270 mm |ocated
on a single plane at a prescribed dlstance from exit
windows. in this plane are placed multiprismatic
mirrors which, from I8 paraliel beams of 45-mm diam-
eter each, form composite beams (SP) with apertures
Total

in SP reaches the value v 0.4-0.8 kJ depending on

not exceeding 270 mm. laser radiation energy

the length of the ampiified 1ight pulse.
are formed at the ex|t with the total

Twelve SPs
laser radla-
tion energy v 10 kJ. The expected radiation beam

divergence is a Y 5 x IO_4 rad and brightness

15 2

B4 3 x 10°7 W/emy which corresponds to a maximum

flux density at the target of q Y IOI5 W/cmz.

PULSE GENERATOR

Light puises of subnanosecond length are formed
in a Nd:YAG laser system employing a periodic cavity
Q modulafion.29 The basic scheme of the osciliator
is shown in Fig. 3.
Lp is 237 cm.

verse mode is accomplished by means of a diaphragm

Optical length of the resonator

Selection of the fundamental trans-

with a diameter of 2 mm.
tal DKDP (10 x 10 x 25 mm>) and a Glan-Thompson

prism is used to modulate loss in the resonator.

A Pockels ceil with crys-

The cell is controlled externally with a ruby laser
and a laser-triggered spark gap. Periodically occur-
ing (T = 2Lp/c), where c is the speed of Iight) deep
moduiation of the cavity Q-factor resuits in the
generation of a puise train with length ~ 0.3-0.4 ns
but with a ~ |16-ns separation between individual
pulses. Selection of an individual pulse from the
train is accomplished by switching the Pockels cell

wlth a laser~initiated discharge (RLP), To Improve the
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Flg. 3. Pulse generator scheme with periodic modula-

Fig. 4.

tlon. (1) streak camera; (2) optical plane;
(3) mirror (14); (4) photocell; (5) active
element; (6) diaphragm; (7) laser~triggered
spark gap; (8) Glan prism; (9) Pockels cell
with DKDP crystal; (10) charge resistor;
(11) high~voitage power supply.

temporal characteristics of the pulse selection
scheme the laser radliation Is preampiified In a one-
stage two-pass ampliifier which ailows an Increase In
the accuracy of synchronlzation between gate opera-
tion and laser puise arrival and significantiy re-
duces the transmission window of the gate. The last
is most important for the attalmment of high vaiues
of the radlation contrast. As a consequence there
Is formed at the exit from the system a singie laser
pulse with the above~indicated length, wilth energy
E % 107 J, and with a diffraction—Iimited beam
divergence a = %y with a beam diameter D = 2 mm.
Formation of |ight pulses of nanosecond length
is accomplished by means of a single-mode Nd:giass
ZG osclliator empioying active Q-switching. The
layout of ZG and the preamplifier stages LPKU are
shown in Fig. 4. The Q-switch is turned on by

closing a discharge~operated Kerr cell located In-
slde the resonator and operated with the RLP gene-
rator of Rb crystal used for diagnosing the laser
plasma (1ight source for optical dlagnostic methods).
The resonator has a base length Lp = 120 cm. Dis-
crimination of the transverse modes In the resonator
is accomplished with a diaphragm of 2-mm dlameter
located near the output mirror. The total passive

radiation losses inside the resonator In the open

Scheme of the nanosecond pulse generator and of the |inear preampilfication stages (LPKU).



state do not exceed 10%. Such a generator allows us
to obtain an output radlation puise of length T

= 30 ns with energy EL = 0.5 J. Divergence of the
radlation Is diffraction limited and corresponds to
that 1imit for a light pulse of 2-mm diameter.

The necessary nanosecond length of the {aser
pulse is ensured by the pulse forming system including
fast electro-optical closing of the Kerr cell and the
RLP. A speclal high-voltage Kerr cell (v 70 kV) with
a doubie controlling signal Is used to increase the
speed of the system. The construction of the cell
allows a several-fold Increase in the speed of rota-
tlon of the piane of poilarization of the laser
i1ght and ensures a stable puise formation of length
TN 0.5 ns.

it Is necessary to devote speclal attention to
the achievement of the required value of radiation
energy contfrast KE,thch Is basically determined by
the construction of the thermonucliear target (dimen-
sion, material density, sublimation energy, absorp-
tion coefficient for laser radiation) and the energy

level of Iight radiatlion. For laser radlation energy

EL ~v IO4 J for heating of microbaiioon targets, the
required quantity KE can reach values of I07—I08.
The energy contrast Is described by the expression

Ke e —FE (n

where EL Is the energy of the short iaser puise
heating the plasma, EphI Is the photon energy during
pumping, Eph2 is the radlation photon of the pulise
generator. The quantlity Eph2 can be reduced rela-
tively easily to a prescribed value with the applii-

cation of different decouplling devlces30_32

(elec-
tro-optical gates, Faraday gates, clearing fliter,
clearing flims, etc.), located between separate

stages.

Concerning a photon in ZG-E reduction

of thls quantity and consequent achlgsgmenf of the
required contrast with respect to the radlation
from the generator Is a compiex problem related to
the development of high-contrast, fast-acting elec-
tro-optical gates with subnanosecond response
tlime.

in the facllity being described, appliication
of the Kerr cell with a dupiex controil signal In

combination with wedge~shaped polarizers of Iceiand-

ic spar immersed In nitrobenzene,which decreases

depolarized radiation, makes It possibie to achieve
a contrast of KE i I05. For further contrast en-
hancementy there Is placed In the LPKU system a
second analogous Kerr cell gate with a larger aper-
ture (D~ 1.5 cm)y which Is synchronized with the
first one. The gates are operated with a singie
RLP placed in a high-pressure nltrogen atmosphere
(P = 10-15 atm).

the gates is ~ 0.2 ns, synchronization accuracy is

The shortest response time for

~ 0.05 ns, ‘jlitter In synchronization with the laser
pulse does not exceed | ns. "The above-described

~ 108,

system allows achievement of contrast KE

LINEAR PREAMPLIFIERS (LPKU)

Puises formed In the "slicing" system are am-
plified in a six-stage amplifier (see Fig. 4) whose
first two stages operate In the two-pass amplifica-
tion regime. Nd:glass rods, 45-mm diameter and
560-mm active length, are used in all stages of
LPKU of the DELFIN faclilty.

and amplification of parasitic osciilations, faces

To supress generation

of active elements are cut at an angle of 85° with
respect to the axis. The standardization of active
elements in LPKU does not reduce the total gain In
the system because energy present In LPKU amounts to
not more than 2% of the total energy of the system.

Saturable absorbers and magneto-optical faraday
gates are utilized to optically decouple ampilfiers.
in addition, after the two-pass amplifiers there is
located an optical spark gap3 consisting of a com-
bination of a siow (low |ight-gathering power) posi-
tive lens and a diaphragm of diameter ~ 0.5 mm lo-
cated at Its focus. For light puises with length
not exceeding several nanoseconds, such a system is
a very effective decoupler with smali optical losses.
it Is.appropriate to note that, In addition to opti-
cal decoupllhg, such an arrangement ensures protec-
tion of the ZG and the pulse formation system from
the damage by the laser puise reflected off the tar-
get and amplified in all preceeding stages.

in order to minimize the effects of self-focusing
in the active elements that damage the optical medium
and reduce beam quality, high-intensity laser radia-
tion Is ampiified In a divergent beam. All optical
elements of the LPKU system are carefully controllied
with respect to the homogeneity of the opticail glass

and finlsh of the optical surfaces. The Importance



of this control follows from considerations presented
In Ref. 27. Controi
schileren method with automatic registration of the
optical quailty.
abliity of the optical elements to operate on beams

Is achleved by means of a
The quaiity criterion Is the
in the diffraction-iimited regime. The pumping In
LPKU Is carried out at energy levels considerabiy
lower than In MKU and VKU systems in order to minimize
Com-

lens effects occurring In the

distortion of active eiements during pumping.
pensation for thermal
rods Is accompiished with special corrective optical
elements located at the exit from the LPKU. The
parameters of the corrective optics are determined
from measurements of the structure of the wave front
of laser radlation. These measurements, with the
accuracy down to A, were carried out with the ald of
holographic methods based on the Interference of an
ldeal plane wave of diffraction-iimited divergence
with the resulting actual laser beam.

