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Section 3

DENSE PLASMA PHENOMENA 
AND INTENSIVE ELECTROMAGNETIC 
PROCESSES
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X-RAY LASING ON 4D-4P 
TRANSITIONS 

OF NI-LIKE MOLYBDENUM

A. V.  ANDRIYASH, D. A.  VIKHLYAEV, 
D. S.  GAVRILOV, S. A.  GOROKHOV, D. A.  DMITROV, 
A. L.  ZAPYSOV, A. G.  KAKSHIN, I. A.  KAPUSTIN, 
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A. V.  POTAPOV, V. A.  PRONIN, G. N.  RYKOVANOV, 
V. N.  SUKHANOV, A. A.  UGODENKO, O. V.  CHEFONOV

Russian Federal Nuclear Center $ Zababakhin 
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Snezhinsk, Russia

At present, a basic tendency in the  development 
of laboratory X-ray lasers (XL) is going to  the  
short-wave  range, including the  so-called &water 
window[ (22÷44 Å) being biologically important. 
The  use  of Ni-like  ions offers an advantage  over 
the  Ne-like  ions as the  pumping energy required for 
generation on the  same  wavelength is considerably 
lower for them. The  latest experiments performed 
on the  SOKOL-P  facility have  demonstrated the  
amplification on the  wavelength λ = 189 Å (Ni-like  
molybdenum, Z = 42). Using the  traveling pum-
ping wave, the  saturated operating mode  for XL 
was obtained when the  exponential growth of the  
output energy with target length becomes smoother 
and close  to  the  linear one.
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EXPERIMENTAL INVESTIGATION 
OF  SPECTRAL-ANGULAR 

DISTRIBUTION OF FAST PROTONS 
FROM REAR OF TARGET ON THE 

SOKOL-P LASER FACILITY

A. V.  ANDRIYASH, D. A.  VIKHLYAEV, 
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In this work  the  result of experiments on spec-
tral-angular distribution of protons accelerated on 
rear side  of a target are  present. The  experiments 
were  carried out on 10 TW picosecond laser faci-
clity SOLOL-P  at laser intensity of ~1019 W/cm2  
on the  target/The  targets were  thin metallic foils 
and their combinations with hydrogenous mate-
rials. The  influence  of laser radiation and irradia-
tion conditions on parameters of ion beam from the  
target`s rear side  were  studied.
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Russian Federal Nuclear Center $ Zababakhin 
All-Russia Research Institure of Technical Physics, 
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We  report on the  conditions of achievement 
of maximum intensity on the  target surfaces at 
SOKOL-P  laser facility while  focusing laser ra-
diation in a spot. The  dependence  of the  contrast 
ratio  on the  focusability was investigated. The  
1,5�2-fold focal spot size  decreasing have  been 
obtained in experiments after more  than 20 times 
ASE contrast increasing.
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3$%2!=*%!%2*%5% $,…�L…% C%$ !,ƒ%"=……%5% ,/-
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2%2…%5% .$�*2!,-�“*%5% C%$ , 3C!35,� “%3!=!�…,  
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!,““,C=(,, .…�!5,, "%ƒ/3?�…,L , “2%$*…%",2�$%-
…3< ,ƒ%2!%C,ƒ=(,< .$�*2!%……%5% !=“C!�!�$�…, . 
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PHOTOIONIZATION TWO-STREAM 
INSTABILITY IN GAS-JET PLASMA

I. A.  ANDRIYASH, V. YU.  BYCHENKOV

P. N. Lebedev Physics Institute RAS, Moscow, Russia

Instabilities in plasmas produced in interaction 
of EUV/X-ray free  electron laser (FEL) pulses 
with gaseous media have  been studied and it ap-
pears that for the  present parameters of FEL pulses 
the  most important kind of instability is a pho-
toionization two-stream (PITS) instability with 
typical increment of the  order of electron plasma 
frequency. A kinetic description, which takes into  
account electron production due  to  photo-effect 
through the  interaction of an ultrashort linearly 
polarized FEL pulse  with a gas jet, a self-generated 
low frequency electric field, and elastic electron 
scattering on atoms or Coulomb electron scattering 
on ions, is introduced to  study the  photoionization 
two-stream (PITS) instability. In the  approxima-
tion of quasi-stationary approach, which is relevant 
to  extremely short FEL pulses, the  dispersion equa-
tion including collisional terms has been derived 
and studied. Typical parameters of instability such 
as k-space  region of instability, maximum growth 
rate  and wave  number of appropriate  mode  and 
threshold electron-neutral and electron-ion collision 
frequencies corresponding to  instability excitation 
have  been obtained. The  characterization of PITS 
instability is also  presented for arbitrary pulse  du-
rations by solving integral equation in time  for 
electron density perturbations which accounts for 
gas photoionization, instability excitation due  to  
anisotropy of photoelectrons, collisional damping of 
the  unstable  perturbations, and collisional plasma 
isotropization. Relaxation of PITS instability is 
studied for different relations between FEL pulse  
duration, instability growth time, and electron col-
lisional time.
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RELATIVISTIC ELECTRON HEATING 
IN FOCUSED MULTIMODE LASER 

FIELDS WITH STOCHASTIC 
PHASE PERTURBATIONS

YU. A.  MIKHAILOV, L. A.  NIKITINA, G. V.  SKLIZKOV,  
A. N.  STARODUB, M. A.  ZHUROVICH

P. N. Lebedev Physical Institute of RAS, 
Moscow, Russia 

A direct relativistic electron acceleration simu-
lation model with a given electromagnetic field, 
which is determined by the  wave  packet param-
eters, is considered. The  multimode  time-spatial 
structure  of a focused Nd-laser beam with stochas-
tic phase  disturbances of each of the  spectral com-
ponents is taken into  account as a source  of ran-
dom forces.  The  electron energies of more  than 

10 MeV are  derived even at moderate  flux densi-
ties of 1016 W/cm2. The  developed numerical code  
makes it possible  to  obtain a quantitative  ener-
gy distribution function in relation to  both the  
field intensities and temporal U-shape  of the  laser 
pulse.  An efficient heating of electrons can be  trig-
gered in the  presence  of counter propagating wave  
being reflected from the  critical plasma area with 
varied reflection coefficient. The  heating mechanism 
occurs with a delay relative  to  the  beginning of a 
pulse  when the  laser fields exceed certain threshold 
amplitudes. A qualitative  comparison of simulation 
results with the  experimental data is given as the  
evidence  that this mechanism is not unreasonable. 

dbrlepmne lndekhpnb`mhe 
hnmmncn rqjnpemh“ b l`k{u 

lmncnbhdnb{u lhxem“u 
ond k`gepm{l nakr)emhel 

q onlny|~ opncp`ll{ 
)`qŠh0{-b-“)eije 

df.  oqhj`k1, 2, df.  khlonr)1, 
b.  Šhunm)rj2, n.  jkhln1, 
`.  ap`mŠnb3, `.  ̀ mdpeeb4

1t=*3$%2�2  !�!…%L -,ƒ,*, , ,…›�…�!…/. …=3*, 
)�=“*,L 2�.…,-�“*,L 3…,"�!“,2�2 " o!=5�, o!=5=, 

)�=“*=  !�“C3K$,*=

2CELIA, m=(,%…=$%…/L (�…2! …=3-…/. ,““$�!%"=…,L $ 
`5�…2“2"% C% =2%/…%L .…�!5,, $r…,"�!“,2�2 a%!!%1, 

Š=$�…“, t!=…(, 

3t,ƒ,-�“*,L ,…“2,232 ,/. o. m. k�K�!�"=, 
p%““,L“*=  =*=!�/,  …=3*, lnqjb`, p%““, 

4h…“2,232 $=ƒ�!…%L -,ƒ,*,, c%“3!=!“2"�……/L 
%C2,-�“*,L ,…“2,232 ,/. q. h. b=",$%"=, 

q=*2-o�2�!K3!5, p%““,  

b !=K%2� ,““$�!3�2“  ,%……%� 3“*%!�…,�, "/-
ƒ"=……%� "ƒ=,/%!�L“2",�/ -�/2%“�*3…!…/. $=-
ƒ�!…/. ,/C3$%“%" “ /,=�… /, “ %5!=…,-�……%L 
/=““%L (limited targets), “ C%/%?%< !=ƒ!=K%2=…-
…%L …=/, …%"%L !"3/�!…%L C!%5!=/// -=“2,(/-
"- -�L*�. b %2$,-,� %2 %K/-…/. ,%……/. 3“*%-
!,2�$�L “ K%$%=,/, !=““2% …, /,, 3$%2!=,…2�…-
“,"…/L -�/2%“�*3…!…/L $=ƒ�!…/L ,/C3$%“ /%-
›�2 3“*%! 2% ,%…/ " /,*!%/,*!%…%/ /=“=2=K� 
!% .…�!5,L " …�“*%$%*% l.b …= …3*$%…. 

b !=K%2� // -%*3“,!3�/“  …= "ƒ=,/%!�L“2-
", . $=ƒ�!= “ /…%5%",!%"%L C$=ƒ/%L (multispecies 
plasma), -%!/,!3<?,. %!…%!%!…3< “/�“% 2 ›�-
$/. , $�5*,. ,%…%". o!%"%!,2“  “!="…�…,� .…�!5�-
2,-�“*%5% K=$=…“=, .--�*2,"…%“2, C!�%K!=ƒ%"=…,  
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$=ƒ�!…%5% ,ƒ$3-�…,  "  K/“2!/� ,%…/ , !,"�!-
5�…(,, $3-�L K/“2!/. ,%…%" !$  /,=�…�L !=ƒ-
$,-…%L -%!// (“-�!,-�“*%L, -!=5/�…2= -%$%5,, 
,ƒ%5…32%5% -!=5/�…2= -%$%5,). m==, -,“$�……/� 
!�ƒ3$%2=2/ C%*=ƒ/"=<2, -2% -%!/,!3<2“  C3-*, 
2 ›�$/. ,%…%" “ 3ƒ*,/ !=“C!�!�$�…,�/ .…�!5,L. 
bƒ=,/%!�L“2",� /�›!3 $�2 ?,/, C3-*=/, $�5*,. 
, 2 ›�$/. ,%…%" !=�2 "%ƒ/%›…%“2% -=“2,-…% *%/-
C�…“,!%"=2% .--�*2 *3$%…%"“*%5% %22=$*,"=…,  
, C%!!�!›,"=2% 3ƒ*,L “C�*2!  .…�!5,L " 2�-�…,� 
!$,2�$%…%5% "!�/�…,. l/ C%*=ƒ/"=�/, -2% C!, 
,“C%$%ƒ%"=…,, “-�!,-�“*,. /,=�…�L !%“2,5=<2“  
…=,$3-=,�  .…�!5,, K/“2!/. ,%…%". a%$�� 2%5%, 
$3-  K/“2!/. ,%…%" /%›�2 K/2% “-%*3“,!%"=…, 
�“$, ,“C%$%ƒ%"=2% ,ƒ%5…32/� -!=5/�…2/ -%$%5,. 
b !=K%2� 2=*›� %K“3›!=<2“  C!�!�$�……/� =“C�*-
2/ …==�L C!%5!=/// -=“2,(/-"- -�L*� (particle-in-
cell ,$, PIC), 2=*,� *=* .--�*2,"…/� C%5$%?=<-
?,� 5!=…,(/ !$  ,“.%! ?,. .$�*2!%/=5…,2…/. 
"%$… ,ƒ K%*“= /%!�$,!%"=…, . 

2D PIC SIMULATIONS OF ION 
ACCELERATION IN LASER 

IRRADIATED SMALL 
MULTISPECIES TARGETS

J.  PSIKAL1,2, J.  LIMPOUCH1, V.  TIKHONCHUK2, 
O.  KLIMO1, A.  BRANTOV3, A. ANDREEV4      

1FNSPE, Czech Technical University in Prague,  
Prague, Czech Republic

2CELIA, CNRS-CEA-Universite Bordeaux 1, 
Talence cedex, France

3P. N. Lebedev Physics Institute, Russian Academy 
of Sciences, M%scow, Russia

4ILP, S. I. Vavilov State Optical Institute, 
St. Petesburg, Russia

Ion acceleration by the  interaction of femtosec-
ond laser pulses with mass-limited targets is stud-
ied here  via our newly developed two-dimensional 
particle-in-cell code. In constrast to  conventional 
ion accelerators using long distances, an ultrain-
tense  femtosecond laser pulse  may accelerate  ions 
on μm-scale  to  energies of several MeV per nu-
cleon. We  concentrate  here  on laser interactions 
with multispecies plasma forming a homogenous 
mixture  of heavy and light ions. Energy balance, 
laser conversion efficiency to  fast ions and the  
divergence  of fast ion beams are  compared for dif-
ferent target shapes (sphere, foil section, curved 
foil section). Our numerical results show the  for-
mation of light ion bunches with a narrow energy 
spread. In-flight interaction between the  light and 
heavy ion bunches allows one  to  compensate  par-

tially for the  effect of Coulomb repulsion and to  
maintain a narrow energy spectrum for a long time. 
We  demonstrate  that spherical targets enhance  
the  achievable  fast ion energy. Moreover, fast ion 
beam can be  focused when a curved foil section is 
employed. Certain aspects of our PIC code, such 
as efficient absorbing boundaries for outgoing 
electromagnetic waves from the  simulation box, 
are  also  discussed. 

dbrlepmne lndekhpnb`mhe 
bkh“mh“ hnmhg`0hh onkel 

m` rqjnpemhe hnmnb oph 
nakr)emhh Šnmjhu tnk|c 

k`gepm{l hlork|qnl 
hmŠemqhbmnqŠ|~ 1021 bŠ/ql2

h. b.  ck`g{phm1, b. ~.  a{)emjnb2, 
`. b.  j`poeeb1, n. c.  jnŠnb`1, 
b. `.  k{jnb1, q. h.  q`l`phm1, 

`. m.  qkeq`peb`1, e. ~.  qlhpmnb1

1 p%““,L“*,L -�!�!=$%…/L  !�!…/L (�…2! # 
bmhh 2�.…,-�“*%L -,ƒ,*, 

,/. =*=!. e. h. g=K=K=.,…=, q…�›,…“*, p%““, 

2 t,ƒ,-�“*,L ,…“2,232 ,/. o. m. k�K�!�"=,  
p`m, l%“*"=, p%““, 

o!, "ƒ=,/%!�L“2",, -�/2%“�*3…!…/. ,/C3$%-
“%" Ti-Sa $=ƒ�!= ,…2�…“,"…%“2%< 1021 b2/“/2  “ =$<-
/,…,�"%L -%$%5%L 2%$?,…%L 0,1 /,*!%… ,%…,-
ƒ=(,  "�?�“2"= %C!�!�$ �2“  .$�*2!,-�“*,/ 
C%$�/ $=ƒ�!=. o% ","=,�“  " !�ƒ3$%2=2� 2=*%L 
,%…,ƒ=(,, .$�*2!%…/ =…,ƒ%2!%C…/ " C!%“2!=…“2"� 
,/C3$%“%", , .%2  !=ƒ","=<?= “  "�LK�$�"“*=  
…�3“2%L-,"%“2% !�$=�2 -3…*(,< !=“C!�!�$�…,  
.$�*2!%…%" “ 2�-�…,�/ "!�/�…, K$,ƒ*%L * ,ƒ%2!%C-
…%L, .--�*2 -%2%,%…,ƒ=(,, *=-�“2"�……% /�… �2 
.=!=*2�!  "ƒ=,/%!�L“2",  $=ƒ�!-/,=�…% C% “!="-
…�…,< “% “$3-=�/ C!�!"=!,2�$%…% ,%…,ƒ%"=……%L 
(…=C!,/�!  C!�!,/C3$%“%/) C$=ƒ/�……%L -%$%5,.  
d$  ,““$�!%"=…,  !%$, ,%…,ƒ=(,, C%$�/ $=ƒ�!-
…%5% ,ƒ$3-�…,  =$</,…,�"%L /,=�…, C!%"�!�…/ 
-,“$�……/� !=“-�2/ “ ,“C%$%ƒ%"=…,�/ !"3./�!…%L 
5,K!,!…%L C!%5!=///, !=““-,2/"=<?�L !",›�…,� 
K/“2!/. .$�*2!%…%" /�2%!%/ -=“2,(, = 2�C$%"/. 
-=“2,( # " lcd-C!,K$,›�…,,. p�ƒ3$%2=2/ !=“-
-�2%" “ 3-�2%/ ,%…,ƒ=(,, C%$�/ “!="…,"=<2“  
“ !=“-�2=/, "ƒ=,/%!�L“2",  $=ƒ�!…%5% ,/C3$%“= 
2=*%L ›� /%?…%“2, “ =$</,…,�"%L C$=ƒ/%L, *%-
2%!=  C�!"%…=-=$%…% ,/�$= “!�!…<< “2�C�…% ,%-
…,ƒ=(,,, “%%2"�2“2"3<?3< 2�/C�!=23!� 100 .b.  
o%*=ƒ=…%, -2% .--�*2,"…%“2% C�!�!=-, .…�!5,, 
%2 C%$  $=ƒ�!= .$�*2!%…=/ , ,%…=/ “3?�“2"�……% 
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"/=� " “$3-=� 3-�2= .--�*2= ,%…,ƒ=(,, C%$�/ 
"�?�“2"= -%$%5,. o!, .2%/ ,ƒ/�… <2“  2%$?,-
…= “*,…-“$%  , .…�!5,  .$�*2!%…%". Š=*›� " .2,. 
!=“-�2=. !$  ,ƒ3-�…,  3“*%!�…,  ,%…%", "%ƒ…,-
*=<?�5% …= 2/$%…%L “2%!%…� -%$%5,, K/$ ƒ=!=… 
“$%L "%!%!%!= 2%$?,…%L 0,01 /,*!%…, /%!�$,!3-
<?,L �“2�“2"�……%� ƒ=5! ƒ…�…,� /,=�…,. o!%2%…/ 
3“*%! <2“  C%$�/ !=ƒ!�$�…,  ƒ=! !%", C!,-�/ 
" “$3-=� 3-�2= ,%…,ƒ=(,, C%$�/ *%$,-�“2"% ,%…%", 
.…�!5,  *%2%!/. $�›,2 " !,=C=ƒ%…� 20#100 l.b, 
“3?�“2"�……% C!�"/==�2 *%$,-�“2"% ,%…%" " “$3-
-=� ,ƒ…=-=$%…% ƒ=!=……%L C$=ƒ//. 

p=K%2= "/C%$…�…= C!, -=“2,-…%L C%!!�!›*� 
C!%�*2%" lmŠ0 # 2289 , ptth # 06-02-16103.

2D MODELING OF FIELD IONIZATION 
ROLE IN ION ACCELERATION FROM 
THIN FOILS IRRADIATED BY LASER 

PULSE OF 1021 W/CM2 INTENSITY

I. V.  GLAZYRIN1, V. YU.  BYCHENKOV2, 
A. V.  KARPEEV1, O. G.  KOTOVA1, 
V. A.  LYKOV1, S. I.  SAMARIN1, 

A. N.  SLESAREVA1, E. YU.  SMIRNOV1

1Russian Federal Nuclear Center $ Zababakhin 
All-Russia Research Institure of Technical Physics, 

Snezhinsk, Russia

2 P. N. Lebedev Physics Institute RAS, Moscow, Russia

Ionization of matter under the  interaction of 
femtosecond Ti-Sa laser pulse  of 1021 W/cm2 inten-
sity with Al foil of 0.1 Um thickness is determined 
by the  laser electric field.  The  electrons appeared 
after ionization are  anisotropic in momentum space  
and despite  of developing Weibel instability, which 
makes electrons distribution function close  to  the  
isotropic one  with time, the  effect of photoioniza-
tion qualitatively changes the  laser-target inter-
action in comparison with the  preformed plasma 
target case  (e.g., due  to  the  laser prepulse). Nu-
merical simulations with 2D hybrid code  (the  PIC 
model for fast electrons and the  MHD approach for 
thermal particles) have  been performed to  study 
the  role  of laser field ionization of the  Al tar-
get. The  results of such simulations are  compared 
with that for interaction of the  same  intensity laser 
pulse  with a plasma slab having an average  ioniza-
tion degree  corresponding to  100 eV. It is shown, 
that efficiency of energy transform from laser field 
to  electrons and ions is much higher when field ion-
ization effect is taken into  account, the  depth of 
skin-layer and electrons energy are  increased. Also, 
in these  simulations to  study an ion acceleration 
the  water contamination of the  rear side  of the  foil 

has been modeled by the  ultra-thin hydrogen layer 
of 0.01 Um thickness. The  protons are  accelerated 
up to  high energies due  to  the  charge  separation 
effect, in the  case  of field ionization the  number of 
ions with the  energy in the  range  of 20#100 MeV 
is considerably higher than the  number of ions in 
the  case  of given plasma slab. 

This work  was supported in part by the  Inter-
national Science  and Technology Center (Project 
No. 2289) and the  Russian Foundation for Basic 
Research (Grant No. 06-02-16103). 

)hqkemmne lndekhpnb`mhe 
pefhlnb rqjnpemh“ 

}kejŠpnmnb b jhk|b`Šepmni 
bnkme k`gepmncn hlork|q`

c. b.  a`idhm, b. `.  k{jnb

p%““,L“*,L -�!�!=$%…/L  !�!…/L (�…2! # 
bmhh 2�.…,-�“*%L -,ƒ,*, 

,/. =*=!. e. h. g=K=K=.,…=, q…�›,…“*, p%““, 

o!%"�!�…/ 3D PIC !=“-�2/ C% ,ƒ3-�…,< !�›,-
/%" 3“*%!�…,  .$�*2!%…%" " *,$%"=2�!…%L "%$-
…� 3$%2!=*%!%2*%5% $=ƒ�!…%5% ,/C3$%“= "/“%*%L 
,…2�…“,"…%“2,. 0�$% ,““$�!%"=…,L # " %C!�!�-
$�…,, C%!.%! ?�5% “(�…=!,  2�“…% “" ƒ=……/. 
C$=ƒ/�……/. C!%(�““%", C!,"%! ?,. " !�ƒ3$%2=2� 
* C%$3-�…,< /%…%.…�!5�2,-…/. ,%……/. C3-*%" 
"/“%*%L .…�!5,,. p=““/%2!�…/ "=!,=…2/ “%-�2=-
…,  !=ƒ$,-…%L ,…2�…“,"…%“2, $=ƒ�!= , !=ƒ$,-…%L 
C$%2…%“2, C$=ƒ//.

NUMERICAL SIMULATIONS OF THE 
LASER WAKEFIELD ELECTRON 

ACCELERATIONS REGIMES

G. V.  BAYDIN, V. A.  LYKOV

Russian Federal Nuclear Center # Zababakhin 
All-Russia Research Institure of Technical Physics, 

Snezhinsk, Russia

There  was fulfilled 3D PIC simulations to  inves-
tigate  some  regimes of high-intensity laser wake-
field electron accelerations. The  aim was to  specify 
scenario  of the  close  coupled plasmas processes 
which lead us to  high-energy monoenergetic ion 
beams. There  was taken various combination of 
laser intensity and plasma density.
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}jqoephlemŠ{ on 
hqqkednb`mh~ p`anŠ{ 

lhxemei meop“lncn qf`Šh“ 
m` rqŠ`mnbje hqjp`-5 b 

rqknbh“u nakr)emh“ k`gepm{l 
hgkr)emhel bŠnpni c`plnmhjh

b. h.  ̀ mmemjnb, q. `.  aek|jnb, `. b.  aeqq`p`a, 
q. b.  anmd`pemjn, n. `.  bhmnjrpnb, 

q. c.  c`p`mhm, p. b.  c`p`mhm, c. b.  dnkcnkeb`, 
m. b.  fhdjnb, b. o.  jnb`kemjn, 
c. c.  jn)el`qnb, `. c.  jp`b)emjn, 

b. `.  jpnŠnb, d. m.  khŠbhm, o. ~.  kno`Šhm, 
q. o.  l`pŠ{memjn, e. h.  lhŠpnt`mnb, 

b. l.  lrprcnb, `. b.  qemhj, 
j. b.  qŠ`pndra0eb, m. `.  qrqknb, c. b.  Š`)`eb

p%““,L“*,L -�!�!=$%…/L  !�!…/L (�…2! # bmhh 
.*“C�!,/�…2=$%…%L -,ƒ,*,, q=!%", p%““, 

o%“$� %*%…-=…,  /%!�!…,ƒ=(,, 3“2=…%"*, 
hqjp`-5 , C�!�"%!= �� …= "2%!3< 5=!/%…,*3 
(!$,…= "%$…/ $=ƒ�!…%5% ,ƒ$3-�…,  …= ".%!� " *=-
/�!3 "ƒ=,/%!�L“2",  λ = 0,657 /*/), …= …�L …=-
-=2/ “,“2�/=2,-�“*,� .*“C�!,/�…2/ C% ,““$�-
!%"=…,< !=ƒ$,-…/. !�›,/%" !=K%2/ /,=�…�L 
…�C! /%5% (!�…25�…%"“*%5%) “›=2, . l,=�…% 
C!�!“2="$ $= “%K%L “-�!,-�“*,L K%*“-*%…"�!2%!, 
" (�…2!  *%2%!%5% C%/�?=$=“% “2�*$ ……=  “-�-
!,-�“*=  /,*!%*=C“3$=, …=C%$…�……=  dŠ-5=ƒ%/. 
b…32!�……   C%"�!.…%“2% K%*“= C%*!/"=$=“% “$%�/ 
ƒ%$%2=. k=ƒ�!…%� ,ƒ$3-�…,  12 *=…=$%" ""%!,$%“% 
" K%*“ -�!�ƒ 6 %2"�!“2,L !,=/�2!%/ 0,4 // , %K-
$3-=$% �5% "…32!�……<< C%"�!.…%“2%. 

d$  …%"/. 3“$%",L %K$3-�…,  …= %“…%"� -,“-
$�……%5% /%!�$,!%"=…,  “ ,“C%$%ƒ%"=…,�/ %!…%-
/�!…%L C!%5!=/// qmdo K/$, "/K!=…/ C=!=-
/�2!/ “-�!,-�“*%5% K%*“=-*%…"�!2%!= , (�…2!=$%-
…%L *=C“3$/. h“C%$%ƒ%"=…,� $=ƒ�!…%5% ,/C3$%“= 
“ K%$�� *%!%2*%L !$,…%L "%$…/ C%ƒ"%$,$% 3/�…%-
=,2% !=ƒ/�!/ K%*“=-*%…"�!2%!= , C�!�L2, %2 2 // 
K%*“= * K%*“3 “ !,=/�2!%/ 1,3 //. b !=“-�2=. !=“-
C!�!�$�…,  C%$  !�…25�…%"“*%5% ,ƒ$3-�…,  (ph) 
…= C%"�!.…%“2, C%*=ƒ=…%, -2% ,ƒ/�…�…,� “,“2�// 
-%*3“,!%"*, $=ƒ�!…/. C3-*%/ , 3“$%",L C% C%5-
$%?�…,< ,ƒ$3-�…,  "2%!%L 5=!/%…,*, " C$=ƒ/� 
C!,"�$% * 3"�$,-�…,< =“,//�2!,, ph C% “!="…�-
…,< “ .*“C�!,/�…2=/, …= C�!"%L 5=!/%…,*� " !"= 
!=ƒ= (“ 3 !% 6%). d$  C�!"/. .*“C�!,/�…2%" K/$ 
"/K!=… !�›,/ “›=2,  dŠ-5=ƒ= C!%5%!=<?�L %K%-
$%-*%L, 2=* *=* !=……/L !�›,/ .=!=*2�!,ƒ3�2“  
“$=K%L -3"“2",2�$%…%“2%< * =“,//�2!,, C%$  ph. 
b .*“C�!,/�…2=. .…�!5,  $=ƒ�!…%5% ,ƒ$3-�…, , 
""�!�……=  " *=/�!3 "ƒ=,/%!�L“2", , "=!%,!%"=-
$=“% %2 2 !% 2,7 *d› C!, !$,2�$%…%“2, ,/C3$%-
“= ~0,4 …“. g=!�5,“2!,!%"=……/L …�L2!%……/L ,/-
C3$%“ ,ƒ/�… $“  " !,=C=ƒ%…� %2 3⋅108 !% 7,5⋅108. 

o!%"�!�… !=“-�2…%-2�%!�2,-�“*,L =…=$,ƒ .*“-
C�!,/�…2=$%…/. !=……/. C% %!…%/�!…%L C!%5!=/-
/� qmdo , !"3/�!…%L C!%5!=//� lhlng`-md. 
o%*=ƒ=…%, -2% …=K$<!=�//L …�L2!%……/L ,/C3$%“ 
%C,“/"=�2“  “ .%!%=�L 2%-…%“2%< C!, !=“-�2…%/ 
/%!�$,!%"=…,, 3“$%",L .*“C�!,/�…2%" C!, 3-�2� 
%“%K�……%“2�L C!%"�!�……/. .*“C�!,/�…2%", " 2%/ 
-,“$� , ,ƒ/�…�…,, =“,//�2!,, C%$  ph " !=ƒ…/. 
.*“C�!,/�…2=..

INDIRECT DRIVE TARGET 
EXPERIMENTS ON ISKRA-5 

FACILITY WITH LASER BEAMS 
ON SECOND HARMONIC

V. I.  ANNENKOV, S. A.  BELKOV, A. B.  BESSARAB, 
S. V.  BONDARENKO, O. A.  VINOKUROV, 

S. G.  GARANIN, R. V.  GARANIN, 
G. V.  DOLGOLEVA, N. V.  JIDKOV, 

V. P.  KOVALENKO, G. G.  KOCHEMASOV, 
A. G.  KRAVCHENKO, V. A.  KROTOV, D. N.  LITVIN, 

P. YU.  LOPATIN, S. P.  MARTYNENKO, 
E. I.  MITROFANOV, V. M.  MURUGOV, A. V.  SENIK, 
K. V.  STARODUBTSEV, N. A.  SUSLOV, G. V.  TACHAEV

Russian Federal Nuclear Center $ All-Russia Scientific 
Research Institute of Experimental Physics,  

Sarov, Russia

ISKRA-5 iodine  laser was upgraded and was con-
verted on second harmonic operation (wavelength 
of laser beam in interaction chamber λ = 0,657 Um). 
Now experiments with indirect drive  targets were  
began. The  main goal of these  experiments is to  
study different regimes of the  indirect drive  tar-
get operation. In first experiments targets were  
consisted from spherical copper box-converter with 
glass micro  balloon inserted in the  center of the  
box. Central target was filled by DT mixture. In-
ner surface  of the  box was covered by gold layer. 
12 laser beams were  put into  the  box through 6 en-
trance  holes 0.4 mm in diameter and irradiated its 
inner surface.

For new experimental conditions we  chose  pa-
rameters of the  spherical box-converter and central 
capsule  using 1D  calculation with code  SNDP. 
Shorter laser wavelength allowed us to  decrease  
the  diameter of the  spherical box from 2 mm for 
first harmonic to  1.3 mm for second one. It was 
shown using calculation of the  distribution of 
X-ray field on surface  of central target that chang-
ing both focusing system and absorption conditions 
lead to  2 times increasing of asymmetry of X-ray 
field in comparison with first harmonic experi-
ments (from 3% to  6%). For this reason for the  
first experiment we  chose  the  regime  of shell burn 
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through because  this regime  does not sensitive  to  
field asymmetry. Laser energy put into  the  box was 
changed in different experiments from 2 to  2,7 kJ 
with laser pulse  duration about ~0,4 ns. Neutron 
yield registered in these  experiments varied from 
3⋅108 !% 7.5⋅108. 

We  analyzed experimental data upon bases of 
1D  and 2D  calculations using radiation hydro-
dynamic codes SNDP  and MIMOZA-ND. It was 
shown that neutron yield obtained in the  expe-
riment can be  modeled by 2D calculation if the  
detailed information of each experiment was taken 
into  account including the  variation of X-ray field 
asymmetry from one  experiment to  another. 

opnunfdemhe 
hmŠemqhbmncn (3#7)·1014 bŠ/ql2 

k`gepmncn hgkr)emh“
)epeg ondjphŠh)eqjr~ 
ok`glr hg onkhlepm{u 

`}pncekei

`. `.  ̀ jrme01, m. c.  anphqemjn1, d.  jkhp2, 
b.  jleŠhj3, e.  jpnrqjh4, h. c.  kean1,5, 

h.  khlonru2, j.  l`qej4, ~. `.  lepjrk|eb1, 
b. c.  ohlemnb6, l.  ot`itep4, h.  rkkxlhd3

1t,ƒ,-�“*,L ,…“2,232 ,/. o. m. k�K�!�"=, 
l%“*"=, p%““, 

2)�=“*,L 2�.…,-�“*,L 3…,"�!“,2�2 " o!=5�, 
o!=5=, )�=“*=  !�“C3K$,*=

3h…“2,232 -,ƒ,*, C$=ƒ//, o!=5=, 
)�=“*=  !�“C3K$,*=

4h…“2,232 -,ƒ,*,, o!=5=, )�=“*=  !�“C3K$,*=

5l%“*%"“*,L ,…“2,232 !=!,%.$�*2!%…,*, 
, ="2%/=2,*,, l%“*"=, p%““,  

6h…“2,232 %!5=…,-�“*%L -,ƒ,*, 
,/. b. d. g�$,…“*%5%, l%“*"=, p%““,  

m= /,=�… . !=ƒ…%L 2%$?,…/ " ",!� /,*!%…-
…/. 2!�./�!…/. C%$,/�!…/. “�2%* “ C$%2…%“2%< 
…,›� *!,2,-�“*%L (0,13#0,52 Ncr) !$  !$,…/ "%$-
…/ $=ƒ�!…%5% ,ƒ$3-�…,  0,438  /*/ , ,…2�…“,"…%“-
2, (3#7)·1014 b2/“/2 C!, !$,2�$%…%“2, ,/C3$%-
“= 0,32 …“ …= C%$3"/“%2� ,ƒ/�!�…% C!%C3“*=…,� 
5!�<?�5% ,ƒ$3-�…,  %2 3!%"…  0,5% !$  2%$?,…/ 
/=$%C$%2…%5% "�?�“2"= 400 /*/ , C$%2…%“2, 9 /5/“/3 
(C%5%……%L /=““/ 0,32 /5/“/2) !% 50#60% C!, 
2%$?,…� 100 /*/ , C$%2…%“2, 2,25 /5/“/3 (C%5%…-
…%L /=““/ 0,02 /5/“/2). hƒ/�!�…/ "!�/�……/� ƒ=-
",“,/%“2, ,…2�…“,"…%“2, “"�-�…,  2/$%…%L “2%-
!%…/ /,=�…�L, “",!�2�$%“2"3<?,� % !,…=/,*� 

C$=ƒ// " !"3.“$%L…/. /,=�… . (C%$,/�!…=  
&C�…=[ # Al -%$%5=) , C%ƒ"%$ <?,� %(�…,2% 5$3-
K,…3 %“$=K$�…,  $=ƒ�!…%5% ,ƒ$3-�…,  " C%!*!,-
2,-�“*%L C$=ƒ/�. 

o!%.%›!�…,� ,ƒ$3-�…,  “*"%ƒ% /,*!%……3< 
2!�./�!…3< C%$,/�!…3< “�2*3 , %KA�/…%� C%5$%-
?�…,� ƒ= “-�2 %K!=2…%-2%!/%ƒ…%� !=““� …,  " C%!-
*!,2,-�“*%L C$=ƒ/� C!,"%! 2 * C% "$�…,< %“%K�…-
…%“2�L " !,…=/,*� C$=ƒ// , " C�!�…%“� .…�!5,, * 3“*%-
! �/%/3 =$</,…,�"%/3 “$%<. m=K$<!=�2“  …�K%$%-
=%L …=5!�" Al--%$%5, ƒ=!%$5% !% C!,.%!= 2�C$%-
"%L "%$…/ , 5,!!%!,…=/,-�“*%L "%$…/, -2% “%ƒ!=�2 
3“$%",  !$  "“2!�-…%5% !",›�…,  C$=ƒ// =.!%5�$  
, C$=ƒ// =$</,…, , C!,"%! ?�� * ƒ=/�!$�…,< C�-
!�!=-, *,…�2,-�“*%L .…�!5,, %2 C$=ƒ// =.!%5�$  
* =$</,…,�"%L -%$%5� C!, K/“2!%/ %.$=›!�…,, 
C$=ƒ// C%“$� %*%…-=…,  $=ƒ�!…%5% ,/C3$%“=. 

o!%"�!�……/� !=“-�2/ !,…=/,*, C$=ƒ// !"3.-
“$%L…/. /,=�…�L (=.!%5�$%+=$</,…,L), " /%-
!�$,, …� 3-,2/"=<?�L C!%(�““/ -%!/,!%"=…,  
C$=ƒ// ,ƒ “2!3*23!,!%"=……/. "�?�“2" , 5%/%5�-
…,ƒ=(,< C$=ƒ//, …% 3-,2/"=<?�L C!%.%›!�…,� 
$=ƒ�!…%5% ,ƒ$3-�…,  -�!�ƒ C%!*!,2,-�“*3< C$=ƒ-
/3 , %KA�/…%� C%5$%?�…,�, C%!2"�!!,$, …=$,-,� 
%“%K�……%“2�L " !,…=/,*� C$=ƒ//, %K…=!3›�……/. 
" .*“C�!,/�…2=.. 

p=K%2= -=“2,-…% "/C%$… $=“% " !=/*=. 5!=…-
2%" ptth #06-02-17526, #07-02-01148. 

INTENSIVE (3#7)·1014 W/CM2 
LASER RADIATION TRANSMISSION 

THROUGH UNDERCRITICAL 
PLASMA FROM POLYMER AEROGEL 

A. A.  AKUNETS1, N. G.  BORISENKO1, D.  KLIR2, 
V.  KMETIK3, E.  KROUSKY4, I. G.  LEBO1,5, 

J.  LIMPOUCH2, K.  MASEK4, YU. A.  MERKULIEV1, 
M.  PFEIFER4, V. G.  PIMENOV6, J.  ULLSCHMIED3

1P. N. Lebedev Physical Institute RAS, 
Moscow, Russia

2Institute of Plasma Physics, AS CR, 
Prague, Czech Republic 

3Czech Technical University in Prague, FNSPE, 
Prague, Czech Republic

4Institute of Physics, Prague, Czech Republic 

5Moscow Institute Radio-Electronics and Automatics, 
Moscow, Russia 

6N. D. Zelinskiy Institute of Organic Chemistry, 
Moscow, Russia

Laser light of wavelength 0.438 Um, intensity 
(3#7)·1014 W/cm2 and 0.32 ns pulse  duration was 
used to  measure  transparencies of plasmas from 
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dhm`lhj` h nuk`fdemhe 
ondjphŠh)eqjni ok`gl{, 

pechqŠphprel{e b qnaqŠbemmnl 
lnmnupnl`Šh)eqjnl feqŠjnl 
rk|Šp`thnkeŠnbnl hgkr)emhh 

`. `.  ̀ jrme01, h. `.  ̀ pŠ~jnb1, 
m. c.  anphqemjn1, h. c.  kean1,2, 

~. `.  lepjrk|eb1, l. b.  nqhonb1, 
b. c.  ohlemnb3, b. m.  org{peb1, 
`. m.  qŠ`pndra1, b. a.  qŠrdemnb1, 
`. b.  bhmncp`dnb1, n. t.  “jrxeb1

1t,ƒ,-�“*,L ,…“2,232 ,/. o. m. k�K�!�"=, 
l%“*"=, p%““, 

2l%“*%"“*,L ,…“2,232 !=!,%.$�*2!%…,*, 
, ="2%/=2,*,, l%“*"=, p%““,   

3h…“2,232 %!5=…,-�“*%L .,/,, ,/. m. d. g�$,…“*%5%, 
l%“*"=, p%““, 

m=K$<!�…,� !,…=/,*, C$=ƒ// ,ƒ 2%$“2/. /=-
$%C$%2…/. “$%�" /,=�…�L C%“$� %*%…-=…,  %K$3-
-�…,  $=ƒ�!%/ “ ,…2�…“,"…%“2%< 1013#1014 b2/“/2 
!�…25�…%"“*,/ .$�*2!%……%-%C2,-�“*,/ C!�%K-
!=ƒ%"=2�$�/ (p}no) …= “2=!,, %.$=›!�…,  

ƒ=2!3!…�…%, 2.*. 2�/C�!=23!= C$=ƒ// %C3“*=�2“  
!% 30#70 .b. m% -2%K/ %KA “…,2% ƒ=!�!›*3  !-
*%5% %C2,-�“*%5% “"�-�…,  =$</,…,�"%L -%$%5,  
2!�K3�2“  !�5,“2!,!%"=2% ›�“2*%� 3$%2!=-,%$�-
2%"%� ,ƒ$3-�…,� (EUV). p=““/%2!�…/ !�ƒ3$%2=2/ 
"ƒ=,/%!�L“2",  ,…2�…“,"…%5% $=ƒ�!…%5% ,ƒ$3-�…,  
“ !"3.“$%L…//, /,=�… /, (C%$,/�!…/L =.!%5�$%-
=$</,…,L).k,(�"%L “$%L !$  $=ƒ�!…%5% C3-*= 
C!�!“2="$ $ “%K%L “$%L ,ƒ 2!,=(�2=2= (�$$<$%-
ƒ/ (Š`0) “ C$%2…%“2%< %2 1 /5/“/3 !% 4 /5/“/3 
C!, 2%$?,…=. %2 300 /*/ !% 1100 /*/. b2%!%L 
“$%L # Al--%$%5= 2%$?,…%L 5 /*/ !=“C%$=5=-
$=“% C%ƒ=!, Š`0 “$% . EUV *=!2,…*, “%K“2"�…-
…%5% ,ƒ$3-�…,  C$=ƒ// !�5,“2!,!%"=$,“% -�!�ƒ 
%KA�*2," x"=!(=,$%!=. m= $=ƒ�!…%L 3“2=…%"*� 
j`m`k ,ƒ3-�…= ."%$<(,  %“2/"=<?�L C$=ƒ// 
"K$,ƒ, *!,2,-�“*%L C$%2…%“2, C!, C!,/�…�…,, 
=CC=!=23!/, !�5,“2!,!3<?�L EUV ,ƒ$3-�…,�: 
%KA�*2," x"=!(=,$%!= ,ƒ ƒ�!*=$ …= 3$,…3 "%$…/ 
18  …/ (,$, E ≈ 65 .b), brt--%2%C$�…*3 ,$, ogq 
/=2!,(3 !$  !�5,“2!=(,, brt. nK“3›!=�2“  !",-
›�…,� =$</,…,�"%L C$=ƒ// …="“2!�-3 "%$…/ “›=-
2,  “% “2%!%…/ C%$,/�!=. o!�!“2="$�… .--�*2/ 
%.$=›!�…,  C$=ƒ//. 