The above-enumerated precautions enabled us to
obtain at the exit from LPKU a laser beam wlth the
following parameters: radlation energy EL.= 30 to
50 J with {ight radlation puise width TI = | ns; the
total angie of beam divergence In which 90% of the
energy |s concentrated, 2a =2 x T rad; redlation

brightness B = 6.5 x 10'6 W/cm2 ster; energy con-

trast K = 108.

PKU, MKU, AND VKU SYSTEMS

The laser beam, after leaving LPKU and being
reconditloned, enters serles-paraliel amplifliers,
where It gains most of Its energy. The following
specific probieéms must be soived to construct MKU
with a system of serles-paraiiel ampliflers: selec-
tion of the optimum coefflfclient for beam splitiing,
compensation for optical path lengths of different
beams, self-excltation In stages of clrcular reso-
nators, etc. The construction principie of the MKU
scheme depends largely on solutions of these prob-
in the here-considered DELFIN faclilty an In-
dustrial-type Illuminator GOS-1001 with an active

element of Nd-glass GLS-1 with 45-mm diameter and

lems.

560-mm active length Is used as a standard ampiifi-
Four flashiamps {PhP-20000 are used
for pumping; maximum pumping energy for the I1lu-

cation eiement.

minator Is ~ 50 kJ with the discharge current pulse

length of ~ 5 x 10™* s. Under these conditlons the

amplification coefflclent for laser radlation with
energy flux density q =1 GW/cm2 at the exit face

of the rod does not exceed K = 3.5. This quantity
Imposes a bound on the beam-spiitting coefficient In
strong ampiiflers. To obtaln maxImum coeffliclent
of laser efflclency with respect to the stored e-
lectrical energy, It Is necessary to perform ampil-
flcation under saturated gain condlﬂons.3 In other
words, the ampiification region In which the beam

at the entrance to the stage Is first Immediately
dlvided into the necessary number of channeis and
+hen ail channels ampilfled simultaneously in many
parailel ampiiflers Is energeticaily less conven-
lent because, In this case, the energy extraction
from active elements at the beginning of the stage
Is extremely small (of the order of a few percent)
whiie the pumping energy In the general balance may
reach 80 to 90%.
addition, compiications In the solution of probiems
connected with the attalnment of high contrast In
emission.

In such schemes there appear, In

in the facliity being described here, there was
adopted a scheme for staged beam spiitting (see Fig.
5) with the following muitipiication coefficlents for
n=2; 2; 3; 2; 3; 3. With such
muitiplication scheme the number of beams grows as
|+2—+4 +]2+24+72-+2]6. The use of n =2 In
the middle 1ink MKU Is connected with the necessity
to compensate for the energy losses incurred In trans-
porting the beam to the entrance of MKU and In the
The
general view of MKU I-111 and of VKU Is shown In
Fig. 6.
the cylindricai optlics used for beam spiitting,which

Individual stages:

elements of the system which split the beams.
Also seen In that flgure are coillimators of

aliow the change of the geometric cross sectlion of
the beam, and divide It Into two energetically equal
parts. The change In the coeffliclent of beam spiit-
ting Is accomplished by varying the magnitude of the
i lnear beam transformation. In thls scheme the ener-
gy losses of the laser pulse amount to 8% and non-

unl formities In beam division Inciuding, aiso, effects
of actual divergence and optical path lengths between
amplification stages do not exceed a few percent.
Final amplification of laser radiation occurs In the
active elements VKU, three of which are shown In

Figs. 7 and 8.
minators with the overall dimensions 85 x 100 x 170

cm3 (Fig. 9). The DELFIN facliity contains 12 such

Each stage Is a module of 18 11ju=
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Fig. 5. Beam spiitting scheme.

VKU moduies and its output consists of 216 laser
beams of equal energy denslty, each 45-mm In diam-
eter. In princlipie these beams can be combined down- Flg. 8. General view of VKU from vacuum chamber side
stream by varlous methods depending on the iilumina-

tion scheme of the thermonuciear target.

Fig. 6. General view of MKU I, 11, 111, VKU, and Fig. 9. Arrangement of laser amplifiers in VKU
cylindrical collilmators. module.




TABLE |
DELFIN AMPLIFICATION STAGE PARAMETERS

Amplifi- Beam
Number  Cross- cation Energy Diver-

Stage of Section Coeffi- Energy Density gence Brightness
Designation  Beams Area clent ) J/cm? (rad) W/cm2 ster
LPKU | 5 1.5 x 10% 30 2.0 I x 107 6.5 x 10'6
PKU | 2 30 2.3 70 2.3 - -—

PKU 111 4 60 2.6 180 3.0 -— -
MKU | 3 45 3.3 120 2.7 - -—

MKU 11 6 90 3.4 320 3.5 2x 10 2.8x 10'®
MKU 111 18 270 3.4 880 3.25 - -—

VKU 3x18 810 3.6 2500 3.0 5x 104 4xi0?
Faclllty

Output 12 3240 — 10 —  s5xi0%  3xi0°
Parameters

The basic parameters for dilfferent ampliification
stages of the DELFIN high-energy laser faclilty are
presented In Table I.

THE SCHEME FOR FOCUSING RADIATION ON THE SPHERICAL
TARGET SURFACE

It Is not possible to make any definlte conclu-
sions about the focusing requlrements for muiti-

channel lasers with output energy levels of E

= I04 J and higher on the basls of the presenily
avaliable pubiications about the experimental reall-
zatlon of spherical Irradiation of solid targets
(see Refs. 3, 6, 10, and 34) because of large dif-
ferences In experimental conditions and reiatively
low laser-energy leveis. Therefore,it Is Interesting
to anaiyze the specific actlon of the focusing optics
and to examine the requirements on the parameters and
construction detalis of the focusing eiements that

foliow from It.

As was noted In Ref. 27, In laser fuslon experi-

ments the energy level of {Ight emission Is directiy
related to the effective size of heated targets. At
thermonucliear temperatures when the specific Iinter-
nal plasma energy Is E = 108 to 10'° J/g, the maxl-
mum allowable dimension of solld targets amounts to
only a few tens of micrometers. Use of hojlow (mem-
brane) targets allows a consliderable Increase In the
target slze. Characteristic dimensions of targets of
di fferent constructions corresponding to different

laser energies are glven In Ref. 27.