}2= !=K%2= -=“2,-…% C%!!�!›=…= 5!=…2=/, ptth 
#06-02-17526 , #07-02-01148. 

UNDERDENSE PLASMA 
DYNAMICS AND COOLING 

REGISTERED IN SELF-EMITTED 
MONOCHROMATIC PLASMA EXTREME 

ULTRAVIOLET (EUV) RADIATION

A. A.  AKUNETS1, I. A.  ARTYUKHOV1, 
N. G.  BORISENKO1, I. G.  LEBO1,2, YU. `.  MERKULIEV1, 
M. V.  OSIPOV1, V. G.  PIMENOV3, V. N.  PUZIREV1, 

A. N.  STARODUB1, V. B.  STUDENOV1, 
A. V.  VINOGRADOV1, O. F.  YAKUSHEV1

1P. N. Lebedev Physical Institute, Moscow, Russia

2Moscow Institute of Radioelectronics and Automatics, 
Vernadskogo pr., 117427, Russia 

3N. D. Zelinskiy Organic Chemistry Institute, 
Moscow, Russia

After intense  laser pulse  the  undercritical plas-
ma in thick  polymer aerogel targets cools quickly 
down to  30#70 eV and cannot be  observed by soft 
x-ray streak-camera. But to  explain the  delay of 
bright emission from Al-foil in foam-foil targets the  
extreme  ultraviolet (EUV) diagnostic apparatus is 
required. Results of powerful laser interaction with 
two-layer targets are  considered. Triacetate  cellu-
lose  (TAC) aerogel layers with density from 1 mg/cc 
to  4 mg/cc and thickness from 300 Um to  1100 Um 
is the  first layer facing the  laser beam. The  second 

target of 3D submicron polymer networks. Laser 
light transmission was measu red ranging from 
0.5% for aerogel density 9 mg/cm3 and thickness
400 Um (surface  mass 0.32 mg/cm2) up to 50#60% 
for aerogel density 2.25 mg/cm3 and thickness 
100 Um (surface  mass 0.02 mg/cm2). The  time  de-
pendences of optical emission from the  rear side  of 
aerogel layer give  dynamic data for plasma model 
in two-layer targets (aerogel $ Al-foil). The  charac-
teristic lengths of laser light intensity weakening in 
undercritical plasma are  calculated basing on the  
measured curves of optical signal via time.    

Radiation transmission through 3D micron poly-
mer network  and laser volume  absorption because  
of Bremsstralung in undercritical plasma result in 
particular qualities rise  of plasma dynamics and 
heat transport to  accelerated aluminum foil. Weak  
heating of Al-foil before  thermal and hydrodynamic 
waves income  to  aluminum was supervise  in ex-
periments. Aluminum boiling and Al plasma moving 
towards polymer aerogel plasma wave  dece-lerated 
energy transport to  Al-foil at plasma cooling after 
laser pulse  end. Modeling simulation of laser radia-
tion interaction with undercritical plasma explain 
experimental results.

This work  was partially supported by the  Rus-
sian Foundation for Basic Research (Project 
1 06-02-17526 and 1 07-02-01148).
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thghj` Z-ohm)ei 
b peghqŠhbmni p`dh`0hnmmni 

l`cmhŠmni chdpndhm`lhje

u.  u}mxnr, p.  kelje, }.  ~, 
l.  deqdf`pkeiq, Š.  lek|unpm

C=…!,L“*,� …=(,%…=$%…/� $=K%!=2%!,,, 
`$%K3*�!*�, qx`

h…“2!3/�…2 !$  C�!",-…%5% !"3./�!…%5% , 2!�.-
/�!…%5% /%!�$,!%"=…, , ,“C%$%ƒ3�//L " q=…!,L-
“*,. …=(,%…=$%…/. $=K%!=2%!, ., `$%K3*�!*�, 
m%<-l�*“,*%, qx`, !$  ,““$�!%"=…,  -,ƒ,-
*,  Z-C,…-�L, C!�!“2="$ �2 “%K%L !�ƒ,“2,"…3< 
!=!,=(,%……3< /=5…,2…3< 5,!!%!,…=/,-�“*3< 
C!%5!=//3 (RMHD) C%! …=ƒ"=…,�/ ALEGRA-
HEDP. l/ %C,“/"=�/ -,ƒ,*3 Z-C,…-�L, /%!�-
$,!3�//. “ C%/%?%< C!%5!=///, -,“$�……/� 
=$5%!,2//, , C%*=ƒ/"=�/, *=* ,“C%$%ƒ3�2“  C!%-
5!=//= !$  /%!�$,!%"=…,  -,ƒ,*, Z-C,…-�L. 
b …=“2% ?�� "!�/  …� C!,… 2% “-,2=2%, -2% ,…,-
(,,!%"=…,� C!%"%$%-�*  /%›…% /%!�$,!%"=2% 
“ C%/%?%< /=5…,2…%L 5,!!%!,…=/,-�“*%L =C-
C!%*“,/=(,,. q$�!%"=2�$%…%, // %C,“/"=�/, *=* 
".%! ?�� 5!=…,-…%� 3“$%",� /%›�2 K/2% 3“C�=-
…% ,“C%$%ƒ%"=…% !$  =CC!%*“,/=(,, …=-=$%…/. 
3“$%",L Z-C,…-=.

Z-PINCH PHYSICS THROUGH 
RESISTIVE RADIATION 

MAGNETOHYDRODYNAMICS

H.  HANSHAW, R.  LEMKE, E.  YU, 
M.  DESJARLAIS, T.  MEHLHORN

Sandia National Labaratories, Albuquerque, USA

The  primary 2D  and 3D  modeling tool used 
to  investigate  Z-pinch physics at Sandia National 
Laboratories, Albuquerque, New Mexico, USA, is 
a resistive  radiation magnetohydrodynamics (RMHD) 
code  named ALEGRA-HEDP.  We  describe  the  

hqqkednb`mh“ hgkr)`~yhu 
Z-ohm)ei h opnejŠ &a`ij`k[

e. b.  cp`anbqjhi, b. b.  ̀ kejq`mdpnb, 
b. `.  ̀ t`m`q|eb, `. m.  cphanb, `. m.  cph0rj, 

m. l.  etpelnb, k. b.  g`cp“dqjhi, 
l. j  jp{knb, “. m.  k`ruhm, `. o.  knŠn0jhi,  

q. t.  lednbyhjnb, j. m.  lhŠpnt`mnb,  
`. `.  mhjnk`xhmuhm, b. o.  qlhpmnb, 

l. b.  tedrknb, h. m.  tpnknb, 
c. m.  unlrŠhmmhjnb 

cm0 pt ŠphmhŠh, Š!%,(*, p%““,  

b cm0 pt ŠphmhŠh "�!32“  !=K%2/ C% ,“-
“$�!%"=…,< -,ƒ,*, ,ƒ$3-=<?,. Z-C,…-�L !$  
C!,/�…�…,  ,. " *=-�“2"� ,“2%-…,*= / 5*%5% !�…-
25�…%"“*%5% ,ƒ$3-�…,  !$  ƒ=›,5=…,  /,=�…, 
hŠq. n!…%"!�/�……% “ .2,/ "�!32“  !=K%2/ C% 
“%%!3›�…,< /%!3$  5�…�!=2%!=, *%2%!/L !%$-
›�… “%ƒ!="=2% ,/C3$%“ 2%*= " …�“*%$%*% !�“ 2-
*%" /�5==/C�!  !$  C,2=…,  2=*%5% ,ƒ$3-=<?�5% 
Z-C,…-=. h““$�!%"=…,  C% -,ƒ,*� “›=2,  "�!32“  
…= 3“2=…%"*� &`…5=!=-5-1[ # “=/%/ *!3C…%/ " p%“-
“,, $=K%!=2%!…%/ ,“2%-…,*� ,/C3$%“…%L .$�*2-
!,-�“*%L /%?…%“2,.

b C%“$�!…,. .*“C�!,/�…2=. …= 3“2=…%"*� 
&`…5=!=-5-1[ C%*=ƒ=…% *%$,-�“2"�……%� !=ƒ$,-,� 
" C%"�!�…,, C!%"%$%-…/. $=L…�!%" ,ƒ !=ƒ$,--
…/. /=2�!,=$%". m= %“…%"� /%!,-,(,!%"=……/. 
0-/�!…/. 3!="…�…,L C%$3-�…% %C,“=…,� .$�*2!%-
2�.…,-�“*,. .=!=*2�!,“2,* 3“2=…%"*, …= “2=!,, 
“›=2, . q C%/%?%< “!="…�…,  !=……/. .$�*2!%-
2�.…,-�“*,., !�…25�…%"“*,. , %C2,-�“*,. ,ƒ/�-
!�…,L C%*=ƒ=…% …=$,-,� …= -,…=$%…%L “2=!,, 
“›=2,  C,…-= &*"=ƒ,%/,-�“*%5%[ “%C!%2,"$�…, , 
"…%“ ?�5% ƒ=/�2…/L "*$=! " ,ƒ$3-�…,�. o%*=ƒ=…%, 
-2% “*%!%“2% “!�!…�5% 2%*%"%5% !=!,3“= “›,/=<-
?�L“  %K%$%-*, ,/��2 !�ƒ*,L  /=*“,/3/ " /%/�…2 
"%ƒ…,*…%"�…,  !�…25�…%"“*%5% ,ƒ$3-�…, .

nK…=!3›�…% …=$,-,� .$�*2!%……/. C3-*%" " …�-
*%2%!/. !�›,/=. “›=2,  C!%"%$%-…/. $=L…�!%".

b !=/*=. ,““$�!%"=…,  /3$%2,/�5==/C�!…/. 
*%…(�…2!=2%!%" 2%*= C!%"�!�…% “!="…�…,� C%"�!-
.…%“2…%5% C$=ƒ/%%K!=ƒ%"=…,  …= .$�*2!%!=. ,ƒ 
!=ƒ$,-…/. /=2�!,=$%".

layer is Al-foil of 5 Um, deposited over TAC  layer. 
EUV pictures of plama self emission are  registe-
red by Schwartshild objective  (λ = 18 nm and fo-
cus $ 125 mm). Aluminum plasma moving towards plas-
ma compression wave  from the  side  of the  polymer 
is discussed. Cooling plasma effects are  presented 

This work  was supported by the  Russian Foun-
dation for Basic Research (Projects No. 06-02-17526 
and 07-02-01148). 

code  model physics, the  numerical algorithms, 
and we  show how the  code  is employed to  model 
Z-pinch physics. It is not currently believed that 
wire  initiation may be  modeled with the  MHD 
approximation.  Consequently, we  describe  how 
an inflow boundary condition has been successful-
ly used to  approximate  initial Z-pinch conditions.
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}jqoephlemŠ`k|m{e 
hqqkednb`mh“ hloknghh 

ok`m`pm{u k`imepnb 
b lhjpnqejrmdmnl pefhle

`. b.  xhxknb, m. `.  fhdjnb`, b. `.  jnjxemeb, 
m. e.  jrpl`eb, `. ~.  k`ae0jhi, b. h.  npexjhm, 

`. c.  prqqjhu, q. `.  )`ijnbqjhi, 
`. b.  ted~mhm, t. h.  trpqnb

h…“2,232 “,$%…%2%-…%L .$�*2!%…,*, qn p`m, 
Š%/“*, p%““, 

}*“C�!,/�…2/ “ C$=…=!…// $=L…�!%/, C!%-
"�!�……/� " !�›,/� K/“2!%L (100 …“) ,/C$%ƒ,, 
[V. L. Kantsyrev et al., IEEE Trans. Plasma 
Sci. 34, 194 (2006)], C%*=ƒ=$,, -2% !=……/L ",! 
…=5!3ƒ*, C%ƒ"%$ �2 %K�“C�-,2% K%$%=,� "/.%!/ 
!�…25�…%"“*%5% ,ƒ$3-�…,  C% “!="…�…,< “ 2!=!,(,%…-
…//, (,$,…!!,-�“*,/, $=L…�!=/,. o!�!“2="$ �2 
,…2�!�“ ,““$�!%"=2% .=!=*2�!,“2,*, !=……%5% 2,C= 
$=L…�!%" “ (�$%< 3"�$,-�…,  .--�*2,"…%“2, 
C$=ƒ/�……/. ,“2%-…,*%" ,ƒ$3-�…,  " j-$,…, ., 
!=K%2=<?,. " /,*!%“�*3…!…%/ !�›,/�. p=K%2= 
C%“" ?�…= .*“C�!,/�…2=$%…%/3 ,““$�!%"=…,< 
!,…=/,*, ,/C$%ƒ,, , ,ƒ$3-=2�$%…/. .=!=*2�!,“-
2,* C$=…=!…/. $=L…�!%" C!, "!�/�…=. “›=2,  
K$,ƒ*,. * 1 /*“. }*“C�!,/�…2/ C!%"%!,$,“% …= 
5�…�!=2%!� chŠ-12 (4,7 l`, 1,7 /*“). b .*“C�-
!,/�…2=. "=!%,!%"=$,“% *%$,-�“2"% C!%"%!…,*%" 
" $=L…�!�, ,. !,=/�2!, !=““2% …,� /�›!3 C!%"%!-
…,*=/,, ,, “$�!%"=2�$%…%, C%$…=  /=““= $=L…�!=. 
o=!=/�2!/ …=5!3ƒ*, "/K,!=$,“% 2=*,/ %K!=ƒ%/, 
-2%K/ %K�“C�-,2% “›=2,� $=L…�!= C!, "!�/�…=. 
,/C$%ƒ,, %2 600 …“ !% 1300 …“. o!, .2%/ C,*%"/L 
2%* …=5!3ƒ*, “%“2="$ $ 2,2#3,7 l`. d,…=/,*= 
,/C$%ƒ,, C$=…=!…%5% $=L…�!= !�5,“2!,!%"=$=“% 
“ C%/%?%< "!�/�……%L !=ƒ"�!2*, " %C2,-�“*%/ 
!,=C=ƒ%…�. l%!�$,!%"=…,� !,…=/,*, ,/C$%-
ƒ,, C!%"%!,$%“% " !=/*=. …3$%/�!…%L /%!�$,. 
u%!%=�� “%"C=!�…,� /�›!3 .*“C�!,/�…2=$%…//, 
!=……//, , !�ƒ3$%2=2=/, /%!�$,!%"=…,  …=K$<-
!=�2“  " “$3-=�, *%5!= C!, /%!�$,!%"=…,, C!�!-
C%$=5=�2“  !="…%/�!…%� !=“C!�!�$�…,� 2%*= /�›-
!3 C!%"%!…,*=/, $=L…�!=. hƒ/�!�…,  /%?…%“2, 
, "/.%!= !�…25�…%"“*%5% ,ƒ$3-�…,  " j-$,…, . 

=$</,…,  C!%"%!,$,“% !$  "“�. *%…-,53!=(,L 
…=5!3ƒ*,. l=*“,/=$%…/L "/.%! ,ƒ$3-�…,  " j-$,-
…, . =$</,…, , ƒ=!�5,“2!,!%"=……/L " .*“C�!,-
/�…2�, “%“2=",$ 6 *d›/“/, -2% " 1,5 !=ƒ= K%$%-
=� C% “!="…�…,< “ !�ƒ3$%2=2=/,, C%$3-�……//, 
!=…�� C!, /,*!%“�*3…!…%L ,/C$%ƒ,, !"3.*=“*=!-
…/. $=L…�!%" , *%/K,…,!%"=……/. (5=ƒ%"/L $=L…�-
!= # C!%"%$%-…/L *=“*=!) $=L…�!%" C!, “!="…,-
//. 3!%"… . 2%*= , "!�/�…=. ,/C$%ƒ,,.

p=K%2= "/C%$…�…= C!, C%!!�!›*� 5!=…2= 
ptth #06-08-96926.

EXPERIMENTAL STUDY 
OF MICROSECOND PLANAR 
WIRE ARRAY IMPLOSIONS

A. V.  SHISHLOV, S. A.  CHAIKOVSKY, A. V.  FEDUNIN, 
F. I.  FURSOV, V. A.  KOKSHENEV, N. E.  KURMAEV, 

A. YU.  LABETSKY, V. I.  ORESHKIN, 
A. G.  ROUSSKIKH, N. A.  ZHIDKOVA

Institute of High Current Electronics SB RAS, 
Tomsk, Russia

Experiments with planar wire  arrays carried 
out in the  fast (100 ns) implosion regime  
[V.L.Kantsyrev et al., IEEE  Trans. Plasma 
Sci. 34, 194 (2006)] showed that this kind of 
Z-pinch load configuration provides higher radia-
tion yields in comparison with the  conventional 
cylindrical wire  arrays. It is of interest to  inves-
tigate  the  potentials of this load to  increase  the  
efficiency of K-shell plasma radiation sources op-
erating in the  microsecond implosion regime. This 
work  is devoted to  the  experimental study of the  
implosion dynamics of planar wire  arrays and their 
radiative  characteristics at the  implosion times 
close  to  1 μs. The  experiments were  carried out 
on the  GIT-12 generator (4.7 MA, 1.7 μs). Implo-
sions of aluminum planar wire  arrays were  studied 
at varying wire  number in an array, wire  gap, wire  
diameter, and the  total planar wire  array mass. 
Depending on the  load parameters, the  implosion 
time  was in the  range  from 600 ns to  1300 ns, 
and the  peak  implosion current was between 2.2 and 
3.7 MA, respectively. Implosion dynamics of the
planar wire  arrays was registered with the  help of 
an optical streak  camera. Numerical simulations 
of the  implosion dynamics were  conducted in the  
frame  of a 0 D model. A good agreement between 
the  experimental data and the  simulation results 
was observed when a uniform current distribution 
between the  wires of a planar array was assumed 
in the  simulation model. The  Al K-shell radiation 
yield was measured for all load configurations. The  
maximum registered K-shell yield was 6 kJ/cm 
that is about 1.5 times higher in comparison with 

m= 3“2=…%"*� &lnk[ # “2�…!� !$  %K!=K%2*, 
“.�// 5�…�!=2%!= &a=L*=$[ # C!%"�!�…/ ,“C/2=-
…,  C�!�!=-, .…�!5,, ,ƒ ,…!3*2,"…%5% …=*%C,2�$  
* /=5…,2…%/3 3“,$,2�$<. o!%"�!�…% 3“%"�!=�…“-
2"%"=…,� !=ƒ! !…,*= pb 50/1000. o!�!$%›�…= 
“.�/= “›=2,  /=5…,2…%5% C%2%*= K�ƒ ,“C%$%ƒ%"=…,  
K=2=!�, …=-=$%…%5% /=5…,2…%5% C%$ .
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o. b.  q`qnpnb1, b. b.  ̀ kejq`mdpnb2, 
e. b.  cp`anbqjhi2, j. m.  lhŠpnt`mnb2, 

c. l.  nkeimhj2, h. ~.  onpnteeb2, 
`. `.  q`lnuhm2, l. b.  tedrknb2, 

h. m.  tpnknb2

1cm0 pt hŠ}t, l%“*"=, p%““,  

2cm0 pt ŠhphmhŠh, Š!%,(*, p%““, 

a3!�2 “!�$=… %Kƒ%!  .*“C�!,/�…2=$%…/., !=“-
-�2…/. , 2�%!�2,-�“*,. !�ƒ3$%2=2%", C%$3-�…-
…/. " C%“$�!…,� C!,/�!…% 5 $�2, C% -,ƒ,*� 
“›=2,  /…%5%C!%"%$%-…/. “K%!%* " 3“2=…%"*=. 
Z-C,…-�"%5% 2,C=. h“C%$%ƒ%"=…,� 2=*,. …=5!3ƒ%* 
" Z-C,…-�"/. 3“2=…%"*=. C!,"�$% * “%ƒ!=…,< 
%-�…% .--�*2,"…%5% ,“2%-…,*= / 5*%5% !�…25�-
…%"“*%5% ,ƒ$3-�…, . Š=*,� ,“2%-…,*, ,“C%$%ƒ%-
"=$,“% , ,“C%$%ƒ3<2“  " ,““$�!%"=…, . C% ,…�!-
(,=$%…%/3 2�!/% !�!…%/3 “,…2�ƒ3. 

j$<-�"// “"%L“2"%/ /…%5%C!%"%$%-…/. …=-
5!3ƒ%*  "$ �2“  %“3?�“2"$�…,� C!%(�““= ƒ=2 -
…32%5% C$=ƒ/%%K!=ƒ%"=…, , *%5!= C!�"!=?�…,� 
"�?�“2"= /�2=$$,-�“*,. C!%"%$%* " C$=ƒ/3 ƒ=-
…,/=�2 “3?�“2"�……3< -=“2% "!�/�…, …=!=“2=…,  
2%*=. q%%2"�2“2"�……% “3?�“2"�……3< !%$% ,5!=�2 
=K$ (,  C$=ƒ// “ %2…%“,2�$%…% .%$%!…/. C!%-
"%$%* C% …=C!="$�…,< * %“, !=ƒ! !=. h/��2“  
%C2,/=$%…%� %2…%=�…,� "!�/�…, C%$…%L =K$ (,, 
C!%"%$%* * "!�/�…, “›=2,  C$=ƒ// * %“, !=ƒ! !=. 
}2%2 %C2,/3/ “%%2"�2“2"3�2 /=*“,/=$%…%L C,*%-
"%L /%?…%“2, / 5*%5% !�…25�…%"“*%5% ,ƒ$3-�…,  
, %C!�!�$ �2“  K=$=…“%/ /�›!3 =K$ (,%……// 
3=,!�…,�/ ,/C3$%“= ,ƒ$3-�…,  , 3=,!�…,�/, "/-
ƒ"=……// …�3“2%L-,"%“2%< p�$� #Š�L$%!=. a3!�2 
C!,"�!�… %Kƒ%!  .*“C�!,/�…2=$%…/., !=“-�2…/. 
, 2�%!�2,-�“*,. !�ƒ3$%2=2%" C% ƒ=",“,/%“2, 2�/-
C= =K$ (,, %2 C=!=/�2!%" *%…“2!3*(,, “K%!%*. 
p�==<?,/ %*=ƒ/"=�2“  ƒ=",“,/%“2% 2�/C= =K$ -
(,, %2 -,“$= C!%"%$%*. }2% %K“2% 2�$%“2"% , "%ƒ-
/%›…%“2% "=!%,!%"=…,  -,“$= C!%"%$%* " “K%!*� 
" =,!%*%/ !,=C=ƒ%…� , %C!�!�$ �2 C!�,/3?�“2"= 
/…%5%C!%"%$%-…/. “K%!%* C% %2…%=�…,< * !!3-
5,/ "%ƒ/%›…// …=5!3ƒ*=/, "%“C!,…,/=<?,/ 2%* 
5�…�!=2%!=.

dhm`lhj` dbhfemh“ ok`gl{ 
bngke nqh 

b opnbnkn)mni qanpje

h. b.  ck`g{phm1, m. c.  j`pk{u`mnb1, 
`. b.  j`poeeb1, e. ~.  qlhpmnb1, 

b. b.  ̀ kejq`mdpnb2, e. b.  cp`anbqjhi2, 
`. `.  )epmnb2, o. b.  q`qnpnb3, 

b. o.  qlhpmnb4, b. h.  npexjhm5

1p%““,L“*,L -�!�!=$%…/L  !�!…/L (�…2! # 
bmhh 2�.…,-�“*%L -,ƒ,*, 

,/. =*=!. e. h. g=K=K=.,…=, q…�›,…“*, p%““,  
2Š!%,(*,L ,…“2,232 ,……%"=(,%……/. 2�!/% !�!…/. 

,““$�!%"=…,L, 5. Š!%,(*, p%““, 

3h…“2,232 2�%!�2,-�“*%L , .*“C�!,/�…2=$%…%L 
-,ƒ,*,, l%“*"=, p%““, 

4h…“2,232  !�!…%5% “,…2�ƒ= ,/. h. b. j3!-=2%"=,  
l%“*"=, p%““, 

5h…“2,232 “,$%…%2%-…%L .$�*2!%…,*, qn p`m,  
Š%/“*, p%““, 

o!, “›=2,, C!%"%$%-…%L “K%!*, "%ƒ…,*=�2 
/…%›�“2"% …�$,…�L…/. C!%(�““%": -%!/,!%"=-
…,� …�%!…%!%!…%“2�L ,ƒ-ƒ= C�!�5!�"…%L …�3“2%L-
-,"%“2, …= …=-=$%…/. .2=C=. .$�*2!%"ƒ!/"= C!%-
"%!…,*=; “…%“ C$=ƒ// “ C!%"%$%-�* %K?,/ C%$�/ 
C!%"%$%-…%L “K%!*,. }2,/ "%C!%“=/ C%“" ?�…% 
K%$%=%� *%$,-�“2"% !=K%2. m= C%“$�!3<?,. .2=-
C=. “›=2,  /%532 -%!/,!%"=2%“  C%%!%K%$%-�--
…/� “2!3*23!/, *%2%!/�  "$ <2“  !�ƒ3$%2=2%/ 
!=ƒ",2,  …�3“2%L-,"%“2�L. 

b “$3-=� ,“C%$%ƒ%"=…,� !"3.*=“*=!…%L “.�//, 
*%5!= %!…= C!%"%$%-…=  “K%!*= …=.%!,2“  "…32-
!, !!35%L …�%K.%!,/% !�==2% "%C!%“ % "ƒ=,/%-
!�L“2",, C$=ƒ// %2 "…�=…�L C!%"%$%-…%L “K%!*, 
“ C$=ƒ/%L "…32!�……�L “K%!*,. 

o!, “*%!%“2, C$=ƒ// …�“*%$%*% �!,…,( …= 
107 “//“ ,%…/ …� 2�!/=$,ƒ3<2“  3 %“,, = ƒ= “-�2 *%$-
$�*2,"…/. .--�*2%" C�!�!=<2 “"%< .…�!5,< 
, …=5!�"=<2 .$�*2!%……3< *%/C%…�…23 C$=ƒ//. 

g=2!%…32/� "/=� "%C!%“/ =…=$,ƒ,!3<2“  
“ ,“C%$%ƒ%"=…,�/ !"3/�!…/. , 2!�./�!…/. lcd 
C!%5!=//. `…=$,ƒ,!3<2“  %2$,-,  !=ƒ",2,  …�3“-
2%L-,"%“2�L " 2!�./�!…%/ “$3-=� %2 !�ƒ3$%2=2%" 
%“�“,//�2!,-…%5% !=““/%2!�…, .

the  results obtained earlier in the  microsecond 
Z-pinch implosion experiments with nested wire  
arrays and gas-puff-on-wire-array loads at compa-
rable  peak  load currents.

Work  supported by RFBR Grant #06-08-96926.

a3!�2 C!,"�!�… %Kƒ%!  .*“C�!,/�…2=$%…/., 
!=“-�2…/. , 2�%!�2,-�“*,. !�ƒ3$%2=2%" C% !,…=-
/,*� C$=ƒ// " Z-C,…-=. “ 3-�2%/ .--�*2= ƒ=2 -
…32%5% C$=ƒ/%%K!=ƒ%"=…, .



113Section 3. Dense  plasma phenomena and intensive  electromagnetic processes

bkh“mhe qhk hmep0hh 
m`  u`p`jŠephqŠhjh 

}kejŠph)eqjncn bgp{b` 
opnbndmhjnb

b. h.  npexjhm1, q. `.  a`pemcnk|02, 
q. `.  )`ijnbqjhi1
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`. b.  ted~mhm, t. h.  trpqnb, 
q. `.  )`ijnbqjhi, `. b.  xhxknb, 

m. `.  fhdjnb`

h…“2,232 “,$%…%2%-…%L .$�*2!%…,*, qn p`m, 
Š%/“*, p%““, 

b !=K%2� C!�!“2="$�…/ !�ƒ3$%2=2/ .*“C�!,-
/�…2=$%…/. ,““$�!%"=…,L !,…=/,*, ,/C$%ƒ,, 
/…%5%*=“*=!…/. 5=ƒ%"/. $=L…�!%", “›,/=�//. 
“ K%$%=%5% …=-=$%…%5% !,=/�2!= ,/C3$%“=/, 
2%*= /�5==/C�!…%5% 3!%"…  /,*!%“�*3…!…%L !$,-
2�$%…%“2,. }*“C�!,/�…2/ C!%"%!,$,“% …= 5�…�!=-
2%!� chŠ-12 " /,*!%“�*3…!…%/ !�›,/� ,/C$%-
ƒ,, (timp= 1,1÷1,2 /*“, I0 = 3,4÷3,7 l`). b .%!� 
,““$�!%"=…,L ,ƒ3-=$%“% "$, …,� *%…-,53!=(,, 
…=5!3ƒ*, …= !,…=/,*3 C%2�!% 2%*= , ,ƒ$3-=2�$%…/� 

DYNAMICS OF PLASMA MOTION 
NEAR AXIS IN WIRE ARRAY

I. V.  GLAZYRIN1, N. G.  KARLYKHANOV1, 
A. V.  KARPEEV1, EU. YU.  SMIRNOV1, 

V. V.  ALEXANDROV2, EU. V.  GRABOVSKY2, 
A. A.  CHERNOV2, P. V.  SASOROV3, 
V. P.  SMIRNOV4, V. I.  ORESHKIN5

1Russian Federal Nuclear Center $ Zababakhin 
All-Russia Research Institure of Technical Physics, 

Snezhinsk, Russia

2SRC RF TRINITI, Troitsk, Russia

3 Institute of Theoretical and Experimental Physics, 
Moscow, Russia

4 RRC Kurchatov Institute, Moscow, Russia

5 Institute of High Current Electronics, Tomsk, Russia

Many non-linear processes are  occurred during 
wire  array compression: non-uniformities genera-
tion due  to  overheating instabilities at the  initial 
stages of wire  electric explosion; plasma jets forma-
tion from separate  wire  by joint field of wire  ar-
ray. A lot of papers are  devoted to  these  questions. 
During following stages subshell structures can be  
formed, which are  the  result of MHD instabilities 
development. 

In the  case  of double-shell scheme, when one  
wire  array is set inside  the  other one, it is necessary 
to  solve  the  problem about interaction of plasma 
formed by external wire  array with the  plasma of 
internal array. 

If plasma velocity is several units 107 cm/sec, 
so  ions are  not thermalized near axis, but deliver 
their energy due  to  collective  effects and heat elec-
tron component of plasma. 

All described problems are  analyzed by 2D and 
3D  MHD codes. Differences of instabilities de-
velopment in 3D case  and results of axisymmetric 
simulation are  analyzed.

b !=K%2� !$  %C,“=…,  C!%(�““%", C!%2�*=<-
?,. C!, }bo, ,“C%$%ƒ3�2“  /=5…,2%-5,!!%!,…=-
/,-�“*%� (lcd) C!,K$,›�…,�. b .%!� -,“$�…-
…/. !=“-�2%" /%!�$,!%"=$“  "ƒ!/" =$</,…,�"/. 
C!%"%$%-�*, !,=/�2!  C!%"%!…,*%" "=!%,!%"=$“  
%2 2 /*/ !% 20 /*/. b !�ƒ3$%2=2� -,“$�……%5% /%-
!�$,!%"=…,  }bo  =$</,…,�"/. C!%"%!…,*%", 
C%*=ƒ=…%, -2% C!, C$%2…%“2 . 2%*= -�!�ƒ C!%"%!-
…,* 108#109 `/“/2 C!%,“.%!,2 C�!�.%! %2 …,ƒ*%-
2�/C�!=23!…%5% !�›,/= "ƒ!/"= * "/“%*%2�/C�!=-
23!…%/3, " *%2%!%/ %C!�!�$ <?3< !%$% ,5!=<2 
“,$/ ,…�!(,,, C!�C 2“2"3<?,� !=ƒ$�23 C!%"%!…,-
*=. o�!�.%! .=!=*2�!,ƒ3�2“  !�ƒ*,/ ,ƒ/�…�…,�/ 
2�!/%!,…=/,-�“*,. C=!=/�2!%" /�2=$$= # .…�!-
5, , "$%›�……=  " C!%"%!…,* * /%/�…23 "ƒ!/"=, 
"%ƒ!=“2=�2 !% …�“*%$%*,. .…�!5,L “3K$,/=(,,, 
= 2�/C�!=23!= C$=ƒ// !%“2,5=�2 ƒ…=-�…,L 6#8  .b. 
o!, .2%/ C�!�.%!� "�$,-,…= ,…2�5!=$= 3!�$%…%-
5% !�L“2",  C$="…% "%ƒ!=“2=�2  C!,K$,ƒ,2�$%…% 
" 2!, !=ƒ= C!, ,ƒ/�…�…,, .=!=*2�!,“2,* "ƒ!/"= 
(C$%2…%“2, 2%*= , "!�/�…, "ƒ!/"=) …= !"= C%-
! !*=. l%/�…2 C�!�.%!= %2 …,ƒ*%2�/C�!=23!…%5% 
!�›,/= "ƒ!/"= * "/“%*%2�/C�!=23!…%/3 %C!�!�-
$ �2“  !=!,=$%…//, !=ƒ/�!=/, "ƒ!/"=�/%5% C!%-
"%!…,*= , …� ƒ=",“,2 %2 “"%L“2" “!�!/, " *%2%!%L 
C!%,“.%!,2 "ƒ!/".

p=K%2= C%!!�!›=…= 5!=…2=/, ptth # 06-02-
72004, # 07-02-00186 , C!%5!=//%L -3…!=/�…2=$%-
…/. ,““$�!%"=…,L o!�ƒ,!,3/= p`m. 
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.=!=*2�!,“2,*, C$=ƒ// 5=ƒ%"/. $=L…�!%". h““$�-
!%"=$=“% *%!!�$ (,  /�›!3 *%.--,(,�…2%/ !=-
!,=$%…%5% “›=2,  (-,…=$%…/L !,=/�2!) Z-C,…-
-= , "�$,-,…%L 2%*=, C!%2�*=<?�5% C% C�!,-
-�!,L…%L C$=ƒ/�. }*“C�!,/�…2/ C%*=ƒ=$,, -2% 
C!, ,“C%$%ƒ%"=…,, “.�// *=“*=!,!%"=…,  *!3C…%-
/=“=2=K…/� …�3“2%L-,"%“2, …� "…%“ 2 ƒ=/�2…%5% 
"*$=!= " *=-�“2"% “›=2,  $=L…�!= !=›� C!, /,*-
!%“�*3…!…/. "!�/�…=. “›=2, . m= %“, -%!/,-
!3�2“  C$%2…/L, *%/C=*2…/L C,…-  “ !%“2=2%-…% 
"/“%*%L (400#600 .b) “!�!…�L .$�*2!%……%L 2�/-
C�!=23!%L. d,=/�2!  “2%$K= C$=ƒ//, ,ƒ$3-=<?�L 
" j-$,…, . …�%…=, “%“2="$ �2 C%! !*= 3#4 //, 
"/.%! j-,ƒ$3-�…,  # 5#11 *d›/“/. b 2% ›� 
"!�/ , " -,…=$� “›=2,  -�!�ƒ "/“%*%2�/C�!=-
23!…3< C$=ƒ/3 " (�…2!� C,…-= C!%2�*=�2 $,=% 
…�K%$%==  -=“2% 2%*=, %“…%"…=  -=“2% 2%*= 5�…�-
!=2%!= C!%2�*=�2 C% %“2=2%-…%L C�!,-�!,L…%L 
C$=ƒ/�.

INVESTIGATION OF CURRENT 
SHEATH FORMATION DURING 

THE MULTI-CASCADE GAS 
PUFF IMPLOSION

A. YU.  LABETSKY, V. A.  KOKSHENEV, 
N. E.  KURMAEV, V. I.  ORESHKIN, A. G.  ROUSSKIKH, 
A. V.  FEDUNIN, F. I.  FURSOV, S. A.  CHAIKOVSKY, 

A. V.  SHISHLOV, N. A.  ZHIDKOVA

Institute of High Current Electronics SB RAS, 
Tomsk, Russia

A set of experiments with large-diameter multi-
cascade  gas puffs driven by the  megaampere-level, 
microsecond current pulses has been performed. 
The  experiments were  carried out on the  GIT-12 
generator operated in microsecond implosion re-
gime  (timp= 1.1÷1.2 μs, I0 = 3.4÷3.7 MA). The  in-
fluence  of load configuration on the  dynamics of 
current losses and radiative  properties of gas puff 
plasma was investigated. The  correlations between 
the  current flowing through peri pheral plasma 
and the  plasma implosion ratio  (final diameter of 
Z-pinch) were  tested. The  experiments showed that 
the  large-scale  instabilities do  not have  consider-
able  effect on the  pinch quality even for microsec-
ond implosion times. A tight pinch is formed on the  
axis. The  final diameter of the  plasma pinch radiat-
ed in neon K-lines was 3÷4 mm. The  average  elec-
tron temperature  of plasma was 400÷600 eV. The  
measured K-shell radiation yield was 5÷11 kJ/cm. 
At the  final stage  of implosion, only a small portion 
of current flows at paraxial region. The  main cur-
rent flows on the  residual plasma in the  periphery 
of an imploded Z-pinch.

}jqoephlemŠ{ q u-ohm)el 
m` l`knc`a`phŠmnl 

cemep`Šnpe Šnj`

m. `.  fhdjnb`, q. `.  )`ijnbqjhi, 
`. b.  ted~mhm

h…“2,232 “,$%…%2%-…%L .$�*2!%…,*, qn p`m, 
Š%/“*, p%““, 

b !=K%2� C!�!“2="$�…/ !�ƒ3$%2=2/ .*“C�!,/�…-
2%" “ u-C,…-�/, C!%"%!,"=,.“  …= /=$%5=K=!,2-
…%/ 5�…�!=2%!� 2%*= (!=ƒ/�!  400×400×360 //, "�“ 
70 *5, =/C$,23!= 2%*= …= *%!%2*%ƒ=/*…323< …=-
5!3ƒ*3 “%“2="$ $= 300 *` C!, -!%…2� …=!=“2=…,  
2%*= 200 …“). b .*“C�!,/�…2=. ,“C%$%ƒ%"=$,“% 
…,*�$�"/� , "%$%-!=/%"/� C!%"%$%-*,. d,=/�2!  
…,*�$�"/. C!%"%$%-�* “%“2="$ $ 30 /*/, !,=-
/�2!  "%$%-!=/%"/. C!%"%$%-�* “%“2="$ $ 20 /*/. 
o=!=/�2!/ u-C,…-= (!$,…= u-C,…-=, 35%$ /�›!3 
C!%"%$%-*=/,, -,“$% C!%"%$%-�*) "=!%,!%"=$,“% 
" .%!� .*“C�!,/�…2=. h/C3$%“ ,ƒ$3-�…,  …,*�$�-
"%5% u-C,…-= ,/�$ !"= C,*=. d$,2�$%…%“2% C�!"%-
5% C,*= “%“2="$ $= 2#4 …“, .…�!5,  C�!"%5% C,*= 
,ƒ$3-�…,  …� C!�"/==$= 1,5 d›. u=!=*2�!…/L 
!=ƒ/�!  ,“2%-…,*=, ,ƒ$3-=<?�5% " !,=C=ƒ%…� 
1#1,56 *.b, “%“2="$ $ 5#15 /*/. h/C3$%“ ,ƒ-
$3-�…,  "%$%-!=/%"%5% u-C,…-= K/$ %!…%C,-
*%"//, !$,2�$%…%“2% C,*= “%“2="$ $= 1,5$2 …“. 
u=!=*2�!…/L !=ƒ/�!  ,“2%-…,*=, ,ƒ$3-=<?�5% 
" %K$=“2, >1 *.b, …� C!�"/==$ 5 /*/.

p=K%2= "/C%$…�…= C!, C%!!�!›*� 5!=…2%" 
ptth #05-08-33331, 06-08-00001, 06-02-96906 
!_%-,.