For effective target heating It Is necessary
that the minimum diameter of the caustic, dmln’ de-

fined by the relation

d )

min
[ Etrdr =¥ [Emdr (2)
0 0

does not exceed the target dlameter, I.e., dmIn

in Eq. (2) E(r) Is the far fleid laser beam
energy distribution, and ¥ is the overiap coefél-

=2r.

clent which determines the aliowable enargy loss In
focusing, whose vaiue |s determined by the condi-
tlons of the experiment and can reach $ = 0.95. A
decrease In ¥ leads to a decrease In energy density
of the radlatlion beam and consequently to a bound
on the attalnable values of piasma parameters.
Under these conditlions, when heating massive
spherical targets with laser beams with energles of
103 to 10% J, It Is necessary that the diffraction-
limited abberation spot size of the focusing optics
Use of thin, hoilow
target modeis which aliow larger target slzes, how-

does not exceed 50 to 60 um.

ever, |s accompanied by increasing restrictions on
the vaiues of temporal and spatial departures of

the surface Irradiation from certain mean values

(In the units of beam energy density this mean value
Is q = I0I4 w/cmz), which for targets with thickness




to radlus ratio of ~ 1072 should not exceed a few
percent. Reallzation of the aimost uniform spherical
Irradiation of an isolated target with a IImited num-
ber of light beams requires construction of a focusing
scheme which aliows variation within wide Iimits of
the far—~fleld laser beam Intensity distribution while
strictiy satisfying condition (2). With respect to
the focusing optics this means that the diameter of
the diffraction-{imited abberation spot shouid be

considerably less than the target diameter (r

abb
= 0.1 r) and for a |aser facliity with the energy
level of ~o|04 J It should not exceed 60 um, |.e.,
Fabb = 60 um.

It Is necessary to note that high-energy laser
beams present specific conditions for the operation
of optical elements which [imit the possibliities
for application of known focusing methods. Most Im-
portant In this connection Is the necessity to take
Intfo account the beam stabliity in glass, Epr’ which
Imposes a condition én the minimum aperture size of
the elements used for focusing which, In turn, In
the case of spherical irradiation geometry leads to
a lower bound on the magnitude of the focal length
S. indeed, the aperture of the Individual element
D of the focusing scheme for a multibeam laser con-
taining N beams that flli the target surface with
fill coefficlent i Is connected to the radiation

output energy with the following reiation:

EL 1/2
D=2 T .
um pr

(3)

Obviously, the total soltd angle of the laser
radiation convergence on the target should not ex-
ceed a certain [Imiting value Q which, with the con-
ditlon D <<§ that Is satisfied for high-energy laser

systems, can be expressed In the form

Zﬁg =0.
4S

(4)

Substituting expression (3) into inequallty (4) we

obtain a bound on the focal length

EL 1/2
Sz m . (5)

(Transiator's note: algebra does not check!)

It Is aiso easy to obtaln a bound on the magnitude
of the light gathering power (speed)(D/f) of the
indlvidual objective

p_n_,(a)'"?
f ~S N °

in this way the basic characteristics of the focusing

(6)

objectives are uniquely determined by the parameters

Q, N, and EL.

are in order.

Some remarks about these quantities

In facilities with energies between the [imits
E_ = 10° to 10* J the solld angie of the radiation
convergence onto the target Is bounded mainiy by the
construction details of the vacuum chamber and of
the focusing systems. These are: +the large number
of dlagnostic windows In the walls of the vacuum
chamber, apparatus for target placement and for the
focusing of laser beams on its surface, components
of the vacuum system, etc. An essential restriction
on the quantity Q Is imposed by the conditions of
minimal optical coupling of separate ampiification
channels through the target, i.e., penetration of
radiation diffracted by the target into another fo-
cusing channel. To satisfy this condition It is
necessary to arrange the optical axes of the objec-
tives in such a way that the ilight cones of the In-
coming and outgoing beams at the target do not over-
lap. All of the above considerations lead to the
conclusion that Q should not exceed 1/5 to 1/6 of
the full solid angle; for actual conditions It is
advisable to require Q <0.i fo 0.05.

Another important parameter of the MLU is the
number of channels for the irradiation of the tar-
(3) and (6), an in-

crease In the number of channels allows a signifi-

get. As can be seen from Egs.
cant reduction In the requirements on the parameters
of the objectives. However, an increase in the num-
ber of focusing channeis leads to a rapld Increase
In the total number of adjusféble coordinates and
optical elements,which inevitably lowers the relia-
bility of the entire system. It appears that It Is
not sultable to increase the number of channeis
above several tens. The number of channels Is
bounded from beiow by the necessity to achleve a

Ap-
parentiy the smallest value of N for which a uniform

high degree of uniformity In the Irradiation.

irradiation can be obtained (within a few percent
error) Is N = 4. Therefore,the optimal value of N

should be chosen in the interval 4 = N = 30.




Above presented considerations are 1{iustrated
graphlicaily In Fig. 10 where, for laser systems with
different numbers of channels and different Q and
u, plotted Is the dependence of the required aper-
ture of the focusing objective (continuous curves
labeled "A"), and of the magnitude of the focal
length (dotted Iines labeled "B") on the laser ener-
gy, and aiso the dependence of the relative aper-
ture on the angle of convergence of radiation onto
the target ("C").

These estimates show that the requirements on
the most difficuit to achieve objective parameter,

1 ight-gathering power, decrease substantlally with
increasing laser-focused energy. This clrcumstance
allows consideration of different types of focusing
obJectives for facililtles with different output
energles. In facliities with moderate values of
laser radlation energy, EL = I03 to IO4 J, the use
of singie-component aspherical objectives appears
most appropriate. For the focusing of radiation
with energles EL = I05 to I06 J, the applilication of
simpie spherical one- and two-lens systems may be-

come possibie.

Beam Convergence, {1, ster
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Normal ized Laser Energy EL with Respect to Unlty

Fig. 10. Dependence of the focusing lens aperture
D (solld curves marked "A") and the focal
length S (marked "B") on laser energy.
The dependence of D/f on the convergence
of laser radiation on the target (marked
nCM).  MA|M-N=4; "A"-N=12; "A3z"-N=30.
"B|"-Q=77/25; "BZ"-Q='”/6; IIB3II_<7=-”/2.
"Cy"-N=4; "C"-N=12; "C3"-N=30.
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in addition to what has been sald above, there
are a number of supplementary requirements on the
characteristics of separate elements of the focusing
This Is, flrst of all, protection of the
optical elements of the focusing system from damage
by the focused radiation reflected off the optical
surfaces.

system.

At the present time this probiem is
solved by the methods based on the exciusion of the
central core of the beam (opaque cover on central
portions of the lenses, drilling central holes,
formation of ring-shaped laser beams, efc.)35 which,
when combined with high-transmission coatlings, Is
sufficlent for the entlire focusing system.

Another important probiem Is ensurance of least
optical coupling between the amplification stages of
This
condition Is connected with the necessity to attain

the laser system and the focusing objectlives.

high values of radlation contrast at the faclilty
output and Is the princlpal necessity .In laser Ini-
tlated thermonuciear systems. Smali signal gain In
lasers with energles EL = I03 to I04 J reaches

1o to IOII; therefore, even the use of

values ~ 10
several sequential electro-optical gates does not
guarantee nonoccurence of parasitic oscliiations.
it appears that the coupiing coefficient shouid not

exceed the vaiue ~ I0_3 to IO_4

, and to attain such
values transmission through opticai surfaces aione

appears Insufficient. It Is also necessary to se-

lect a definite surface shape for the lenses and to
combine the optical elements In such a way that all
beams reflected toward the laser aperture are

strongly divergent.

All of the above considerations were taken into
account In the construction of the focusing system
used In the here-described MLU.

The focusing system conslsts of 12 channels,
each of which contains a multiprism mirror, a two-
component objective, a prism system of large aper-
ture for beam turning, and a complex of devices for
assembly and adjustment. The general arrangement of
optical elements in the focusing system Is shown In
Fig. 11.