X-PICNH EXPERIMENTS 
ON COMPACT CURRENT GENERATOR

N. A.  ZHIDKOVA, S. A.  CHAIKOVSKY, A. V.  FEDUNIN

Institute of High Current Electronics SB RAS, 
Tomsk, Russia

The  results of X-pinch experiments carried out 
on a compact current generator (size  400×400×360 mm, 
weight 70 kg, 300 kA peak  current at a 200 ns current 
risetime) are  presented. The  nickel and tungsten 
wires were  used in the  experiments. The  diam-
eter of nickel wires was 30 μm; the  diameter of 
tungsten wires was 20 μm. X-pinch parameters 
(X-pinch height, angle  between the  wires and 
the  number of wires) were  varied in the  exper-
iments. An x-ray radiation pulse  of the  nickel 
X-pinch had two peaks. The  full width at half max-
imum (FWHM) of the  first radiation pulse  was 
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cemep`0h“ lnym{u 
}kejŠpnmm{u or)jnb 
100-lhjpnqejrmdmncn 

dh`o`gnm` dk“ lmncnopn
an)mni knbrxjh cnk-3

b. Š.  ̀ qŠpekhm1, 2, `. b.  arpd`jnb1, 2, 
c. e.  depeb“mjhm1, b. “.  hb`mnb3, 

h. b.  j`md`rpnb1, q. k.  qhmh0jhi1, 2, 
~. `.  Šprmeb1

1h…“2,232  !�!…%L -,ƒ,*, qn p`m, 
m%"%“,K,!“*, p%““, 

2m%"%“,K,!“*,L 5%“3!=!“2"�……/L 3…,"�!“,2�2, 
m%"%“,K,!“*, p%““, 

3Fermi National Accelerator Laboratory, 
Batavia, IL, USA

m= 3“2=…%"*� cnk-3 h…“2,232=  !�!…%L -,-
ƒ,*, qn p`m "�!32“  .*“C�!,/�…2/ C% …=5!�-
"3 C$%2…%L C$=ƒ// " /…%5%C!%K%-…%L $%"3=*� 
“ /=5…,2…// C%$�/ Bmax/Bmin = 4,8/3,2 T /%?…// 
!�$ 2,",“2“*,/ .$�*2!%……// C3-*%/ “ .…�!5,�L 
.$�*2!%…%" !% 1 l.b, 2%*%/ !% 30 *`, C$%2…%“2%< 
2%*= " $%"3=*� 1#2 *A/“/2 , !$,2�$%…%“2%< 
!% ~10 /*“. o$=ƒ/= “ C$%2…%“2%< 1021 /$3  …=5!�"=-
�2“  !% 2�/C�!=23!/ 1#3 *.b C!, .…�!5�2,-�“*%/ 
"!�/�…, 3!�!›=…,  0,5#1 /“. 

d$  !=$%…�L=�5% C%"/=�…,  C=!=/�2!%" C$=ƒ-
// C!�!C%$=5=�2“  ,…›�*2,!%"=2% " …�� "2%!%L 
.$�*2!%……/L C3-%* !$,2�$%…%“2%< “"/=� 100 /*“, 
“ .…�!5,�L %*%$% 150 *.b, 2%*%/ 10 *`, C$%2…%“-
2%< 2%*= 1#2 *A/“/2 " /=5…,2…%/ C%$� ~5 Š, 
C%$3-=�//L " !,%!� “ C$=ƒ/�……// *=2%!%/ “ /=-
$%L 35$%"%L !=“.%!,/%“2%< “*%!%“2�L .$�*2!%…%". 
b !=/*=. “%ƒ!=…,  ,“2%-…,*= !$  5�…�!=(,, 2=-
*%5% C3-*= "�!32“  2�%!�2,-�“*,� , .*“C�!,/�…-
2=$%…/� ,““$�!%"=…, , = 2=*›� -,“$�……%� /%!�-
$,!%"=…,�. 

b !%*$=!� C!,"%! 2“  %“…%"…/� !�ƒ3$%2=2/ 
2�%!,, C$%“*%5% !,%!= " …=*$%……%/ /=5…,2…%/ 
C%$� , -,“$�……/L /�2%! *%!!�*2,!%"*, !=“-�2-
…%L C$%2…%“2, ./,2,!3�/%5% 2%*= !$  "/C%$…�-

…,  3“$%",  E = 0 …= ./,22�!�. d=�2“  *!=2*%� 
%C,“=…,� *%!= POISSON-2, ,“C%$%ƒ3�/%5% !$  
!�=�…,  !"3/�!…/. “2=(,%…=!…/. “=/%“%5$=“%-
"=……/. ƒ=!=-  .$�*2!%……%L %C2,*,. o!,"%! 2“  
!�ƒ3$%2=2/ -,“$�……%5% /%!�$,!%"=…,  -%!/,!%-
"=…,  C3-*%" “ 2!�K3�///, C=!=/�2!=/, " !=ƒ!=-
K=2/"=�//. !,%!=. , !�ƒ3$%2=2/ C�!"/. .*“C�!,-
/�…2%" C% C%$3-�…,< ,…2�…“,"…%5% .$�*2!%……%5% 
C3-*= K%$%=%L !$,2�$%…%“2, " !,%!� “ C$=ƒ/�…-
…// *=2%!%/.

p=K%2= C!%"%!,2“  C!, -=“2,-…%L C%!!�!›*� 
5!=…2=/, ptth #07-08-00682 , 05-33-664.

GENERATION OF HIGH-POWER 
100-MICROSECOND ELECTRON BEAMS 

FOR MULTI MIRROR TRAP GOL-3

V. T.  ASTRELIN1, 2, A. V.  BURDAKOV1, 2, 
G. E.  DEREVJANKIN1, V. YA.  IVANOV3, 
I. V.  KANDAUROV1, S. L.  SINITSKY1, 2, 

YU. A.  TRUNEV1

1Institute of Nuclear Physics SB RAS, Novosibirsk, 
Russia

2 Novosibirsk State University, Novosibirsk, Russia

3Fermi National Accelerator Laboratory, 
Batavia, IL, USA

The  dense  plasma heating experiments in multi-
mirror trap GOL-3 have  being conducted at BINP  
SB RAS. The  plasma is heated with high-power 
relativistic electron beam of energy up to  1 MeV, 
the  cu rrent up to  30 kA, the  cu rrent density 
of 1#2 kA/cm2 in external magnetic field with 
parameters Bmax = 4.8 T, Bmin= 3.2 T and pulse  
duration up to  ~10 μs. The  plasma with density 
of 1021 m$3 and energy-confinement time  of 0.5#1 ms 
is heated up to  the  temperature  of 1#3 keV. 

For the  further increase  of plasma parameters it 
was suggested to  inject the  second electron beam 
with energy of electrons about 150 keV. The  beam 
parameters were  chosen as follows: the  pulse  dura-
tion higher than 100 μs, the  current # 10 *`, the  
current density # 1#2 kA/cm2 in the  external 
magnetic field ~5 Š, The  beam with small angular 
divergence  of electrons would be  generated in the  
diode  with the  plasma cathode. Theoretical, ex-
perimental and numerical studies were  performed 
to  design a beam source  with these  parameters. 

The  main theoretical results for planar diode  in 
tilted magnetic field implemented in calculations, 
and the  numerical technique  used to  correct the  
calculated emitted current density in order to satisfy 
the  condition E = 0 on the  emitter surface  are  descri-
bed. A code  POISSON-2 used to  solve  stationary 

2#4 ns, and its maximum radiation energy was 
1.5 J. The  typical size  of the  radiation source  in the  
spectral range  of 1#1.56 keV was 5#15 μm. 
The  radiation pulse  of the  nickel X-pinch had only 
one  peak. The  FWHM  of the  radiation pulse  
was 1.5 ns. The  typical size  of the  radiation source  
in the  spectral range  of 1 keV and higher was 5 μm 
and less.

Work  supported by RFBR Grants #05-08-33331, 
06-08-00001, 06-02-96906.
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qoejŠpnqjnoh)eqjhe 
hqqkednb`mh“ bg`hlndeiqŠbh“ 

lnymncn ok`glemmncn 
onŠnj` q Šbepd{l Šeknl 

m` rqŠ`mnbje cnk-3

q. b.  onknq`Šjhm, `. b.  ̀ pf`mmhjnb, 
b. Š.  ̀ qŠpekhm, `. b.  arpd`jnb, }. p.  gra`hpnb, 

h. `.  hb`mnb, l. b.  hb`m0hbqjhi, 
j. m.  jrjkhm, `. q.  jrgme0nb, j. h.  lejkep, 

q. q.  ononb, b. b.  onqŠro`eb, 
`. t.  pnbemqjhu, `. m.  qekhb`mnb, 
q. k.  qhmh0jhi, b. d.  qŠeo`mnb, 
~. q.  qrk“eb, ~. `.  Šprmeb, 
l. c.  tednŠnb, `. `.  xnxhm

h…“2,232  !�!…%L -,ƒ,*, ,/. a3!*�!= qn p`m, 
m%"%“,K,!“*,L 5%“3!=!“2"�……/L 3…,"�!“,2�2

m= /…%5%C!%K%-…%L $%"3=*� cnk-3 " h“t 
qn p`m C!%"�!�…/ .*“C�!,/�…2/ C% %K$3-�…,< 
35$�!%!…/. /,=�…�L C%2%*%/ .$�*2!%……%-5%! -�L 
C$=ƒ//, …=C!="$�……/� …= /%!�$,!%"=…,� "%ƒ-
!�L“2",  5%! -�L C$=ƒ// 2�!/% !�!…%5% !�=*2%!= 
…= C$=ƒ/%C!,�/…,*, " !�›,/=., K$,ƒ*,. * %›,-
!=�/// " hŠ}p (!�›,/ ELM  type  I). n“…%"…%� 
"…,/=…,� " .2,. .*“C�!,/�…2=. 3!�$ $%“% ,““$�-
!%"=…,< C!%(�““%" .!%ƒ,, C%"�!.…%“2, C%! !�L“-
2",�/ C$=ƒ/�……%5% C%2%*=. 

o!%(�““ ,“C=!�…,  , .,/,-�“*%L .!%ƒ,, 5!=-
-,2= ,““$�!%"=$“  “ C%/%?%< “C�(,=$%…/. =K“%-
$<2…% *=$,K!%"=……/. “C�*2!%“*%C,-�“*,. “,“2�/ 
",!,/%5% !,=C=ƒ%…=, ,ƒ/�! "=,. /%?…%“2% ,ƒ$3-
-�…,  “C�*2!=$%…/. C%$%“ /%$�*3$ # C!%!3*2%" 
!,““%(,=(,, 35$�"%!%!%!%", = 2=*›� $,…,L ,%…%" 
35$�!%!=. b .*“C�!,/�…2=. C%$3-�…% ƒ…=-�…,� 
C%2%*= =2%/%" 35$�!%!= “ C%"�!.…%“2, C$=ƒ/%-
C!,�/…,*=, %C!�!�$�… "*$=! .,/,-�“*%L .!%ƒ,, 
" C!%(�““ !=ƒ!3=�…,  C%"�!.…%“2,, C!%"�!�…% 
“!="…�…,� C%$3-�……/. ƒ…=-�…,L “ !�ƒ3$%2=2=/, 
C! //. ,ƒ/�!�…,L 5$3K,…/ .!%ƒ,, , !�ƒ3$%2=2=-
/, -,“$�……/. !=“-�2%". nK…=!3›�…%, -2% .!%ƒ,  
%C!�!�$ �2“  %KA�/…// !=ƒ!3=�…,�/ C%"�!.…%“-
2, “ %K!=ƒ%"=…,�/ C/$,.

SPECTROSCOPIC STUDIES 
OF INTERACTION OF HIGH-POWER 

PLASMA STREAM WITH SOLIDS 
AT GOL-3 FACILITY

S. V.  POLOSATKIN, A. V.  ARZHANNIKOV, 
V. T.  ASTRELIN, A. V.  BURDAKOV, ED. R.  ZUBAIROV, 
I. A.  IVANOV, M. V.  IVANTSIVSKY, K. N.  KUKLIN, 
A. S.  KUZNETSOV, K. I.  MEKLER, S. S.  POPOV, 

V. V.  POSTUPAEV, A. F.  ROVENSKIKH, 
A. N.  SELIVANOV, S. L.  SINITSKY, V. D.  STEPANOV, 
YU. S.  SULYAEV, YU. A.  TRUNEV, M. G.  FEDOTOV, 

A. A.  SHOSHIN

Budker Institute of Nuclear Physics SB RAS, 
Novosibirsk State University

Irradiation of carbon targets by high power plas-
ma stream with hot electrons was studied at mul-
timirror trap GOL-3 in BINP. Experiments were  
oriented to  simulation of impact of hot plasma of 
fusion reactor to  plasma faced components in re-
gimes similar to  ITER ELM  type  I. Main atten-
tion was directed to  study of processes of surface  
erosion by plasma stream.

Evaporation and chemical erosion of carbon tar-
gets were  studied by means of absolutely calibrated 
spectroscopic systems of visible  region, that allow 
to  measure  radiation power of emission of spectral 
bands of molecules # products of dissociation of 
hydrocarbons, as well spectral lines of carbon ions. 
The  value  of flux of carbon atom from surface  
was determined in experiments and the  influence  
of chemical erosion to  surface  destruction was es-
timated. Experimental results were  compared with 
calculations and direct measurements of erosion 
depth. It is found that erosion determines by volu-
metric destruction of surface  with dust formation.

two-dimensional self-consistent problems of elec-
tronic optics is outlined. The  numerical results for 
the  forming of beams with required parameters, and 
results of the  first experiments with generation of 
intense  long-pulse  electron beams in the  diode  
with the  plasma cathode  are  presented.

Work  supported in part by RFBR grants No. 07-
08-00682 and 05-33-664.
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lndekh bngarfdemh“ 
h pek`jq`0hh qhk|mn 

mep`bmnbeqm{u qnqŠn“mhi 
leŠ`kk`, nakr)emmncn 

lnym{l rk|Šp`jnpnŠjhl 
hlork|qnl k`gepmncn hkh 
}kejŠpnmmncn hgkr)emh“

m. a.  bnkjnb1, 2, e. `.  frjnb`1, 
m. d.  jrmdhjnb`1, 2, `. o.  “knbe01, 2

1h…“2,232 .$�*2!%-,ƒ,*, r!n p`m, 
e*=2�!,…K3!5, p%““, 

2~›…%-r!=$%“*,L 5%“3!=!“2"�……/L 3…,"�!“,2�2, 
)�$ K,…“*, p%““, 

t,ƒ,-�“*,� C!%(�““/, C!%,“.%! ?,� " /�-
2=$$� (C$=ƒ/%C%!%K…%L “!�!�) C!, %K$3-�…,, ,…-
2�…“,"…//, C%2%*=/, !=ƒ$,-…%5% !%!= ,ƒ$3-�-
…,L, “3?�“2"�……% ƒ=",“ 2 %2 "!�/�…, , ,…2�…-
“,"…%“2, "%ƒ!�L“2", . e“$, !$,2�$%…%“2% "%ƒ-
!�L“2",  /%?…%5% .$�*2!%……%5% ,$, $=ƒ�!…%5% 
,ƒ$3-�…,  (τb), /�…%=� ,$, C%! !*= "!�/�…, 
3“2=…%"$�…,  !="…%"�“,  /�›!3 .$�*2!%……%L 
, ,%……%L *%/C%…�…2=/, "�?�“2"= (τε ∼ 10$12 “), 
2% " /�2=$$� "%ƒK3›!=�2“  “,$%…% …�!="…%"�“-
…%� “%“2% …,�. e“$, C!, .2%/ τb >> τp ∼ 10

$14 “ 
(τp # "!�/  3“2=…%"$�…,  $%*=$%…%5% !="…%"�-
“,  C% ,/C3$%“=/ " *=›!%L ,ƒ *%/C%…�…2 "�-
?�“2"=) "%ƒK3›!�……%� “%“2% …,� C!�!“2="$ �2 
“%K%L …�!="…%"�“…3< …�,ƒ%2�!/,-�“*3< C$=ƒ/3 
2"�!!%2�$%…%L C$%2…%“2,, " *%2%!%L 2�/C�!=23!= 
.$�*2!%…%" Te  “3?�“2"�……% C!�"/==�2 2�/C�-
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THE NUMERICAL SIMULATION 
OF THE INTERACTION OF THE 
DEUTERIUM PLASMA WITH 
THE GRAPHITIC TARGET IN 

CONDITIONS OF THE EXPERIMENT 
ON THE INSTALLATION GOAL-3

R. N.  AKHMADULLIN1, N. G.  KARLYKHANOV1, 
V. T.  ASTRELIN2, A. V.  BURDAKOV2

1Russian Federal Nuclear Center $ Zababakhin 
All-Russia Research Institure of Technical Physics, 

Snezhinsk, Russia

2The institute of the Nuclear physics SS RAS, 
Novosibirsk, Russia

The  numerical simulation of the  interaction of 
the  deuterium plasma with the  surface  of the  gra-
phitic target is conducted. The  physico-mathemati-
cal model of the  interaction of plasma with the  

solid-state  target is trusted to  in the  basis of cal-
culations, in which one  is self-consistent the  equa-
tions of gas dynamics with electronic and ionic heat 
conduction, kinetics of population density of levels 
of ions and carry of radiation in lines and contin-
uum, and also  kinetics of destruction and vapor-
ization of the  target with the  registration of heat 
conduction are  decided. In calculations two  ap-
proaches for the  description of destruction of the  
graphitic target were  used. One  approach is based 
on the  model of volumetric vaporization with usage  
of the  equations of state  of graphite. The  second 
approach is based on the  model of brittle  failures. 
The  comparison with experimental data obtained on 
the  installation GOL-3 are  conducted.
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MODELS OF EXCITATION 
AND RELAXATION OF THE STRONGLY 

NONEQUILIBRIUM STATES OF 
A METAL IRRADIATED WITH POWER 

ULTRASHORT PULSE OF LASER 
OR ELECTRONIC RADIATION

N. B.  VOLKOV1, 2, E. A.  ZHUKOVA1, 
N. D.  KUNDIKOVA1, 2, A. P.  YALOVETS1, 2

1Institute of Electrophysics, Russian Academy 
of Science, Ural Branch, Ekaterinburg, Russia

2South-Ural State University, Chelyabinsk, Russia

The  physical processes operating in a metal 
(plasma-like  medium) at intensive  irradiation 
streams of various sort of radiations, essentially 
depend on time  and intensity of influence. If du-
ration of influence  of powerful electronic or la-
ser radiation (τb), is less or about the  time  of an 
establishment of balance  between electronic and 
ionic components of substance  (τε ~ 10

$12 s) then 
a strongly non-equilibrium state  in the  metal is ex-
cited. If thus τb> > τp ∼ 10

$14 s (τp is a time  of an es-
tablishment of the  local momentum balance  in each 
of the  substance  component), then excited state  
represents the  non-equilibrium non-isothermal plas-
ma with solid-state  density in which the  electron-
ic temperature  Te  essentially exceeds the  lattice  
(ion) temperatu re  Ti. As shown in ou r works 
a relaxation of such excited metal state  is possible  
to  consider within the  framework  of two-tempera-
ture  approximation of the  continuum mechanics. 
As show our calculations the  stresses arising in the  
excited metal result in high strain rates, thus ten-
sile  strain rates may achieve  109 s$1. The  free  path 
of hot electrons essentially exceeds average  inter-
atomic distance. On the  way they deform the  lat-
tice  and generate  not only stresses, but also  defects 
such as dislocations, and also  local micro-destruc-
tions of the  lattice. 

The  aim of this work  is a theoretical research of 
mechanisms of excitation and relaxation of strong-
ly non-equilibrium states of metal irradiated with 
ultra-short pulses of power electronic and laser ra-
diation both at a stage  actually absorption by elec-
tronic component of radiation energy the  duration 
of which is equal to  pulse  duration, and at longer 
stage  of a relaxation of electronic and ionic com-
ponents of substance. We  investigate  the  first sta-
ge  within the  framework  of the  self-coordinated 
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model including the  kinetic equations for conduct-
ing electrons and phonons, the  Maxwell equations 
and the  field equations for defects such as disloca-
tions and micro-shifts (micro-destructions). The  
kinetic equation for electrons takes into  account a 
possibility of the  Langmuir plasmons and non-equi-
librium phonons (ion-acoustic plasmons) generation, 
interaction of electrons with plasmons and phonons, 
and also  interaction of the  last among themselves. 
Influence  of defects on collective  excitation genera-
tion is taken into  account in approximation of the  
mean field. The  possibility of excitation of strong 
Langmuir and ion-acoustic turbulence  in non-equi-
librium solid-state  plasma is discussed. The  second 
stage  is investigated within the  framework  of the  
two-temperature  model of the  continuum mechan-
ics including the  equations of balance  of density 
and momentum, two equations for energy of lattice  
and electronic subsystems, the  wide-range  equa-
tions of state  for each of subsystems, the  kinetic 
equations for defects and micro-shifts (micro-de-
structions), and also  the  kinetic equation for ra-
diation. The  new wide-range  equations of state  for 
electronic and lattice  components of a metal tak-
ing into  account phase  transitions are  constructed; 
the  expressions for electronic transport coefficients, 
and also  the  time  of an establishment of energy 
balance  between subsystems was obtained. Condi-
tions of the  description of phase  transitions in the  
two-temperature  continuous media are  discussed. 
Results of numerical researches of the  fields of the  
stresses, deformations, defects and micro-destruc-
tions are  resulted at influence  on a solid by beams 
of radiation with the  duration, smaller 1 ns. 

Work  is supported by the  RFBR (the  project 
No. 06-08-00355), the  RFBR-Ural (the  project 
No. 07-08-96032) and the  Presidium of the  Ural 
Branch of the  Russian Academy of Science  within 
the  framework  of integration projects for basic re-
searches with Siberian and Ural Branches of the  
Russian Academy of Science.
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IGUR-3.5 ACCELERATOR 
FOR RADIOGRAPHY
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A. S.  POKROVSKII, A. V.  SHLYAPKIN

Russian Federal Nuclear Center $ Zababakhin 
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In the  report it is presented the  IGUR-3.5 ac-
celerator created at the  RFNC#VNIITF which 
is intended for generating x-ray pulses with the  
purpose  of researching radiographic fast processes. 
The  accelerator also  can be  used for carrying out 
of researches of products on x-ray stability. The  
accelerator is made  under the  scheme  of the  in-
ductance-capacitor energy storage  with electrically 
exploded wires current switch. The  x-ray tube  
with a vacuum transmitting line  with magnetic self-
isolation of electronic beam and rod-pinch diode  is 
load was used.
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,…!3*2,"…%“2% L1 …� “" ƒ…= (κ→0) , " “$3-=� 
/=5…,2…%-“" ƒ=……%L (κ→1) "ƒ=,/…% C!%2,"%C%-
$%›…/. q$�!%"=2�$%…%, “3?�“2"3�2 2=*%� ƒ…=-�…,� 
κ /�›!3 L1 , L2, *%5!= 2%* " L1, !="�… …3$<. }2% 
%ƒ…=-=�2, -2%, /�…   *%.--,(,�…2 “" ƒ, …�C%“-
!�!“2"�……% C!, "/"%!� .…�!5,, ,ƒ L2, C%2�!, 2%*= 
" L1, /%532 K/2% “"�!�…/ * /,…,/3/3. o!%“2�L=,L 
“C%“%K !%“2,›�…,  …�%K.%!,/%L "�$,-,…/  k #,ƒ/�-
…�…,� 5�%/�2!,, C�!",-…%L %K/%2*,, *=* %!,… 
,ƒ C!%“2�L=,. "=!,=…2%" …=!=?,"=…,� "…�=…�-
5% !=!,3“=.

o!�!$%›�……/L * !=““/%2!�…,< 5�…�!=2%!  C!, 
%C!�!�$�……/. 3“$%", . /%›�2 %K$=!=2% "/“%*%L 
.--�*2,"…%“2%<, C$%2…%“2%< .…�!5,, , C!%“2%2%L 
,ƒ5%2%"$�…, .

t,ƒ,-�“*%/ ,…“2,232� ,/. o. m. k�K�!�"=, p%““, . 
b/“%*%� C!%“2!=…“2"�……%� (!% !�“ 2/. !%$�L 
/*/) , "!�/�……%� !=ƒ!�=�…,� (!% 0,1 …“), !%“2,-
›,/%� C!, ,“C%$%ƒ%"=…,, u-C,…-=,  "$ �2“  -!�ƒ-
"/-=L…% ,…2�!�“…// !$  ,““$�!%"=…,L K/“2!%-
C!%2�*=<?,. C!%(�““%", = 2=* ›� ,ƒ3-�…,  C%"�-
!�…,  "�?�“2"=, …=.%! ?�5%“  " .*“2!�/=$%…/. 
“%“2% …, .. u-C,…-  C!�!“2="$ �2 “%K%L !"� ,$, 
K%$�� “*!�?�……/� C!%"%$%-*, (!,=/�2!  C!%"%-
$%-�* !% 30 /*/), "ƒ!/"=�//.  C%! !�L“2",�/ 
C!%2�*=<?�5% -�!�ƒ …,. 2%*=. q*=…,!3<?�� ,ƒ-
$3-�…,� 5�…�!,!3�2“  " C$%2…%L "/“%*%2�/C�!=-
23!…%L C$=ƒ/� (!% …�“*%$%*,. *.b), "%ƒ…,*=<?�L 
" /�“2� C�!�*!�?,"=…,  C!%"%$%-�*. n“…%"…/� 
2!�K%"=…, , C!�!A "$ �//� * 5�…�!=2%!3, ,“C%$%-
ƒ3�/%/3 !$  “%ƒ!=…,  X-C,…-=: =/C$,23!= 2%*= 
150#300 *`; “*%!%“2% …=!=“2=…,  2%*= 1#2 *`/…“. 
d% …=“2% ?�5% "!�/, 2=*,� C=!=/�2!/ ,/C3$%-
“= 2%*= /%5$, %K�“C�-,2% $,=% 5!%/%ƒ!*,� “2=-
(,%…=!…/� 5�…�!=2%!/ "�“%/ %2 300 *5 !% …�“*%$%-
*,. 2%……. b …=“2% ?�L !=K%2� %C,“/"=�2“  /=$%5=K=-
!,2…/L ("�“%/ 70 *5) “,$%…%2%-…/L ,/C3$%“…/L 
5�…�!=2%!  (“ =/C$,23!%L 2%*= “"/=� 300 *`, C!, 
-!%…2� …=!=“2=…,  200 …“), !=ƒ!=K%2=……/L !$  
C%$3-�…,  / 5*%5% !�…25�…%"“*%5% ,ƒ$3-�…,  ,ƒ 
"/“%*%2�/C�!=23!…%L C$=ƒ// u-C,…-=.

p=K%2= C%!!�!›=…= ptth 5!=…2/: #06-02-72004, 
#07-02-00186, #05-08-33331, #06-08-00001 , C!%5-
!=//%L -3…!=/�…2=$%…/. ,““$�!%"=…,L o!�ƒ,-
!,3/= p`m. 
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leŠ`kknjep`lh)eqjhi 
j`Šnd ank|xni okny`dh 

l. e.  a`keghm, q. ~.  qnjnbmhm

h…“2,232 .$�*2!%-,ƒ,*, r!n p`m, 
e*=2�!,…K3!5, p%““, 

b% /…%5,. 2�.…%$%5, ., …=C!,/�!  “2�!,$,-
ƒ=(,, /�!,(,…“*%L %!�›!/, 2!�K3<2“  C3-*, 
.$�*2!%…%" K%$%=%L C$%?=!,. d$  ,. C%$3-�…,  
,“C%$%ƒ3�2“  *=2%!, *%2%!/L !%$›�… %K$=!=2% 
"/“%*%L “2=K,$%…%“2%< .=!=*2�!,“2,* , !%$5%-
"�-…%“2%<. 

}2,/, “"%L“2"=/, "% /…%5%/ %K$=!=�2 /�-
2=$$%*�!=/,-�“*,L (lj) *=2%!, C%ƒ"%$ <?,L 
C%$3-=2% %!…%!%!…%� !=“C!�!�$�…,� 2%*=. d$  
3C!="$�…,  !=ƒ/�!=/, , C$%2…%“2%< 2%*= C3-*= 
.$�*2!%…%" C!�!$%›�… *=2%! ,ƒ …�“*%$%*,. lj 
.$�/�…2%" “ .*!=…%/. 

o%$3-�…/ C3-*, =,!,…%L 200 , 400 // “ %!…%-
!%!…%“2%< …� .3›� 20%. j=2%!/ ,“C%$%ƒ3<2“  …= 
3“*%!,2�$� rpŠ-0,5l !$  /%!,-,*=(,, C%"�!.-
…%“2, C%$,.2,$�…%"%L C$�…*,.

THE METAL-CERAMIC CATHODE 
OF THE BIG AREA 

M. E.  BALEZIN, S. YU.  SOKOVNIN

Institute of electrophysics Ural Division 
of the Russian Academy of Science, 

Yekaterinburg, Russia

In many technologies, for example  the  sterilisa-
tions of medical clothes, are  required the  big area 
electron beam. For their reception the  cathode  
which should possess high stability of characteristics 
and longevity is used. 

These  properties in many respects possesses the  
metal-ceramic (lj) cathode, allowing to  receive  
homogeneous distribution of a current. For manage-
ment in the  sizes and density of the  electron beam 
current is offered the  cathode  from several lj 
elements with the  screen. 

The  electron beams have  been received in width 
of 200 and 400 mm with homogeneity about 20%. 
Cathodes are  used on accelerator URT-0,5M  for 
modification of a surface  the  polyethylene  film.

THE CONCEPTION OF HIGH POWER 
PULSED COMPACT GENERATOR 
BASED ON INDUCTIVE STORAGE 

AND COMBINED OPENING SWITCH 
(VACUUM INTERRUPTER AND 
PLASMA OPENING SWITCH)

n. G.  EGOROV

Troitsk Institute for Innovation and Fusion research, 
Troitsk, Russia 

Generation of nanosecond pulses by inductive  
storages (IS) requires special approach to  IS con-
struction as well as commutation systems. The  
offered pulse  generator formally consists of four 
parts. The  first three  parts relate  to  switch system 
and one  to  IS. Combination of vacuum interrupter 
and plasma opening switch is at the  base  of com-
mutation system.

Stability of such system, where  elements work  
in slow mode  (processes of energy storing and arc 
burning) as well as fast mode  (energy output) is 
provided by special construction of current bars. 
In addition, the  offered construction provides rota-
tion of arc, what allows to  make  surface  of COS 
cathode  smooth.

The  next part of commutation systems of gen-
erator is scheme  of cu rrent zero  and its break. 
The  scheme  is based on pulse  forming LC-circuit, 
where  L # magnetic coupled inductance, and de-
veloped pulse  generator on its base. The  scheme  
make  it possible  to  break  current zero  and under 
certain conditions to  provide  current increase.  

Completing part is scheme  of storage  and the  
load matching. The  essence  of it is the  following # 
IS of transformer type  is used in the  conception of 
generator. At the  stage  of energy output to  the  
load unipolar tails of primary L1 and secondary 
L2 coils are  connected. So  the  primary coil (L1) 
becomes the  load, which is magnetically connected 
with the  secondary one  (L2); coupling coefficient 
between them is κ. It is obviously in such systems 
under energy output from L2 to  the  load direc-
tions of current in case  of free  inductance  (when 
κ→0) and in case  of magnetically coupled induc-
tance  (κ→1) are  opposite  directed. So, such κ for 
L1 and L2 exists that current in L1 equal zero. It 
means that changing coupling coefficient during 
energy output from L2 to  the  load, we  can mini-
mize  current losses in L1. The  simplest method to  
achieve  necessary value  of k # is to  change  pri-
mary coil geometry as one  of simple  way to  build 
up outside  radius.

The  offered generator under certain conditions 
can have  high efficiency, density of energy and 
manufacture  simplicity.
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n lndekhpnb`mhh 
Šeplndhm`lh)eqjhu 

u`p`jŠephqŠhj oknŠmni 
ok`gl{ lmncng`p“dm{u hnmnb 
m` nqmnbe uhlh)eqjni lndekh

o. `.  knand`, `. `.  x`dphm, b. b.  ononb`

p%““,L“*,L -�!�!=$%…/L  !�!…/L (�…2! # 
bmhh 2�.…,-�“*%L -,ƒ,*, 

,/. =*=!. e. h. g=K=K=.,…=, q…�›,…“*, p%““, 

b C!�!“2="$�…,, .,/,-�“*%L /%!�$, C$=ƒ// 
(!=““/=2!,"=<?�L C$=ƒ/3 *=* “%"%*3C…%“2% ,%…%" 
!=ƒ…/. “%!2%" , “"%K%!…/. .$�*2!%…%") C%“2!%-
�…% %C,“=…,� 2�!/%!,…=/,-�“*,. .=!=*2�!,“2,* 
C$%2…%L C$=ƒ// /…%5%ƒ=! !…/. ,%…%". “ 3-�2%/ 
"*$=!= “" ƒ=……/. “%“2% …,L ,%…%" (…= %“…%"� 
“3C�!*%…-,53!=(,%……%5% C%!.%!=), .--�*2%" *3-
$%…%"“*%L …�,!�=$%…%“2, , *%!%2*%!�L“2"3<?�5% 
%22=$*,"=…,  ,%…%", = 2=*›� "/!%›!�…,  .$�*2-
!%…%". o!�!“2="$�…/ !�ƒ3$%2=2/ !=“-�2%" ,ƒ%.%!  
, ,ƒ%2�!/ ,%…,ƒ=(,, =$</,…,  !$  2�/C�!=23!  
T = 5 ÷ 100 .b , C$%2…%“2�L ρ = 0,027 ÷ 27 5/“/3 
" “!="…�…,, “ !=……//, !!35,. ="2%!%". 

qŠnkjmnbhŠek|m`“ 
onk“phg`0h“ pemŠcemnbqjhu 

khmhi b ophknfemhh 
j dh`cmnqŠhje cnp“)ei 

qnkme)mni 
h k`anp`Šnpmni ok`gl{

`. l.  rpmnb

t,ƒ,-�“*,L ,…“2,232 ,/. o. m. k�K�!�"= p`m, 
l%“*"=, p%““, 

d=�2“  *!=2*,L %Kƒ%!  !�ƒ3$%2=2%" “C�*2!%“*%-
C,-�“*%L !,=5…%“2,*, …=C!="$�……/. …�/=*“"�$-
$%"“*,. .$�*2!%…%" " 5%! -�L “%$…�-…%L , $=K%-
!=2%!…%L C$=ƒ/�, %“…%"=……%L …= ,ƒ/�!�…, . C%$ -
!,ƒ=(,, !�…25�…%"“*,. $,…,L. Š=*,� .$�*2!%…/, 
…�“/%2!  …= …,ƒ*,� C$%2…%“2,, /%532 ,5!=2% “3-
?�“2"�……3< !%$% " .…�!5%K=$=…“�, 2�C$%C!%"%!-
…%“2, , -%!/,!%"=…,, !�…25�…%"“*,. “C�*2!%". 
q3?�“2"3�2 /…%›�“2"% -,ƒ,-�“*,. /�.=…,ƒ/%" 
%K!=ƒ%"=…,  …�2�C$%"/. .$�*2!%…%", “" ƒ=……/. 
…=C!,/�!, “ …=$,-,�/ " C$=ƒ/� .$�*2!,-�“*,. C%-
$�L, 2�/C�!=23!…/. 5!=!,�…2%", C=!=/�2!,-�“*,. 
…�3“2%L-,"%“2�L , !!. &rK�5=<?,�[ .$�*2!%…/ 
K/$, %K…=!3›�…/ " $=ƒ�!…%L C$=ƒ/�, “%$…�-…%L 
*%!%…� , !!35,. $=K%!=2%!…/. , =“2!%-,ƒ,-�“*,. 

,“2%-…,*=. !�…25�…%"“*%5% ,ƒ$3-�…, . o�!"/� 
*"=…2%"%/�.=…,-�“*,� !=“-�2/ “2%$*…%",2�$%…%L 
C%$ !,ƒ=(,, $,…,L [H] , [He] ,%…%" C%*=ƒ=$, 
"/“%*3< “2�C�…% ,. C%$ !,ƒ=(,, , %K…=!3›,-
$, ! ! “"%L“2", !�$=<?,. …�ƒ=/�…,///, !$  
!,=5…%“2,*, -3…*(,, !=“C!�!�$�…,  .$�*2!%…%" 
“ .…�!5,�L E >> kT. }2, !=“-�2/ K/$, ,“C%$%ƒ%-
"=…/ !$  ,…2�!C!�2=(,, C�!"/. C%$ !,ƒ=(,%……/. 
.*“C�!,/�…2%", "/C%$…�……/. “ C%/%?%< K!.55%"-
“*%L “C�*2!%“*%C,, !$  !�…25�…%"“*%5% ,ƒ$3-�…,  
“%$…�-…/. "“C/=�*, , C%!2"�!›!�…/ C! ///, 
$=K%!=2%!…//, ,ƒ/�!�…, /, …= 3“2=…%"*� EBIT 
(k,"�!/%!, qx`). l…%5,�, "/C%$…�……/� " C%“-
$�!“2",,, .*“C�!,/�…2=$%…/� , 2�%!�2,-�“*,� ,“-
“$�!%"=…,  C%*=ƒ=$, .--�*2,"…%“2% /�2%!%" !,=-
5…%“2,*, …�2�C$%"/. .$�*2!%…%" " 5%! -�L C$=ƒ/� 
in situ , ƒ=$%›,"=,. %“…%"3 …%"%5% …=C!="$�…,  
C$=ƒ/�……%L “C�*2!%“*%C,, # C%$ !,ƒ=(,%……%L 
“C�*2!%“*%C,, !�…25�…%"“*,. $,…,L.

COLLISION-INDUCED X-RAY LINE 
POLARIZATION IN APPLICATION 
TO DIAGNOSTICS OF HOT SOLAR 

AND LABORATORY PLASMAS

A. M.  URNOV

P. N. Lebedev Physics Institute of RAS, 
Moscow, Russia

The  present report briefly su rveys the  main 
spectroscopic methods applied for diagnostics of 
directed non-Maxwellian electrons in hot solar and 
laboratory plasmas based on X-Ray line  polariza-
tion measurements. Such electrons, in spite  of rela-
tively low densities, may play a substantial role  in 
energy balance, thermal conductivity and formation 
of X-Ray emission. There  are  many physical mecha-
nisms for creation of non-thermal electrons, con-
nected, for example, with the  presence  in plasma 
of electric field, temperature  gradients, parametric 
instabilities etc. &Runaway[ electrons were  regis-
tered in laser produced plasma, solar corona and 
other laboratory and astrophysical sources of X-Ray 
emission. First quantum-mechanical calculations of 
collision-induced polarization of [H] an [He] ion 
lines showed high degree  of polarization and re-
vealed some  features, making them indispensable  
for diagnostics of electron distribution function at 
high energies E >> kT. These  calculations were  
used to  interpret the  first polarization experiments, 
made  by means of the  Bragg spectroscopy for 
X-Ray emission of solar flares, and confirmed by di-
rect laboratory experiments with the  EBIT device  
(Livermore, USA). Later numerous experimental 
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opnakel` jphŠh)eqjni 
Šn)jh rp`m`

h. k.  hnqhkebqjhi

l%“*%"“*,L -,ƒ,*%-2�.…,-�“*,L ,…“2,232 
(c%“. r…,"�!“,2�2), l%“*"=, p%““, 

u=!=*2�!,“2,*, "/“%*%2�/C�!=23!…%5% 3!="-
…�…,  “%“2% …,  (rpq) 3!=…=, "*$<-=  C=!=-
/�2!/ *!,2,-�“*%L 2%-*, C�!�.%!= 5=ƒ-›,!*%“2%, 
%-�…% "=›…/ !$  /…%5,. 2�.…,-�“*,. C!,$%›�-
…,L. j!,2,-�“*,� C=!=/�2!/ 3!=…= (!="$�…,� 
, 2�/C�!=23!=) *!=L…� "/“%*, !$  C!%"�!�…,  
C!�(,ƒ,%……/. ,ƒ/�!�…,L, " 2% ›� "!�/  2�%!�2,-
-�“*,� C%!.%!/ " …=“2% ?�� "!�/  …�.--�*2,"…/ 
,ƒ-ƒ= C!%K$�// "/“%*%L *3$%…%"“*%L …�,!�=$%…%“-
2, 3!=…%"%L C$=ƒ//. o%2%/3 !=……/� % *!,2,-�“-
*,. C=!=/�2!=. 3!=…= " …=“2% ?�� "!�/  ,ƒ"�“2…/ 
" %“…%"…%/ ,ƒ C!,K$,›�……/. %(�…%*. c$="…/� 
“!�!, …,. ,“C%$%ƒ3<2 !$  .2%L (�$, *%!!�$ (,< 
*!,2,-�“*,. C=!=/�2!%" “ …,ƒ*%2�/C�!=23!…//, 
“"%L“2"=/, *%…!�…“,!%"=……%L -=ƒ/. q3?�“2"3�2 
…�“*%$%*% *%…*3!,!3<?,. C%!.%!%" 2=*%5% !%!=. 
r!=…  "$ �2“  C!,/�!%/ (…� �!,…“2"�……// (W, 
Mo, Co  , !!.) *!=L…�5% C!%2,"%!�-,  !="=�-
//. 2=*,/ %K!=ƒ%/ %(�…%*. b !�ƒ3$%2=2�, …�“/%2!  
…= *!=L…<< "=›…%“2% ƒ…=…,  r!q 3!=…=, C=!=-
/�2!/ "/“%*%2�/C�!=23!…%L -=“2, �5% -=ƒ%"%L 
!,=5!=///, "*$<-=  *!,2,-�“*3< 2%-*3, -=*2,-
-�“*, …�,ƒ"�“2…/ (!). b C%,“*=. !=ƒ!�=�…,  “3-
?�“2"3<?�5% C!%2,"%!�-,  �“2% %“…%"=…,  C!�!-
C%$=5=2% …=$,-,� 3 -=ƒ%"%L !,=5!=/// 3!=…= %!-
…%L (,$, …�“*%$%*,.) =…%/=$,L:

`…%/=$%…=  C%2�!  "/C3*$%“2, -=ƒ%"%L 5!=…,-
(�L C$%2…%“2%-2�/C�!=23!= C!, "/“%*,. 2�/-
C�!=23!=., “" ƒ=……=  “ !�ƒ*,/ ,ƒ/�…�…,�/ "=-
$�…2…%“2, , .--�*2,"…%5% ,%…-,%……%5% "ƒ=,-
/%!�L“2",  C!, !=“=,!�…,, ›,!*%5% 3!=…=, 
, !=›� "%ƒ/%›…// “3?�“2"%"=…,�/ !%C%$…,-
2�$%…%5% -=ƒ%"%5% C�!�.%!= ( "…%5% ,$, &!=ƒ-
//2%5%[) " !=“=,!�……%/ ›,!*%/ 3!=…�. 
`…%/=$%…%� &,“*!,"$�…,�[ ""�!. *!,"%L *,C�…,  
3!=…= " *%%!!,…=2=. `!!�…,3“= (lnPs−1/Ts). 
m�“2=…!=!2…=  (…�/%…%2%……= ) ƒ=",“,/%“2% 
2�C$%2/ ,“C=!�…,  %2 2�/C�!=23!/.
`…%/=$%…% …,ƒ*=  "�$,-,…= *!,2,-�“*%5% -=*-
2%!= “›,/=�/%“2, 3!=…=, Zc ≡ (PV/RT)c << 1.