The coordinate locatlons of separate elements
and Intersection points are glven In Table I1.
Eighteen beams of 45-mm dlameter from the exit of
each of the 12 VKU modules are directed onto a muiti-

prism mirror (see Fig. 12), which combines them into



Fig. 11.
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TABLE

Coordinates of Center

Element
Designation X y z
M -7738 +4130 0
M 2 -6775 +4125 0
M 3 -5860 +4118 0
M 4 -7738 +4130 0
M 5 -6775 -4125 0
M 6 -5860 -4118 0
M 7 +5860 -4118 0
M 8 +6775 -4125 0
M 9 +7738 -4130 0
M0 +4860 +4118 0
Ml +6775 +4125 0
M2 +7738 +4130 0
3 1 -6800 + 370 0
3 2 -6100 + 855 0
3 3 -5500 + 400 0
3 4 -6800 - 370 0
3 5 -6100 - 855 0
3 6 -5500 - 400 0
3 7 +5500 - 400 0
3 8 +6100 - 855 0
3 9 +6800 - 370 0
310 +5500 + 400 0
311 +6100 + 855 0
312 +6800 + 370 0
[ - 456 - 846 =276
2 - 276 - 276 +921
I3 - 846 - 456 =276
14 - 456 + 846 +276
15 - 276 + 276 -92i
i1 6 - 846 + 456 +276
7 + 846 + 466 =276
i1 8 + 276 + 276 +921
) + 456 + 846 -27%
1110 + 846 - 456 +276
IERE] + 276 - 276 =921
1112 + 456 - 846 +276

optical elements in the focusing system.

a single beam of aperture DI = 285 mm, energy EI

~ | kJ, divergence 2a = 1073 rad, and pulse length
NIO_9 s with a time-scatter of light pulses because
of the differences In optical path lengths of indi-
vidual 45-mm diameter beams within the I1imits AT

= 30 ps.

Shown in Fig. 13 is the structure of the result-
ing beam and Fig. 14 is the target irradiation geo-
metry. In Table Iii are listed the values of angles
defining spatial locations of the axes of the fo-
cused beams. The coordinate system in Fig. 14 is
rotated by 45° In the counterciockwise direction
about the z-axis with respect to the coordinate sys-
tem of Fig. i1.

N ~ihwrouprmnnsoe sopRaxo
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Fig. 12. Muitiprism mirror and the first focusing
lens.
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Composite Beam Center

Eiementary Beam

Flg. 13.

Composite beam structure.

At the present time the component beams are
focused with two-lens objectives (Fig. 15). The
first lens with the focal length of f = 10> cm Is
mounted on a speclal stand near the multiprism mir-
rors (see Flg. 12). The second lens with focal
length F2 = 230 mm Is mounted In the wail of the
vacuum chamber and simultaneousiy serves as a vacuum
The aberration dlameter of the caustic of
b= 300 um.
vislons In the focusing system for the axlial dis-.

window.
the focusing system Is da There are pro-
placement of the long focal length element, to ob-
taln a longltudinal variation of the plane of the
minimum caustic and the necessary orlientation of
beam axes,and their spatial distribution relative

to the target surface Is achieved with a totally
refiecting prism located In an adjustable frame at

TABLE {11
Number e )]
| 106° 64°
2 23° 180°
3 106° 196°
4 74° 254°
5 i51° 270°
6 74° 286°
7 106° 344°
8 23° 0°
9 106° 16°
10 74° 74°
1 157° 90°
12 74° 106°

12

Fig. 14. Geometry of target [liumination.

The [imit-

ing radiation flux density at the target surface

the distance of | meter from the target.

attalnable with the laser system contalining the
above-described focusing system reaches the value
q= 1012 W/cmz.

The characteristic property of the modular
focusing system Is the use of one optical eiement
The modular
system has.many advantages over the muitilens sys-

to focus many |aser beams (a module).

tem, In which for each beam a separate focusing and
Thus, for the DELFIN
facllity being considered, Instead of 216 focusing

turning element Is provided.

elements (objectives) only 12 are used, which sig-
nificantiy facliitates focusing and Increases sys-
tem reilablility. iIn additlon, use of multiprism

mirrors aliows scanning with the eiementary i{aser

41 Turning
Eiement
s Muitiprism . 1
"Mirror- 1
Flrst Lens //l Second \
‘" Lens
Target
Flg. 15. The two-lens modular focusing system.



beam In the plane of the target In order to achleve
a definite Intensity distribution on Its surface.
The main disadvantages of the modular system are

the necessity to use beam-turning elements with
large overall dimensions and a ionger optical path
Inside the glass,which may have a detrimental effect
on the radiation parameters. Aiso, when a single-
component modular system Is used,there appear com-
plications In scanning with the focusing lens In
three-dimension.

The two-lens modular scheme used In the DELFIN
facillty allows a reduction of the overall dimen-
slons of the turning element relative to the single-
lens system and a simpiification of the procedure
Ad-
Jjustment of the position of the focus In the target

of focusing radiation onto the target surface.

zone is accompilished with an immovable short-focus
component by scanning over two angular coordinates
with the turning element and aiong the beam direc-

tlon with the ilong-focus lens.

The chief disadvantage of the system is high-

energy flux density at the output element q = 4 Gw/cmz.

In concluding this description of the focusing
system,we note that it would be advantageous to in-
crease the number of beams In each separate ilight
module and to focus them on the target with a large-
aperture-angle eiement, because this would facilltate
attainment of high uniformity. In irradiation. In
this connectlon of interest Is the mirror focusing
6.
placed around the target with tetrahedrai symmetry,

scheme shown in Fig. Four elliptic mirrors are
laser radlation Is focused into one of their focuses
with a low Iight-gathering power iens (1:10).

Second focuses of the elilptic mirrors are colocated
with the center of the target (Flg. 17).

Radlation Is concentrated In the forward (first)
focuses with multiprism mirrors colocated with a
muitilens spherical segment. Such focusing system
allows attainment of spherically symmetric target
irradiation with the total aperture angie Q= 3m.

A property of this scheme is the absence of aberra-
tion, which allows formation of the focal spot with
dimenslons determined by laser beam divergence. The
system can be adjusted with the aid of muitiprism
mirrors while keeping elliptic mirrors flixed.

Difficulties in constructing such a scheme are
connected, basically, with difficulities in producing

aspherical mirrors with large dlameters (Dmlrr

Multiprism Mirror and Spherical Lens Segment

———
.
Ellipsoldai Mirror —-——ee
e
1
f 1/10 Lens
SR
\
Target
El SN Pt
et
Fig. 16. Focusing system using multiprism mirrors.

= 600 mm), and in obtaining uniformiy homogeneous
surface coatings.

It is appropriate to note that an analogous
system for two simple beams was employed in the work
described In Ref. 24.

THE CONTROL SYSTEM

The DELFIN faclilty contains a large amount of
control and diagnostic apparatus and supporting in-
strumentation (inciuding commerciailly manufactured

Items) used to run the facillty and to control its

Ellipsoidal Mirror

Forward Focus

Muttiprism Mirror and
Spherical Lens Segment

Fig. 17. Operating principie of eilipsoidal mir=-

rors.
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basic parameters. Thls coilection can be divided

into several functional groups:

l. Instrumentation of the energy supply system for
the neodymium glass laser (control and Indlica-
tion of charge In the capacitor bank, power
transformers, discharge and synchronization of
the bank discharge through flashlamps, etc.):

2. Apparatus and mechanisms used for laser adjust-
ment and for the focusing of radlation on tar-
get (gas lasers with emission wavelength X
= 1.15um, 0.63 um, YAG-iasers, electro-optical
transformers, optlical systems, etc.);

3. Measurement and control Instrumentation for

radiation emission from the strong laser, In-

cluding the complex of multichannel calorime-
ters, fast oscillographs, laser radiation de-
tectors with feed cables, streak cameras,

etc.; and

4. Diagnostic apparatus for the thermonucliear

plasma.

Assurance of reiiabie performance of the en-
tire system, and Its control In accordance with a
prescribed plan Iis a probiem In Itself. Its solu-
tlon requires a sfngle automatic control system
based on the appilcation of electronic computers.
Taking Into account the muitiplicity of functional
schemes for the automatic control of systems that
ensure satlsfactory operation of the laser facllity
(control of electronic and electric devices, pneu-
matic and thermal devices, electromechanics and op-
tics, etc.),and the large information fiow trans-
mitted from them to the operator during a short
time Interval (~ 10 min), I+ Is planned to construct
the automatic control system based onh the CAMAC
standard with the application of the fast electronic
computer of the type NOVA 2/10 with large operating
and storage memorles.

This approach allows considerable reductlion
In time necessary to construct the automated con-
trol complex because the wide application of stan-
dard CAMAC modules reduces the quantity of required
new developments. A second advantage is the fact
that In this way there exists a possibility for a
stepwise solution of all probiems and for a contin-
uous Increase In power of the automatic control sys-
tem by the additlion of new systems. The automation
of the target placement system In the vacuum chamber,

and of the adjustment system for the focusing optics

14

are planned as the first stage of the work toward
construction of automatic control system for the
DELFIN facility.

VACUUM CHAMBER AND DIAGNOSTIC INSTRUMENTATION

The vacuum chamber Is a stainiess steel hollow
sphere with inside diameter of 460 mm and outside
diameter of 520 mm outfitted with different diameter
18).

for target mounting elther in vacuum or in a gas at

windows (Fig. The vacuum chamber Is Intended
a prescribed pressure, for the location of apparatus
for target allignment, for the mounting of the fo-
cusing optics, and of the diagnostic Instrumenta-
tion. The vacuum attainable In the vacuum chamber
isp = IO_6 mm Hg.

The target mounting system ensures location
of hollow and solld spherical targets at the center

of the vacuum chamber with the accuracy A

xyz = 2oum

in all three coordinates. A scheme Is provided for
the location of up to five targets In the chamber
without breaking vacuum. Each target Is independent-
iy attached to the adjusting mechanism with a poly-
mer thread of I- to 5-um thickness.

Observation of the target position In the cham-
ber is with the aid of two crossed long-focus micro-
scopes with magnification X40,which allow control
of the position of the target with prescribed ac-
curacy. The control can be accomplilished either
directly at the vacuum chamber or remotely from the
experiment control panel with the aid of a television

camera.

Fig. 18.

View of the vacuum chamber (top hemi-
sphere).




In addition, the mechanism for target adjust-
ment Is provided with a system that allows target
ad justment either remotely with telemeter control
or automatically with the aid of a special target
tracking and position computation system. The ap-
paratus for automatic adjustment consists of a sec-
tional photoelement, target Illumination system,
an optical system that magnifies and transmits the
target image onto the cathode of the photoeiement,
a signal Impuise forming scheme, and a feedback
connection system. An electrical signal proportion-=
al to the magnitude of target displacement relative
to the prescribed position Is Imposed on servo-
mechanisms which calculate target coordinates with
the accuracy of +5 um.

Search and location of the target is carried
out In a spherical volume of ~ 0.125 cm3. The
maximum time required for position defermlnafloh Is
~3 min. In practice the same length of time Is
needed to place the target into position from those
already located Inside the vacuum chamber.

Fundamental dlagnostic problems for thermo-
nuclear laser plasma are the investigation of the
absorption processes for laser radiation In the
13,14,36,37 and the

transformation processes of the absorbed radiation

corona region (Me = I02I cm_3)

into thermal energy of ions,both In the corona re-
glon and in the compressed plasma core of the tar-
get (M, = IO22 cm_3),3"|0’38 where the thermonuciear
burn Is Initiated at a sufficlently high density
and temperature.

in high-temperature heating of the plasma with
laser radlation the energy absorbed In the target
Is transformed malniy Into kinetlc energy of both
directed and random (thermal) motlions of the plasma
particies and Into energy of x-ray emission from
the plasma. From the point of view of laser-induced
thermonuclear fusion, useful processes are transfor-
mation of the energy of electrons which absorb laser
radiation (bremsstrahiung absorption) into kinetic
energy of the ordered motlion of lons toward the cen-
ter of symmetry, which leads to target compression
and Into the energy of thermal ion motion In the
dense plasma. Parasitic processes which lower the
effectiveness of target heating and compression are
energetic x-ray emission from the plasma3’|0’3g’40

and formation of streams of highly energetic (super-

13,43-47 48-51

thermai) electrons or ions as a result

of the deveiopment of parametric insfabilifies.4|’42
With respect to dlagnosing the state of the

compressed plasma core, the basic Investigation

methods here apparentiy are the method of x-ray

specfroscopy|4’28’52’53
11,12,54-58

and of particie dlagnos-
tics. In additlon, it should be remem-
bered that a quantitative study of neutron emission
during heating of targets containing thermonuciear
fuel (DD and DT mixtures) Is the basic criterion
which indicates the effectiveness of plasma heating
and supports the validity of the laser-induced
fusion concept.

Corresponding to the above~-posed problems,the
plasma dlagnostics employed In the DELFIN facllity
can be divided Into the following classes:

l. Optical dlagnostics in the wavelength inter-
val X = 0.35 to 1.06 um;
2. Plasma spectroscopy in high UV and soft x-ray

spectra (A =1 to I03 X);

3. Spectroscopy of the hard x-ray radiation (X

< | R); and
4. Particle diagnostics.

The vacuum chamber and some elements of the
diagnostics are shown schematicaliy In Fig. 19.

Optical methods of Investigation In the present
work consist of high-speed, muitliexposure , shadow-
graph photography of the Interaction process and
interferometry of the plasma corona. The main aim
of shadowgraph photography is the measurement of
the fate of the energy absorbed in the plasma by
the method based on the study of the dynamics of
expanding shock waves generated by the plasma ex-
3,10,59,60 1 addition,

Investigation of the Initial stage of shock wave

plosion in a background gas.

expansion, before the simiiarity regime correspond-
ing to instantaneous polint explosion,sl’62 al lows
estimation of hydrodynamic plasma parameters until
in this
way can be carried out, for exampie, temperature
10,63 The opti-

cal scheme for the shadowgraph photography (see

the actlon of the laser beam Is terminated.
measurements In the glowing plasma.

Fig. 19) consists of a ruby laser (oscllilator, pulse
length forming system, and an amplification stage)
synchronized by means of an RLP with the high-energy
neodymium laser, an optical-delay scheme, and a
collecting-registering unit. The length of the Ii-

lumination puise Is determined by the transmission
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Vacuum chamber and dlagnostic Instrumenta-
tion. i-target, 2-image converter streak
camera, 3-time-resolved interferometer,
4-scintiilation neutron detectors, 5-pin-
hole camera, 6-x-ray spectrometer, 7-
focusling x-ray spectrometer, 8-nuclear
photopiate, 9-activation counter, 10-ion
probe detector, li-scintiiiation detec-
tor, 12-ruby laser, |3-optical delay
system, 14-recorder of the shadowgraph.

window of the silcing celil which, In Its construc-
tlon, Is analogous to the siicing Kerr cell in the
neodymium {aser and Is T=0.5 ns. The time Inter-
vals between frames can be changed in the range
from | ns to 100 ns with the maximum delay of

~ 1 @s. In this way the system allows obtaining
19-frame shadowgraph UV Images generated by the
plasma giow In the background-gas atmosphere with
time resolution of ~ 0.5 ns and spatial resolution
~ IO_2 cm with the maximum frame repetition rate

| GHz.

For the backgrouhd the gas most often used Is
deuterium at a pressure p = 5 to 20 mm Hg.