$

$

$

$

and theoretical studies showed the  efficiency of di-
agnostics of non-thermal electrons in hot plasmas 
in situ and founded the  basis for a new direction 
in plasma spectroscopy # X-Ray line  polarization 
spectroscopy.

q%C32“2"3<?=  .2%/3 =…%/=$%…% "/“%*=  
=“,//�2!,  -=ƒ%"%L 5!=…,(/ C$%2…%“2%-2�/-
C�!=23!= 3!=…= ("/“%*=  "�$,-,…= %2…%=�…,  
…%!/=$%…%L , *!,2,-�“*%L C$%2…%“2�L) , !!.
m=“2% ?�� “%%K?�…,� C%“" ?�…% “!="…,2�$%-

…%/3 =…=$,ƒ3 "%ƒ/%›…/. 2�%!�2,-�“*,. %KA “…�-
…,L C!%K$�// *!,2,-�“*%L 2%-*, 3!=…=, = 2=*›� 
%K“3›!�…,< “.�// ›�$=2�$%…%5% .*“C�!,/�…2= 
…�%K.%!,/%5% !$  .*“C�!,/�…2=$%…%5% !=ƒ!�=�-
…,  “3?�“2"3<?�L C!%K$�//.

URANIUM CRITICAL POINT 
LOCATION PROBLEM

I. L.  IOSILEVSKIY

Moscow Institute of Physics and Technology, 
Federal University, Moscow, Russia

The  high-temperature  equation of state  (EOS) 
of uranium, including its critical data, is of great 
importance  for numerous applications. Critical 
data (temperature  and pressure) for uranium are  
too  extreme  for being studied in accurate  experi-
ments. At the  same  time  theoretical approaches 
seem to  be  non-effective  because  of the  strong 
Coulomb non-ideality problem in uranium plasma. 
So, now the  parameters of uranium critical point 
are  known from some  approximate  theoretical es-
timations mostly resulting from the  deep extrapola-
tion of low-temperature  properties of its condensed 
phase. There  are  several approaches in use  for this 
purpose  nowadays. Uranium is a striking example  
(but not unique  one) of poor comparison between 
the  results of different approaches. Thus, despite  
of extraordinary applicative  importance  of the  
uranium EOS, nobody still knows even approxi-
mate  parameters of the  high-temperature  part of 
uranium gas-liquid coexistence  including the  true  
parameters of its critical point. In search to  resolve  
the  problem, appearance  to  be  assumed for one  or 
more  strong anomalies in the  properties of gas-liq-
uid coexistence  in uranium as follows:

Anomalous (non-convex) form of the  density−tem-
perature  diagram at high temperatures.
Strong (upward) deviation of the  uranium satu-
ration curve  in lnPs−1/Ts coordinates from tra-
ditional quasi-linear form, 
Non-standard, strongly non-monotonic depen-
dence  of the  evaporation heat on temperature,
Extremely low value  of the  critical compress-
ibility factor of uranium, Zc ≡ (PV/RT)c << 1
Strong distortion of the  total phase  diagram of 
uranium because  of appearance  of additional 
hypothetical &plasma phase  transition[ �.etc.
The  present contribution is devoted to  compara-

tive  analysis of possible  resolutions of the  uranium 

$

$

$

$

$

$
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qroepjrlrk“0h“ }mepchh 
q nap`gnb`mhel 

jb`pj$ck~nmmni ok`gl{ 
b }jqoephlemŠe ALICE 

m` rqjnphŠeke  LHq

p. h.  h$%*=�", b. Š.  o3…,…, 

`. j.  u$�K…,*%"

p%““,L“*,L -�!�!=$%…/L  !�!…/L (�…2! # bmhh 
.*“C�!,/�…2=$%…%L -,ƒ,*,, q=!%", p%““, 

b K$,›=L=�� "!�/  " 0epm� …=/�-=�2“  ƒ=-
C3“* *!3C…�L=�5% " /,!� 3“*%!,2�$  # a%$%=%5% 
=!!%……%5% *%$$=L!�!= LHC  # …= *%2%!%/ K3!32 
C%$3-�…/ "“2!�-…/� “2=$*,"=<?,�“  C3-*, 2 ›�-
$/.  !�!  (pb  208) “ .…�!5,�L 5500 c." …= C=!3 
…3*$%…%". b !�ƒ3$%2=2� ›�“2*,. "ƒ=,/%!�L“2",L 
" C!%(�““� “2%$*…%"�…,  “ 3…,*=$%…% "/“%*%L 
*3/3$ (,�L .…�!5,, ~2 c."/-/3 C!, .*“C�!,-
/�…2=$%…/. ƒ…=-�…, . 2�/C�!=23!/ Š ≥ 200 /." 
, C$%2…%“2, p > 1014 5/“/3. b .2,. 3“$%", . "�-
?�“2"% C�!�.%!,2  " “%“2% …,� &*"=!*-5$<%……%L 
C$=ƒ//[(jco), *%2%!=  C!, !=ƒ$�2� , %.$=›!�-
…,, *=C$, C%!"�!5=�2“  -=ƒ%"%/3 C�!�.%!3 =!-
!%…,ƒ=(,L, “ %K!=2…// C!�"!=?�…,�/ " %K/-…3< 
=!!%……3< /=2�!,<.

hƒ3-�…,< “"%L“2" joc , .=!=*2�!,“2,* -=-
ƒ%"%5% C�!�.%!= C%“" ?�… .*“C�!,/�…2 ALICE 
(A Large  Ion Collider Experiment) …= “C�(,-
=$%…% !=ƒ!=K%2=……%L 3“2=…%"*�, !=ƒ/�?�……%L 
…= 3“*%!,2�$� LHC. b !=/*=. C!%�*2= ALICE 
pt“0 #bmhh}t 3-=“2"%"=$ " !=ƒ!=K%2*� 
-%2%……%5% “C�*2!%/�2!=(!3*%"%!“2"% pm0l 
&j3!-=2%"“*,L ,…“2,232[, p%““, ) , =K“%!K�!= 
!,/<%……%5%  “C�*2!%/�2!=(t!=…(, ).

d$  C%$3-�…,  /=*!%“*%C,-�“*,. .=!=*2�!,“-
2,* 3!="…�…,  “%“2% …,  , -=ƒ%"%5% C�!�.%!= 
" .*“C�!,/�…2=$%…% "%ƒK3›!�……%L /=2�!,, , %KA-
 “…�…,  *%$$�*2,"…/.  "$�…,L …= K=ƒ� …�C%“!�!“-
2"�……% C%$3-=�/%L " .*“C�!,/�…2� ,…-%!/=(,, 
C% /…%›�“2"�……%/3 !%›!�…,< !=ƒ$,-…/. -=“2,( 
(-%2%…%", $�C2%…%" , =!!%…%") …�%K.%!,/= =!�*-
"=2…=  -,ƒ,-�“*=  /%!�$%.

m=“2% ?,L !%*$=! C%“" ?�…, " %“…%"…%/, /%-
!�$,!%"=…,< 5,!!%!,…=/,-�“*%L -=ƒ/ “2%$*…%-
"�…,  2 ›�$/.  !�!  , C!%K$�/=/ "/!�$�…,  
“C�(,-,-�“*%L .*“C�!,/�…2=$%…%L ,…-%!/=(,,, 
C%!2"�!›!=<?�L -=*2 "%ƒ…,*…%"�…,  *"=!*-
5$<%……%L C$=ƒ//.

critical point problem, as well as to  discussion of 
a plausible  scheme  of the  decisive  experiment which 
could be  able  to  resolve  the  existing uncertainty.

SUPERCUMULATION 
OF ENERGY WITH QUARK-GLUON 

PLASMA FORMATION IN ALICE 
ON THE LHC ACCELERATOR

R. I.  IL’KAEV, V. T.  PUNIN, A. K.  KHLEBNIKOV

Russian Federal Nuclear Center $ All-Russia Scientific 
Research Institute of Experimental Physics, 

Sarov, Russia

The  world’s largest accelerator, the  Large  Had-
ron Collider (LHC), is expected to  be  launched 
soon in CERN to  produce  counter-directed collid-
ing beams of heavy nuclei (pb  208) with 5500 GeV 
energy per nucleon pair as a result of collision-re-
lated hard interactions with uniquely high energy 
cumulation to  ~2 GeV/fm3 at experimental tem-
perature  Š ≥ 200 MeV and density p > 1014 g/cm3. 
Under such conditions, matter transforms into  the  
4quark-gluon plasma’ (QGP) state, which, when 
the  droplet expands and cools down, undergoes the  
hadronization phase  transition with inverse  conver-
sion to  the  usual hadron matter.

Characterization of QGP  and the  phase  tran-
sition is the  main objective  of ALICE (A Large  
Ion Collider Experiment) to  be  conducted 
on a specially designed facility installed at the  LHC 
accelerator. Within the  framework  of the  ALICE 
Project, RFNC#VNIIEF has participated in the  
development of a photon spectrometer (under the  
guidance  of the  Kurchatov Institute, Russia) and 
a dimuon spectrometer absorber (France).

An adequate  physical model is needed for ob-
taining macroscopic parameters of the  equation of 
state  and phase  transition in experimentally excit-
ed matter and to  explain collective  effects on the  
basis of direct experimental evidence  on multiple  
production of different particles (photons, leptons 
and hadrons).

This paper mainly deals with the  modeling of 
the  hydrodynamic phase  of heavy nuclei collision 
and the  problems of distinguishing specific experi-
mental data confirming the  fact of quark-gluon 
plasma formation.
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p%““,L“*,L -�!�!=$%…/L  !�!…/L (�…2! # 
bmhh 2�.…,-�“*%L -,ƒ,*, 

,/. =*=!. e. h. g=K=K=.,…=, q…�›,…“*, p%““, 

b pt“0#bmhhŠt !=ƒ!=K%2=… , ""�!�… 
" .*“C$3=2=(,< ="2%/=2,ƒ,!%"=……/L !�…25�…%"“-
*,L *=$,K!%"%-…/L *%/C$�*“ pjj-1-100. 

j%/C$�*“ !=ƒ!=K%2=… “ (�$%< !�=$,ƒ=(,, “$�-
!3<?�L C!%5!=/// ,““$�!%"=…,L:

j=$,K!%"*= !�…25�…%"“*,. !�2�*2%!%" , !�…-
25�…%%C2,-�“*,. .$�/�…2%", C!,/�… �//. 
" /�2%!,*=. !,=5…%“2,*, C$=ƒ//, " =,!%*%/ 
“C�*2!=$%…%/ !,=C=ƒ%…�;
j%$,-�“2"�……=  =22�“2=(,  =�!%.%"=2%“2, C$%“-
*,. , "%5…32/. C%"�!.…%“2�L “% “!�!…�*"=!!=-
2,-…%L "/“%2%L !% 0,1 …/;
hƒ/�!�…,� ƒ�!*=$%…% %2!=›�……%L *%/C%…�…2/ 
C!, 35$=. C=!�…,  C3-*= …= %K!=ƒ�( %2 0° !% 86°.
hƒ3-�…,� “"�!.-,“2/. C%"�!.…%“2�L /=2�!,=-
$%", …� C%!"�!5=,.“  "%ƒ!�L“2",< =2/%“-�!-
…%5% "%ƒ!3.=.
n“…%"…/� .=!=*2�!,“2,*, *%/C$�*“=:
!$,…= "%$…/ ,ƒ$3-�…, : λ = 1 ÷ 100 …/;
“C�*2!=$%…%� !=ƒ!�=�…,�: λ/δλ = 1000;
=,!,…= "/.%!…%5% ƒ%…!,!3<?�5% C3-*= " C%-
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2%-…%“2% %C!�!�$�…,  35$%"%5% C%$%›�…,  ,“-
“$�!3�/%5% %K!=ƒ(=: 1.6″;
==5 $,…�L…/. C�!�/�?�…,L %K!=ƒ(=: 5 /*/.
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"�……%L =22�“2=(,, =�!%.%"=2%“2, C$%“*,. *"=!-
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e. `.  knand`, d. q.  c`bphknb, `. c.  j`jxhm, 
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5% ,ƒ$3-�…,  …= /,=�…, !% I ≥ (2÷3)⋅1019 b2/“/2 
, 3$3-=�…,� *=-�“2"�……/. C=!=/�2!%" $=ƒ�!…%5% 
,/C3$%“=. o!�!3“/=2!,"=�2“  3"�$,-�…,� /%?-
…%“2, $=ƒ�!= !% ≈30 Šb2, -=“2,-…%� “%*!=?�…,� 
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=�…,� -%*=$%…%5% C 2…= !% 5#6 /*/, 3"�$,-�-
…,� *%…2!=“2= C% ,…2�…“,"…%“2, !% "�$,-,…/ 1011. 
n“…%"…// .$�/�…2%/ C!%�*2=  "$ �2“  “%ƒ!=…,� 
"=*33/,!%"=……%5% *%/C!�““%!=, %KA�!,…�……%5% 
“ /,=�……%L *=/�!%L.

d=……/L C!%�*2  "$ �2“  !�ƒ3$%2=2%/ =…=$,ƒ= 
!=ƒ$,-…/. "=!,=…2%" /%!�!…,ƒ=(,, , %C2,/=$�… 
“ 2%-*, ƒ!�…,  …=,K%$�� C%$…%L !�=$,ƒ=(,, !�-
ƒ�!"%" 3“2=…%"*, qnjnk-o !$  C%$3-�…,  2!�-
K3�//. C=!=/�2!%".

THE MODERNIZATION OF THE 
SOKOL-P LASER FACILITY FOR THE 

X10 MAGNIFICATION OF POWER 
DENSITY ON TARGET SURFACES

E. A.  LOBODA, D. S.  GAVRILOV, A. G.  KAKSHIN, 
V. N.  SANZHIN, A. A.  UGODENKO

Russian Federal Nuclear Center # Zababakhin 
All-Russia Research Institure of Technical Physics, 

Snezhinsk, Russia

We  report on the  project of modernization of 
the  10 TW SOKOL-P  phosphate  Nd: glass laser 
facility. The  purpose  of modernization is the  power 
density enhancement on the  target surface  up to  
I ≥ (2÷3)⋅1019 W/cm2 in experiments with qualita-
tive  parameters of laser pulse  improvement. The  
laser power is to  be  increased to  ≈30 TW with 
pulse  du ration shortening to  0,7 ÷ 0,8  ps and 
decreasing of the  focal spot diameter to  5 ÷ 6 mkm. 
The  intensity contrast ratio  of the  laser pulse  will 
be  more  than 1011. The  main element of the  proj-

ect is the  vacuum compressor combined with the  
target chamber.

This project is the  result of analysis of several 
variants of modernization and is optimal for realiza-
tion of the  SOKOL-P  reserves in order to  achieve  
the  demanded parameters.



126 q�*(,  3. “"$�…,  " C$%2…%L C$=ƒ/� , ,…2�…“,"…/� .$�*2!%/=5…,2…/� C!%(�““/ 

noŠhlhg`0h“ pemŠcemnbqjncn 
k`gep` m` 3P-3S oepeunde

NE-ondnamncn ŠhŠ`m`

`. b.  ̀ mdph“x, d. `.  bhuk“eb, d. q.  c`bphknb, 
q. `.  cnpnunb, d. `.  dlhŠpnb, `. k.  g`o{qnb, 
`. c.  j`jxhm, h. `.  j`orqŠhm, e. `.  knand`, 
b. `.  k{jnb, b. ~.  onkhŠnb, `. b.  onŠ`onb, 

b. `.  opnmhm, c. m.  p{jnb`mnb, b. m.  qru`mnb, 
`. `.  rcndemjn, n. b.  )etnmnb

p%““,L“*,L -�!�!=$%…/L  !�!…/L (�…2! # 
bmhh 2�.…,-�“*%L -,ƒ,*, 

,/. =*=!. e. h. g=K=K=.,…=, q…�›,…“*, p%““, 

o!�!/!3?,� .*“C�!,/�…2/ …= 3“2=…%"*� 
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X-RAY CALIBRATION UNIT RKK-1-100. 
FIRST EXPERIMENTS RESULTS

O. N.  GILEV, D. A.  VIHLYAEV, M. V.  ELISEEV, 
V. I.  OSTASHEV, A. V.  POTAPOV, V. A.  PRONIN, 

N. A.  PHAIKO, L. N.  SHAMRAEV

Russian Federal Nuclear Center $ Zababakhin 
All-Russia Research Institure of Technical Physics, 

Snezhinsk, Russia

Automated x-ray calibration unit RKK-1-100 was 
developed and set in operation In RFNC #VNIITF. 
The  unit was developed to  realize  the  agenda:

Calibration of x-ray detectors and x-ray optics 
which is used in plasma diagnostic techniques in 
wide  spectral range;
Roughness quantitative  examination of plane  
and concave  surfaces with mean-square  height 
up to  0.1 nm;
Specularly reflected component measurement 
under incidence  angle  on sample  of 0° to  86°;
Study of samples with ultra-pure  surface  which 
weren’t exposed to  atmospheric air.
The  main unit characteristics:
range  of radiation wavelength λ = 1÷100 nm;
spectral resolution λ/δλ = 1000;
output probe  beam width in cross direction 
40 ÷ 50 Um;
probe  beam minimal divergence  < 1 mrad;
detector turn angle  270°;
detector angular position accuracy 2.1″;
sample  rotation angle  90°;
sample  angular position accuracy 1.6″;
linear step of sample  movement 5 Um.
There  were  conducted the  first experiments 

on quantitative  examination of plane  quartz  sub-
strates and quartz  substrates with deposited UNi 
layer. The  mean-square  roughness value  provided 
by x-ray dispersion technique  using RKK-1-100 is 
in good agreement with the  values measured by op-
tical methods in Lebedev Physical Institute. X-ray 
constants of thin uranium layers were  obtained for 
the  first time  in Russia and can be  used for tables 
correction and calculation of multilayer x-ray mir-
rors based on uranium compounds.
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OPTIMIZATION OF THE X-RAY 
LASER ON THE 3P-3S 

TRANSITION OF NE-LIKE 
TITANIUM ION

A. V.  ANDRIYASH, D. A.  VIKHLYAEV, D. S.  GAVRILOV, 
S. A.  GOROKHOV, D. A.  DMITROV, A. L.  ZAPYSOV, 
A. G.  KAKSHIN, I. A.  KAPUSTIN, E. A.  LOBODA, 
V. A.  LYKOV, V. YU.  POLITOV, A. V.  POTAPOV, 

V. A.  PRONIN, G. N.  RYKOVANOV, V. N.  SUKHANOV, 
A. A.  UGODENKO, O. V.  CHEFONOV

Russian Federal Nuclear Center $ Zababakhin 
All-Russia Research Institure of Technical Physics, 

Snezhinsk, Russia

Previous experiments performed on the  facil-
ity SOKOL-P  have  demonstrated generation of 
the  laser X-radiation (LXR) with the  wavelength 
λ = 326 e on Ne-like  Ti ions at sequential irradia-
tion of the  targets by two  laser pulses of nanosec-
ond and picosecond duration, focused into  a nar-
row line. In these  experiments, the  effective  small 
signal gain equaled ≈ 30 cm$1. As the  design-theo-
retical analysis shows the  limitation of output en-
ergy of the  X-ray laser at targets of lengths more  
than 5 mm is determined by effects of saturation 
and retardations of radiation. This paper presents 
results of experiments, where  the  effect of focusing 
conditions and pumping laser energy on the  laser 
X-radiation yield was studied. 

The  dependence  of the  LXR yield on target po-
sition relative  to  the  focusing plane  of the  pump-
ing laser beam was studied. This dependence  has 
a well-defined maximum when the  target is posi-
tioned at a distance  of about 300 Um behind the  
focusing plane. In this position, the  width of the  
focal line  is about 120 Um, and the  energy flux 
density of the  pumping laser is 0.5⋅1012 W/cm2 
in the  prepulse  of ≈ 400 ps duration and about 
(1÷2)⋅1014 W/cm2 in the  main pulse  of 4 ps dura-
tion. The  main pulse  delay is ≈ 1.5 ns.

The  traveling pumping wave  mode  was real-
ized using the  step mirror. At the  maximum target 
length (8 mm) the  LXR yield is as great as 5-fold, 
if compared to  target irradiation without the  step 
mirror. The  value  of the  total laser radiation en-
ergy varied from 5.9 to  11.5 J. The  energy ratio  
in the  prepulse  and the  main pulse  was kept con-
stant 1:2.4. In this mode, the  dependence  of LXR 
yield on the  total laser energy was measured. This 
dependence  is demonstrated to  have  an exponen-
tial form.
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EXPERIMENTAL INVESTIGATION 
OF STABILITY AND REFLECTIVITY 

OF THIN FILMS OF DEPLETED 
URANIUM USING 4.5 NM WAVE-

LENGTH RADIATION

D. A.  VIKHLYAEV, O. N.  GILEV, A. V.  LIPIN, 
V. I.  OSTASHEV, A. V.  POTAPOV, V. A.  PRONIN, 

I. L.  SVYATOV, A. L.  ZAPYSOV

Russian Federal Nuclear Center $ Zababakhin 
All-Russia Research Institure of Technical Physics, 

Snezhinsk, Russia

According to  calculations the  depleted uranium 
is one  of perspective  materials for use  as a mirror 
covering in the  region of soft x-rays. Due  to  the  
fact that natural uranium is chemically active  and 
quickly oxidizes in an atmosphere, the  use  of pure  
uranium is impossible. 