The probiem to be studied with high-speed
interferometry of the laser plasma Is the Investiga-
tion of the time evoiution of the density profiie
In the plasma "corona"™ in the interval I0I8 cm_3

<n, < 102" em™. in the experiment utilized Is
the scheme of a time-resoived Interferometer (see
Flg. 19) with Interferogram recording on an Image
converter streak camera. Spatlal resolution of the
Interferometric system at the objective Is~20 um
and temporal ~ 0.1 ns. A light puise from a ruby

laser (X = 0.6943 ym) and radiation at the second
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harmonic of the ruby laser emission are used as a
Length of the

1 1ght source puise T = 25 ns corresponds to the

1 ight source for the Interferometer.

puise length of the ruby laser before transmission
The EOP Is syn-

chronized with the subsequent process with the ald

through the pulse forming system.

of an RLP triggered by radiatlon emission from the
baslc neodymium iaser which Is used for the forma-
tion of the scan pulse for EOP as In the work des-
cribed In Ref. 64.

Simultaneously with the recording of Inter-
ferograms with an Image converter streak camera In
this experiment utiliized Is high-speed frame Inter-
feromefrylo’65 whose fundamental alm [s the symmetry
control of the piasma sphere which together with
Interest of Its own (analysis of target heating sym-
metry) Is very Important from the point of view of
correctness of reduction of Interfetograms recorded

64,66 in

frame recording of the Interferogramd time resolu-

with the Iimage converter streak camera.

tion ~ IO_2 cm and time Intervals between frames.are
1.5 ns with number 6f frames equai to 7.

Analysis of the evolution of plasma density In
the corona on the basis of Interferometric measure-
ments makes posslbie investigation of the mechanism
of plasma ablatlion caused by the action of the reac-
tive pressure puise of the corona and estimation of
the effectiveness of using target mass for Its thet-
monuciear compression and heating. Comparison of
the results of measurement with corresponding com-
putations Is very useful for the determination of
the compression of dense plasma core.3’Io

Spectroscopy In the regime of vacuum UV radia-
tion (X = 50-1000 Z) Is used to Investigate the
line emission from plasma for diagnostics In the

reglon n_ > 102! em™>

and, together with Interfer-
ometry in this range, makes It possibie to Investi-
gate the time and spatial structures of the density
profile. For diagnostic purposes a spectrograph
Is used with tangential Incldence67 (angies of Inci-
dence 86°, 88°, and 89°; radlius of Rowiand's circle
2000 mm) and diffraction (refiection) grating .
covered with golid and platinum.

The dlagnostics of radiation emission from
plasma In the regime of soft x-rays (A =1 to 10 A)
Incliude means for recording Iine emission and Iight-
gathering focusing spectrographs with concave crys-

tals as in the schemes of Johann and Koshua.?% 7!




Its purpose is to Investigate temperature, plasma
density, and piasma ionlzation state In different
reglons of the target.

For plasma diagnostics in the continuum x-ray
emission with high spatial resoiution (~ 10 um at
the objective) used are multichannel pinhole cam-

er_asl4,38,72

which record radiation on a speclal
photoemuision. of the type UV—VR73’74 after It Is
fiitered through absorbers of different densitlies.
This method Is one of the ways to measure the magnli-
tude of the compression In the dense target core38
and aliows, in principle, measurement of spatial
distribution of density and temperature up to Ny
= I025 cm_3.

methodology 1imiting Its applications are the very

Fundamental disadvantages of this

jow |Ight-gathering power of the system (o™ to
10"°) and absence of time resolution.

To increase the |light-gathering power and to Im-
prove spatial resolution of the dlagnostics systems
of the DELFIN faclilty a special mirror focusing sys-
tem of crystal-analyzers bent at the P-order sur-
faces75
Ing power to IO_2 to I0_3. - Development of this sys-
tem made it possible to reallze x-ray diagnostics of
the laser plasma with time resoiution ~ 0.6 ns. In
I+ the photography of plasma In the 1ight of specific
x-rays can be accompiished both In the frame-imaging
mode, using speclal 1lnes of the optical delay and
of the Pockels cell synchronized with the heating
laser pulse with the ald of RLP, and In the image
converter streak camera mode.
ﬂllafor76
these methods to transform x-ray radiation into
Iight.

Another x-ray specttoscopy method that allows

A speclial fast scin-

(luminescence time ~ 0.6 ns) Is used In

laser plasma observations with time resolution Is
the recording of x-ray emission with the ald of co-
axlal photoelements of the type considered in Refs.
6 and 77. In our case a gold foll of 200-4m thick-
ness is the cathode of the photoeiement . Time
resolutlion Is ~ 0.7 ns.

Multichannel, high-sensitivity scintiiiation
detectors are emplioyed to record hard x-ray emission
(ky > 50 keV), which contalins Information about fast

(superthermal) electrons In the plasma.
78

A plastic
(2% terphenyi + 0.02% ROROR in poly-

sterol) with luminescence time of ~ 3 to 4 ns is

scintillator

Is used ailowing to Increase the |ight gather-

used to transform x-ray emission into iight and to
obtain time resociution fo the system.

Neutron measurements and lon probe defecfors56
are empioyed for particle diagnostics. lon probe
detectors are intended for measurement of spectral
composition of ions emitted from the plasma in the
fon energy range | to 100 keV. Neutron diagnostics
Inciude neutron time-of-fiight measurements with

neutron scinttilation defecforslo’I2

and quantitative
measurements of neutron beams emitted from the plasma
with nuclear phofoemulslonII and actlvation counters
(indlum and siiver). A speclal place here Is occu-
pled by the compression diagnostics from spectral

composition and ratio of the quantity of DD neutrons
to ?;—;gpe neutrons generated In the deuterium pias-

’

ma Speclal scintliiator detectors of very

high sensitivity having time resolution of ~ 3 ns
are used for thils purpose; this aliows sufficlently
accurate measurements of the spectra and quantities
of DD and DT neutrons at the levei of I07 to I0Io
neutrons per burst.
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LIMITS OF POSSIBILITIES FOR HEATING SPHERICAL
TARGETS WITH LASER RADIATION*

in the majority of Investigations of iaser-ini-
tlated thermonuclear fusion (LTS) principal atten-
tlon Is devoted to the study of physical processes
occuring in thermonucliear plasma's_“’zz_26 during
heating with high-energy IlIght radiation and to the
achievement of physicaliy useful thermonuciear ener-
gy yield.!Z"16

rule that the laser beam parameters are such as to

In these studies it Is assumed as a

assure sufficient energy deposition in the absorp-
tlon zone and the question of the possibiiity of
attaining such required regime of (laser) facillty
operation Is not consldered.

To assess the prospects of one or another ap-
proach to LTS, It Is necessary to analyze the possi-

bilities for attaining a parameter overiap between

the laser-target system and the laser beam radliation.

In the existing literature the problem of attainable
limits in the concentration of ilaser radiation on
Esti-

mates obtalned in Ref. 3 were based on ldeal ized

the target surface has not been considered.

values of radiation parameters,which can be barely
realized with great effort in the most simpie single
lasers. In multibeam laser systems used for spheri-
cal heating of plasma, It Is not possible to achieve
such careful adjustments and correlations of the
temporail and spatial structure of radlation in all
the beams; this leads to signiflcant departures of
radiation parameters from their Ideal values and
thus significantiy Iimits the range of applicabliity
of different LTS concepfé.

We will now examine the question of attalnable
IImits In spherical irradiation of piasma with high-
energy laser pulses,taking Into account the realis-
tically attainable values of radiation paramefers.I7

The limiting value of the brightness B__ of

pr

laser radlation with total energy E, and a total

L

*¥Transiator's note: This section is transiated from
FI1AN USSR Preprint No. 151 (1976), "High Energy
Laser Thermonuciear Facliity 'Delfin'" by N. G.
Basov, 0. N. Krokhin, Yu. A. Mikhailov, G. V. Skiiz-
kov, S. 1. Fedotov. Preprint No. 151 Is a iess de-
talled description of the DELFIN facillity than the
one provided in Preprint No. 74 and transiated in
full; however, material in this section Is not con-
tained In Preprint No. 74, and therefore is appended
here for the sake of completeness.

output cross-section area of the active medium, S,
for the puise iength T Is related to the intensity

epr = EL/S, and beam divergence o by

2
=€ Ta©T

On the other hand, using the lagrange-Heimhoitz the-
orem, the laser brightness B can be expressed In
terms of parameters describing radiation at the tar-

get of radlus o Iin the foilowing form:
B = £ /(167°&Nrr?) . 2)

In expression (2) account is taken of the fact that
the full solld angle of the radlation convergence
onto the target from the last component of the fo-
cusing optics,which has a transmission coefficient
¢ and occupies a sphere of radius equal to the focal
length with a fill coefficlent 7, equals 4mn. Ob-
viouslysthe Inequaiity B =< Bpr Is a condition for
an effective plasma heating.

We wiil now make a few comments about the quan-
tities a and ep The divergence of the laser radla-
tion at the output Is determined by the quality of
the optical medium (optical inhomogeneity, double
refraction, Internal flaws, etc.) and errors iIn
surface finish of optical elements (deviations of
shapes of working surfaces from prescriptions, im-
perfect alignment, wedge effects, polishing, etfc.).
An Increase In laser energy is accompanied by an
increase of the optical path In the active medium, L,
and an Increase of the number of optical surfaces,
Np, which lead to worsening laser beam divergence.

Concerning the voiume quality of the optical
medium, It is appropriate to consider that the main
reason for the Increasing anguiar beam divergence is
the optical distortion of active laser elements at

the time of optical pumpln927’28

caused by the non-
uniform heating of the rods,and connected with it,

thermal distortions of the rods and fiuctuations in
Note that when the distor-

tlon is sufficlently symmetric, the distortion effect

the refraction Index n.

of the propagating wave front becomes equivalent to
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the actlon of some positive or negatlive Ien528’29

which can be compensated for, to greater or lesser
degree, with the addition of suppiementary opticai
elements at the output end.30

On the other hand, smaiil fiuctuations In the
surface finish of the opticai eliements capable of
Increasing beam divergence substantlialiy cannot be
compensated for, and thelr effect on the beam diver-
gence |s determined only by the number of surfaces
and the quality of finish.

To estimate the effects of the optical surface
imperfections at some reference distance D leading
to wavefront deformation and to beam dlivergence, one

can use the concept of an "effective lens" and

write
4Ao
a = arctg ?‘5 (n2 - nl)‘\l Np ’ (3)
where n and n, are Iindices of refraction of optical

media separated by a surface with Imperfections Ao
and the factor NL/Z
sense for the cumuiative effect of Individual Im-

To ob-

tain numericai estimates, Ao can be Taken to be

accounts In the mean square
perfections considered as random variations.

equal to the mean surface deviation of the optical
element from the sphere or the planey,which in optics
Is usually expressed In terms of the number of Inter-
ference rings or fringes, AN. In accordance with
tolerances for reflecting surfaces of mirror-prism
sysfems,}I we choose AN = 0.5 (high-accuracy group)
which corresponds to |imits attalnable In routine
finishing of a large number of optical surfaces in
the laser system.

For 2 muitibeam laser system of the kind des-
cribed in Refs. 2, 3, and 5 containing Ny stages
with number of surfaces In the stage m = Np/nk and
the ampiification coefficient for the stage k the
overall number of surfaces In each beam depends on

the total system output energy In the following way:

m
Np=‘ m{n (Ep/eprso) » (4)

where So—cross—secflon area of the |ight beam at the
it shouid
be noted that the high-energy amplification stages of

entrance to the first amplification stage.

the DELFIN facliliity are constructed In accordance
with such principie and satisfy estimate (4).
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In the following analysis of beam dlvergence
considered are lasers with rod (m = 10) and disk (m
= 34) amplifiers. In the analysis of the system with
rod ampliflersyit Is assumed that active elements
have the same length L = (¢n k)/K = 560 mm (K - galn
coeffliclent per unit Iengfw and dlameter of 45 mm,
which corresponds to maximum aliowable output energy
of ~ 50 J at the ex!t from the first ampiification
stage In a nanosecond intervai. In the computations
the value k = 3 Is used,which Is characteristic for
active elements with the above dimensions made of
GLS-1 glass In the saturated gain regime (fiux den-
sity q =z | Gw/cmz). The value m = |0 Is chosen on

the basis of experimental dafaz’3

and conslistentiy
with the constructlion scheme of the ampiification
stages of the DELFIN faclility.

for the laser system of the type described in
Ref. 7 with disk ampiifiers of active thickness {4
and aperture D = 2(SD/W)I/2, the number of optical
surfaces (NPD) In the channel Increases relative to

the rod system (NPS) approximately as
Nob o fy s 2tk (BN L (B
N Kim € S e S
ps pr D pr-c

it should be noted that with Increasing apertures of

(5)

optical elements the Imperfectlions In thelr manufac-
ture Increase as also do distortion of the optical
elements caused by thelr own welghts. The result Is
a 2 to 3 times worse beam dlivergence for disk systems
than for rod systems.

With respect to the allowabie beam Intensity In
the optical medium, we note that Its magnitude de-
pends essentlally on the parameters of the amplified
puise and, most of all, on its iength that determines
the relevant mechanism,which |imits the attalnable

flux density In the medium.
12

Thus for very short
to 107'0 s the 1imiting

mechanism Is self-focusing of laser radliation, and

puises with length T = 10~

for 7= 108 to 1077 s, the mechanism Is disturbance
of optical surfaces. Experimental data obtalned
for Nd-glass In different instaliations>? suggest
the following expression to approximate the depen-

- 27
dence of cpr(T) In the Interval T = 10 4o 1077 st

€or = eOT*I/z , (6)



where E-:pr]= J/cmz, € = 3 J/cmz, T% = nondimenslonal
time (T* = T/To; T, = IO_9 s). Substituting expres-
r Into Egs. (1) and (2), the

Inequal ity B = Bpr can be rewritten In the form

slons for o, Np, and ¢

/2 4 1/2 x1/2g ym/tn k

|
Ao(n2 - nI)EL (EL/edT o

I/ng"neoi)l/z

, cm.

nIDT*

(7)

The expression thus obtained Imposes a lower bound
on the radlus of the target, which can be heated by
a laser beam without losses connected with the Im-
possibllity to concentrate |ight energy In very
smail volumes with the existing optics.

On the other hand, effective heating of plasma
to temperatures which ensure specific energy per
unlt mass e with effectiveness ¢ of energy conver-
slon from laser radiation into thermal, and with
the coefficlent ¥ giving the fraction of voiume of
(4/3) r3 occupled by the target matter of density,
R Is possible only if the conditlion

3ELC /3
r=r,= (8)

41Tpo‘ye

Is satisfled; this Is an upper bound on the allow-
able target radlus.

Famiiles of curves, r (EL) delineating ad-

missable ranges of fhermon&éfear target slzes,which
can be heated In laser facliities with rod eiements
with m = 10 and with energy up to 5 x I07 J, are

Iin Fig. | and in what foliows E
is the ;ormallzed laser energy EL = EL/eprso (S,

=16 cm”, corresponding to a |ight beam of diameter
45 mm, 1ight Intensity Is taken o boe = 3 Jen?,

and puise length T = | ns).

given In Fig. 1. L

Dashed curves corres-
pond to bounds on the radlius of glass (po = 2.5
g/cm3) microbalioons (r = rz). Used as a parameter
here Is the coefflclent ¥ that varles between the
Iimits of 0.2 and 0.005,which for r = 500 um corres-
ponds to wall thicknesses In the range | to 30 um.
Dash-dot curve corresponds to rz(EL) for solld tar-
get (¥ = 1) of frozen DT (p_= 0.25 g/cm3). The
parameter for solid curves, which define Iimit of

mmmycmmmﬁmfmnIn+m1amef(r=rﬁ,Isfm

(1
Do = 45 mm
m =10 4
N =5x 1072 ol
¢ =8x IO': “‘/,/
=6x 107 o7
13
° P E = 3 J/cm? A f’
X 7,
[ /
"
=2
2 10l
[0 4
o+
Q
[¢)]
o
o
-
1072
103

108 10° 108 1t 105 108

Normaiized Laser Energy Er

Flg. i. Dependence of Ilimiting values, r,(—) and
ro(---), of target radius on Iasér energy
for the system with actlive elements in the
form of 45-mm-diam rods. For AN = 0.5;

Ay is 7=0.5ns, By Is T= 2 ns, CI Is
T=10ns, D; is T= 102 ns. E;y Is' T 3
= 0.5 ns with AN = 0.i. With pg = 2.5 g/cm
and € = 108 J/g, Ay Is ¥=5x 1073, B, is
¥=10"2, C; Is ¥= 5x 1072, and Dy is ¥
=2 x 10-1.7 With pg = 0.25 g/cm3 and ¢

= 107 J/g, Ep is ¥ = 100. Cross~-hatched
region Is the range of admissable values
of target radius In the case "C; - Dp".

puise length varying from 7 = 0.5 ns to T = {00 ns.
From Fig. 1 it Is clear that with Increasing energy
of the laser system, the range of allowable values
of r narrows and there exists a certain Iimitng

value EEr determined by the transcendental equation

gPr m/in k
/2 L
172
o

AO
E— (n

|

- )n
2° N

€ So

n N\ 174
" —rTTE (33 - ) Mgeg)'? s
(EL ) (po'ye)

(9)

Thus obtained expression makes it possible to analyze
the Infiuence of different factors on the magnitude
of achlevable energy. Ffor exampie, for a disk laser

system with m = 34, £ = 50 mm and Do = 300 mm, the

23



uitimately achlievable energy during heating of micro-
5 x 107°) with a laser pulse
= 2-ns long Is EEr = 6 x I05 J, which, by com-

parlison,

baiioon targets (¥ =

Is an order of magnitude iower than the
energy achlevabie In the case when active rod ele-

o = 45 mm (see Flg. 2).
Flgure 2 also lllustrates advantages of microbal ioon-
type targets with respect to the attainment of high-
er values of EEr: decreasing ¥ from 2 x IO_I to

5 x I0_3, for examplie, alliows EL to Increase 200-
foid.

In rod laser systems It appears expedient to

ments are used withm = {0; D

Increase rod dlameters whiile keeping length of ac-
tlve eiements constant. However, not much gain can
be made along this dlirection because, first of all,
the rod pumping effectiveness decreases drasticaily
with Increasing diameter above 60 mm (for existing

types of glass, e.g. GLS-1), and second, the depen-
dence of Etr on diameter Is not sufficientiy strong.

Thus for a fourfoid Increase in the cross-sectional

1o T 7
4

T=2ns //,/’I,/’A

8 € =3 J/sz BI/
M=5x:10"2 / §

& E=8x |o-|I e

= 1P L =6x10 ”

w

2

o

&

4

o 101

o

[+

—

|

162
103
10? 10’ 0t P 10°
Normalized Laser Energy
Fig. 2. Comparison of dependenclies of |imlting

values rj(— ) and rp(---) of target ra-
dlus on laser energy for faciiltles with
rod (m = 10; Dg = 45 mm) and disc (m = 34,
Do = 300 mm) actlve elements. Aj ism
=34, Do = 300 mm, AN = [; By ism = 34,
Do = 300 mm, &N = 0.5; C; Is m = 10, Dg
45 mm, AN = 0.5; Dy Ism = |0, Dy = 45
AN = 0.1; A2 Is ¥=5x 10"3; By Is

mm,
Y=5x10"2; and Cp Is ¥ = 2 x 10-T.

24

area of the active element the (uitimately) attalin-
able laser energy only doubles.

It appears most frultful to utiiize optimai tar-
get constructions to increase the ultimately attaln-
able energy. As it turns out, from the point of view
of achleving |Imiting values of target heating, micro-
bailoon targets possess a number of advantages In
comparlison with solld spherical targets. We will
conslder them In more detall. In Fig. 3 are shown
the dependenclies of Eir on the length of the iaser
puise, on the target wail thickness 8 rejated to the
target fill ¥ by the relations ¥ = 3(8/r)[1 - (&/r)
+ (8%/3r%)], and on the Initial target density o_.
Continuous curves correspond to the dependence
B (1) tfor disk and rod systems, dotted curve gives
ELr(po),and dash-dot curves = EEF(T) for active rod
elements. These results (see also Fig. ) clearly
I1lustrate the hopelessness of the approach to laser-
Initiated fusion probiems within the framework of a
model based on the Isentropic compression of a homo-

12

geneous target. Utliization of nonhomogeneous

Target Material Density, pg, g/cm3

101 100 1ot 102
18 \\\ 7
B,
5 | NN A /
5 105 b——-4 yd .
5 N /
5 \ %2 /
0 N K .
L 2, /<( NS /
10‘ 7
2 N Oy
< ) \ L
S A ™
7 N
EE ¢//, .
£ / M=5x 102
g ? £=8x 07l
C=6x 10!
€ =3 J/cm?
ol AN =0.5
10l 1o° 10t {12

Pulse Length, T, ns; Normallzed Flil Coeff, 1027

Flg. 3. Dependence of |imiting laser energy on tar-
get flli coefficlent ¥ (—), target mate-
rial density po (---), and laser pulse

length T (— . —). Ay Ism =10, Dy =

45 mm, T =1 ns; A2 Is m = 34, Dy = 300 mm,
T=1 ns, Bism=10, Do =45 mm, T= | ns,
¥= 1072, With m = 10 and Dy = 45 mm, C;

Is ¥= 1072, Co Is ¥=5x 1072, and C3 Is

¥=2x 1071,



13-16 Jiows a substantial ad-

microbailoon targets
vance along the road toward experimental reallza-
tlon of laser-initiated fusion. Also, In this case
the situation may be Iimproved by simultaneousiy

(9) to

In the case of micro-
2

changing several varlabies present In Eq.
assume more favorablie values.
balloon targets the pulse length may reach | to 10
ns; parameter ¥, depending on target construction
can, in principie, be made sufficlentiy small, e.g.,
107! o 107°
reduction In the required Internal plasma energy be-
cause of optimai distribution of density and tem-

In this
way, In the construction of high-energy laser sys-

in additlon one can count on certain

perature during final compression stage.

tems for the laser~Induced fusion [t becomes
necessary to Increase T and to decrease ¥ and Do
which favors targets with sufficlentiy thin and
iight spherical wallis.

In conciuding this section, we remark about the
speciflc characteristics of laser systems with CO

2
gas for actlive medium.

Except for the mechanisms
of radiatlion absorption and heat conduction In the
target which we will not consider, considerations
simliar to the above presented can be extended to
CO2 lasers. However, because of the fact that the
allowable beam Intensity In the optical medium used
in 002 than In Nd-
glass lasers, the requirements on the parameter ¥

lasers I$ several fimes lower>
are correspondingly more restrictive.
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