The  purpose  of our work  was to  develop a 
technology of manufacturing of highly reflecting 
thin films based on depleted uranium and to  inves-
tigate  their stability and reflectivity. 

The  major results and achievements:
There  was developed a routine  process of 
manufacturing the  films of depleted uranium 
with carbon-coating layers and the  films of 
UNi through magnetron sputtering at the  ion 
precipitation regime.
There  were  measured the  x-ray reflectivity coeffi-
cients of uranium films with width of 200÷2300 Å, 
the  reflectivity of mirrors made  of such films 
are  in 90÷10% limit at 1÷10° grazing angle  and 
4.5 nm wavelength.
There  was examined the  stability of reflectiv-
ity of 200 Å width depleted uranium films with 
100 Å (200 Å) carbon-coating layer and of 200 Å 
films of UNi with 9% and 23% of Ni. The  best 
reflectivity stability during a year use  in the  
air was shown by the  mirrors of UNi films with 
23% of Ni.

−

−

−

−

−

There  was manufactured a mirror on 60×20×4 mm 
quartz  plate  with 89.2÷11.2% reflectivity at 
1÷10° grazing angle  at 4.5 nm wavelength which 
is used within x-ray calibration unit RKK-1-100 
to  increase  x-ray radiation intensity. 
We  recommend manufacturing one-layer UNi 
mirrors with up to  25% of Ni and with 2300 Å 
width since  the  films in this case  have  the  
minimal oxygen concentration (~1%) at 10÷90% 
reflectivity.
Multi-layered x-ray mirrors could be  made  of thin 
UNi films with 9÷25% of Ni or of uranium-car-
bon layers with the  width of less than 200 Å.

−

−

−
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INVESTIGATION OF THE EFFICIENCY 
OF ENERGY OUTPUT FROM 
ACTIVE ELEMENTS OF HIGH-
POWER LASER FACILITIES

B. L.  VASIN, B. V.  KRUGLOV, M. V.  OSIPOV, 
V. N.  PUZYREV, A. T.  SAHAKYAN, A. N.  STARODUB, 

A. A.  FRONYA

P. N. Lebedev Physical Institute of the Russian 
Academy of Sciences, Moscow, Russia

An increase  in energy output of the  laser facil-
ity active  elements is a topical laser fusion problem 
that is directly concerned with the  laser efficiency 
enhancement. A method is proposed for the  Nd-
glass laser radiation amplification, where  an initial 
laser pulse  is divided into  several pulses, each of 
which is amplified in the  same  active  element of 
a multipass scheme. Such an approach permits one  
not only to  increase  the  active  medium energy 
output efficiency, but to  bring about a compact 
scheme  of a multi-beam target irradiation. The  pre-
liminary experiments have  shown that the  energy 

!=“-�2/ rqh " !�…25�…%"“*%/ $=ƒ�!� …= Ne-C%-
!%K…%/ Ti “ C�!�.%!…// “2%$*…%",2�$%…// "%ƒ-
K3›!�…,�/.

SIMULATIONS AND EXPERIMENTAL 
INVESTIGATIONS OF X-RAY LASERS

F. A.  STARIKOV, V. I.  ANNENKOV, A. V.  BESSARAB, 
S. G.  GARANIN, P. D.  GASPARYAN, S. V.  KALIPANOV, 
L. M.  LAVROV, D. I.  MARTSOVENKO, S. I.  PETROV, 

A. V.  RYADOV, N. A.  SUSLOV, V. A.  VOLKOV, 
N. V.  ZHIDKOV

Russian Federal Nuclear Center # All-Russia Scientific 
Research Institute of Experimental Physics. 

Institute of Laser Physical Research,  
Sarov, Russia

The  3D  non-steady-state  numerical simula-
tions of the  x-ray laser at the  transition 3p-3s 
(λ =196 e) of Ne-like  Ge  are  carried out in the  
quasi-steady-state  regime  of the  amplified sponta-
neous emission (ASE) and under two-pass amplifi-
cation with using x-ray mirror. We  use  the  numeri-
cal model and computer code  TRANS of transient 
ASE in laser medium with allowance  for actual 3D 
medium, random polarization noise  source, wave  
effects, refraction, gain with saturation, non-reso-
nant absorption, scattering by density fluctuations. 
IN the  experiment the  gain medium is realized in a 
plasma formed under focusing the  laser radiation 
of ISKRA-5 facility in a line  of 200 Um width onto  
the  target, which is the  plane  glass plate  of 14 mm 
length with Ge  coating. The  simulation results are  
in close  agreement with experimental data on the  
far field ASE intensity distribution and observed 
amplification coefficient. Calculation show that un-
der half-cavity conditions a considerable  rise  of the  
radiation brightness and beam quality is achieved. 
The  results of 3D calculations of ASE in a Ne-like  
Ti x-ray laser with transient collisional excitation 
are  presented.
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C!,!%“2, *=* %!…%!%!…%“2, C3-*= -%*3“,!%"*,, 
2=* , “%!�!›=…,  " …�/ .…�!5,, …= 20#30% %2-
…%“,2�$%…% !=“2!= %!…%*%/C%…�…2…%L “2!3*23!/. 
o%$3-�…= …�%!…%!%!…%“2% C3-*= …= /,=�…, <5%, 
!=ƒ/�!  %!…%!%!…%L -=“2, “%“2=",$ 400×200 /*/2 
C!, *%…(�…2!=(,, .…�!5,, 60%. j=-�“2"% C3-*= 
“ /…%5%*%/C%…�…2…// !=“2!%/ “2=K,$%…% C% 5$3-
K,…� C!%!%$%…%5% C%$%›�…,  /,=�…, !% 1000 /*/. 
o!,/�…�…,� !=“2!= " .*“C�!,/�…2=. C% %K$3-�…,< 
C$%“*,. /,=�…�L C%*=ƒ=$%, -2% %K�“C�-�…=  "!�/�…-
…=  %!…%!%!…%“2% "/.%!= -!%…2= 3!=!…%L "%$-
…/ <10 C“.

SMOOTHING SYSTEM 
OF &LUCH[ FACILITY

S. G.  GARANIN, A. YU.  VORONIN, V. N.  DERKACH, 
A. I.  ZARETSKII, S. S.  MARKOV, K. V.  STARODUBTSEV, 

S. A.  SURHAREV, A. E.  CHAUNIN

 Russian Federal Nuclear Center $ All-Russia Scientific 
Research Institute of Experimental Physics. 

Institute of Laser Physical Research,  
Sarov, Russia

 Stand is created on laser facility &Luch[ for 
the  research in equation of state  of materials. For 
illumination uniformity on laser targets the  spe-

output efficiency increased by about 1.5#2 times 
in the  absence  of temporal overlapping of amplified 
pulses in a twopass scheme. 

cially developed lens raster is used, which includes 
different types elements. Focuses are  chosen to  
compensate  the  intensity oscillations induced by 
diffraction on the  apertures of the  cells. Raster, 
including the  elements with fitted focuses, demon-
strates growth as of the  quality of a focused beam, 
so  as of the  energy concentration up to  20#30% 
besides the  one-type  component raster. Nonuni-
formity is achieved <5%, the  homogeneous part of 
the  beam raise  to  400×200 μm2 at energy concentra-
tion 60%. The  quality of the  beam with multi-types 
component raster applying is stable  in longitudinal 
direction till 1000 μm. Its applying in plane  target 
irradiation experiments shows that temporal non-
uniformity of the  shock  wave  is ensured <10 ps. 
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.…�!5,, /%›�2 K/2% C%$3-�…% C!, "/"%!� C3--
*= " !!�L-%"3< *=/�!3 “ !="$�…,�/ "%ƒ!3.= 
p = 10$1÷10 //. !2. “2.

u%!%==  "%“C!%,ƒ"%!,/%“2%  (±20 %) C=!=/�2-
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!,-*, SPECTR-DTA !$  !=“-�2= “C�*2!=$%…%L 
…�C!%ƒ!=-…%“2, " !="…%"�“…%L C$=ƒ/� …= %“…%"� 

p=K%2= C%!!�!›=…= 5!=…2=/, ptth #06-08-
72001, #07-02-00186 , C!%5!=//%L -3…!=/�…2=$%-
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IGUR-3 $ ELECTRON BEAM 
PULSE GENERATOR

A. I.  KORMILITSYN, V. S.  DIYANKOV, 
V. I.  MARTYNOV, V. B.  BRATCHIKOV, 
A. S.  GANEEV, V. YU.  KONONENKO, 
A. I.  VEDERNIKOV, N. YU.  KASYANOV

Russian Federal Nuclear Center $ Zababakhin 
All-Russia Research Institure of Technical Physics, 

Snezhinsk, Russia

The  IGUR-3 accelerator has been used to  per-
form a series of experiments to  investigate  the  dy-
namics of electron beam extracted into  air. Several 
new modes of IGUR-3 operation have  been devel-
oped. IGUR-3 belongs to  the  class of direct drive  
accelerators. The  peculiarity of diode  allows to  
form current pulse  with duration of 30#400 ns 
and maximum of outed energy density at the  beam 
axis up to  400 J/cm2. The  electron beam parame-
ters are:
beam current  up to  30 kA;
beam total energy  up to  15 kJ;
maximum electron energy 
is approximately  of 5,5 MeV;
average  electron energy  of 2,5 MeV.

Extracted into  air electron beam with maximum 
energy of 50 J/cm2 has an inequality in an ener-
gy density distribution on the  beam cross-section 
of 20 percents. This normal cross-section is loca-
ted 15 cm from anode  plane  and has an area 
of 12 cm2 (coaxial with the  beam circle  with dia-
meter of 4 cm). The  improvement of energy distri-
bution uniformity could be  obtained using beam 
propagation in a drift chamber with gas pressure  
which is equal to  0,1#10 mm of hg.cl.

The  good pulse  parameters reproducibility (±20%) 
observed in the  range  of pulse  duration from 50 
to  200 ns.
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MECHANISMS OF A CONDUCTOR 
FRACTURE AND GENERATION 

OF NANOSIZED METAL PARTICLES 
AT THE ELECTRIC EXPLOSION

N. B.  VOLKOV1, 2, A. E.  MAYER2, 
V. S.  SEDOI3, E. L.  FEN’KO1, 

N. A.  YAVOROVSKII4, A. P.  YALOVETS1, 2

1Institute of Electrophysics, Russian Academy 
of Science, Ural Branch, Ekaterinburg, Russia

2South-Ural State University, Chelyabinsk, Russia

3Institute of High Current Electronics, Russian 
Academy of Science, Siberian Branch, Tomsk, Russia

4Tomsk Polytechnic University, Tomsk, Russia

The  electric explosion of conductors in various 
media is one  of the  most perspective  methods of 
nanosized particle  (metal, oxide, nitride  etc. on en-
vironment type) preparation. Owing to  a number of 
the  physical factors determining the  electric explo-
sion of conductors (rate  of the  energy input, mi-
crostructure, instabilities, phase  transitions &solid $ 
liquid[ and &liquid $ gas[, etc.), the  mechanisms 
of a conductor fracture  by electric current, and 
also  nanosized particle  formations are  not quite  
clear, despite  of numerous experimental and theo-
retical works on the  given problem. Thus practi-
cally in all researches of the  electric explosion of 
conductor the  influence  of initial microstructure  
conductor on its fracture  and nanosized particle  
generation is not considered. 

The  aim of this work  is a theoretical research 
and simulation of the  electric explosion of conduc-
tors and formation of nanosized metal particles as 
a result of condensation at expansion of explosion 
products in an environment (inert gas or in a liquid 
having  no  reaction with explosion products), and 
also  as a result of direct dispersion of a current-car-
rying conductor at a heating stage. 

Condensation of the  explosion products is con-
sidered within the  framework  of hydrodynamics of 
heterogeneous media (HHM) in view of coagula-
tion of growing particles at collisions in a zone  of 
reaction (intensive  hashing of explosion products 
with an environment). The  system of the  HHM  
equations includes the  hydrodynamic equations for 
a dispersive  phase  and for a disperse  phase  (the  
equation for concentration of particles, mass den-
sity, movement and energy). Processes of drop ori-
gin, evaporations and condensation, friction force  
of dispersive  and disperse  phases, work  of these  
forces, and also  heat exchange  between phases are  
taken into  account.

Generation of nanosized particles at electric ex-
plosion of  a homogeneous on section and length  
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current-carrying conductor is considered with the  
account of convective  magnetohydrodynamical 
(MHD) instabilities. It is shown, that convective  
MHD instabilities are  responsible, at least, for 
splitting homogeneous liquid-metal conductor with 
a current on particles in the  size  about diameter 
of the  conductor (strata). Under sufficient input 
energy the  given particles may, in turn, share, and 
the  process of crushing has a similarity. 

Formation of nanoparticles at the  electric explo-
sion of a quasi-homogenous (structured) on section 
and length current-carrying conductor is considered 
within the  framework  of the  mechanics of nano- 
and micro-structural media. Damage  conditions 
of a polycrystalline  current-carrying conductor on 
borders of grains are  obtained. The  model of poly-
crystalline  conductor fracture  is offered in view of 
its microstructure  in conditions of electronic tem-
perature  detachment from a lattice  temperature. 
Efficiency of generation nanosized crystal particles 
is considered at the  two-temperature  (nonequilib-
rium) mode  of the  electric explosion of a conduc-
tor. Comparison with experiment was made.

The  work  was supported by the  Ministry of 
Education and Science  of the  Russian Federa-
tion (the  state  contract No. 02.513.11.3127), the  
INTAS (the  project No. 06-1000013-8949), 
the  RFBR (the  project No. 06-08-00355), the  
RFBR-Ural (the  project No. 07-08-96032) and 
the  Presidium of the  Ural Branch of the  Russian 
Academy of Science  within the  framework  of in-
tegration projects for basic researches with Sibe-
rian and Ural Branches of the  Russian Academy 
of Science.
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X-RAY TUBES INSULATOR DESIGN 
OF THE IGUR-3.5 ACCELERATOR 

OPERATION IN POSITIVE POLARITY

E. N.  KOLOSKOV, A. I.  KORMILITSYN, 
V. YU.  KONONENKO, N. YU.  KASIANOV, 

G. V.  BAYDIN, I. V.  LUPANOV

Russian Federal Nuclear Center $ Zababakhin 
All-Russia Research Institure of Technical Physics, 

Snezhinsk, Russia

In the  report there  are  presented the  results 
of work  on increase  an accelerating voltage  at an 
IGUR-3.5 accelerator x-ray tube  due  to  increase  
of electric durability of its insulator. The  design of 
an IGUR-3.5 accelerator x-ray tube  and its insula-
tor before  and after modernization is resulted. The  
preliminary results of experiments with a new insu-
lator of an x-ray tube  are  presented. There  were  
received the  following parameters of the  IGUR-3.5 
accelerator an x-ray pulse  mode: the  maximal x-raying 
ability on one  meter from an x-ray source  with regist-
ration on an x-ray film is 120 mm of the Pb, the accelera-
ting voltage  is 4.4 MV, 90-ns FWHM  x-ray pulse.
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COUNTERCURRENT BREAKING BY 
VACUUM INTERRUPTER COMBINED 

IN PARALLEL WITH VACUUM SWITCH

n. G.  EGOROV

Troitsk Institute for Innovation and Fusion Research,
Troitsk, Russia

Quit new approach for high currents equal 100 kA 
and more  is offered to  consideration in this pa-
per. The  vacuum interrupter (VI) and the  vacuum 
switch (VS) differ considerably in velocity of elec-
trical strength recovery, value  of electrodes erosion, 
etc. It depends on difference  in discharge  types. To  
level these  values it is offer in the  paper to  close  
the  cu rrent I0 through VS before  the  VI elec-
trodes motion under it it’s this value  exceeds ini-
tial current on ΔI (ΔI-current, ΔI/I0 ~ 5÷10⋅10$2). 
Surplus ΔI-current flows through VI but in op-
posite  direction. In the  process of electrodes mov-
ing apart, ΔI-cu rrent in VI falls down to  zero, 
with time  constant Δ = L/R, where  L, R # in-
ductance  of circuit (VI$VS) and resistance  of VS 
gap, correspondingly. It makes possible  to  fast 
recovery electrical strength of gap between con-
tacts, to  reduce  considerably erosion of electrodes 
and voltage  of ΔI-current. On the  final stage, the  
discharge  of counter current battery recovery the  
vacuum strength of VS gap. Such way of current 
breaking makes it possible  to  break  direct cur-
rents effectively with high power. It is consequence  
of the  combined opening switch technology based 
on vacuum interrupter and plasma erosion switch.

The  work  and the  energy performance  of the  
offered scheme  are  considered in this paper too. 
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ФИЗИЧЕСКИЕ АСПЕКТЫ 
ЯДЕРНОГО ВЗРЫВА В ОПЕРАЦИИ 

«МОРСКАЯ ЗВЕЗДА»

Л. И. Дегтя ренко, В. А. Жмайло,  
И. В. Соболев, С. С. Соколов,  
А. М. Стенин, Ю. В. Янилкин

Российский федеральный ядерный центр —  
ВНИИ экспериментальной физики, Саров, Россия

В 1962 г. в операции «Морская Звезда» был произ- 
веден ядерный взрыв с энерговыделением ~1400 кт.  
Высота точки подрыва составляла 400 км, геомаг-
нитная широта ~20°.

Разнообразие и масштабность эффектов, кото-
рые проявились при этом взрыве, позволяют счи-
тать его уникальным экспериментом по физике 
плазмы, магнитосферы и ионосферы.

Определяющую роль в развитии этого взрыва 
играли такие факторы, как разреженность атмос-
феры и геомагнитное поле. Их совместное дейс-
твие обуславливало сильную связь между процес-
сами образования плазмы и ее движением.

Из-за геомагнитного поля и неоднородности  
атмосферы это движение носило существенно трех-
мерный характер.

В данной работе представлена физическая мо-
дель ( многопотоковое МГД-приближение ), учи-
тывающая отмеченные выше особенности разви-
тия этого взрыва.

Описаны дву- и трехмерные численные мето-
дики, разработанные для проведения расчетов 
по указанной модели, и представлены результаты 
расчетов образования и движения плазмы, ее све-
тимости и взаимодействия с геомагнитным полем.

Результаты этих расчетов сравниваются с соот-
ветствующими экспериментальными данными. 

PHYSICAL ASPECTS  
OF NUCLEAR EXPLOSION DURING 

«SEA-STAR» OPERATION

L. I. Degtyarenko, V.A. Zhmailo,  
I. V. Sobolev, S. S. Sokolov,  
A. M. Stenin, Yu. V. Yanilkin

Russian Federal Nuclear Center – All-Russia Scientific  
Research Institute of Experimental Physics,   

Sarov, Russia

Nuclear explosion of yield ~1400 kilotons was 
performed in 1962 during operation «Sea-Star».  
The  explosion point was at a height of 400 km in 
geomagnetic latitude  ~20°. 

The  explosion is considered to be  a unique  experi- 
ment in physics of plasma, magnetosphere  and iono-
sphere  due  to  the  scale  and variety of its effects.

РАСПРОСТРАНЕНИЕ ВОЛН 
ФОТОДИССОЦИАЦИИ 
(ФОТОИОНИЗАЦИИ) 

ОТ ТОЧЕЧНОГО ИСТОЧНИКА 
В ВОЗДУШНОЙ ПЛАЗМЕ

В. Д. Атаманенко, Г. В. Долголева,  
В. А. Жмайло, И. В. Попов 

Российский федеральный ядерный центр —  
ВНИИ экспериментальной физики, Саров, Россия

Рассматривается задача о взаимодействии уль-
трафиолетового (УФ) излучения от точечного 
источника с воздушной плазмой. Приводятся ре-
зультаты аналитического и численного решений 
уравнений переноса излучения и кинетики в воз-
душной плазме.

Численные расчеты проведены по одномерной 
методике «СНДМА», в которой учитываются про-
цессы неравновесной воздушной кинетики, пере-
носа излучения и движения вещества.

Основные расчеты и оценки приведены для 
параметров УФ-излучения, возникающего при 
облучении сферических лазерных мишеней на 
установке «Искра-5».

PROPAGATION OF PHOTO-
DISSOCIATION (PHOTO-IONIZATION) 

WAVES FROM A POINT SOURCE 
IN THE AIR-BORNE PLASMA

V. D. Atamanenko, G. V. Dolgoleva,  
V. A. Zhmailo, I. V. Popov 

Russian Federal Nuclear Center – All-Russia Scientific  
Research Institute of Experimental Physics,   

Sarov, Russia

The  paper considers the  problem of interactions 
between ultraviolet (UV) radiation from a point 
source  and air-borne  plasma. Results of analytical 
and numerical solutions to  the  radiation transport 
equation and air-borne  plasma kinetics equation 
are  presented.

Computations were  carried out using one-dimen-
sional code  SNDMA that takes into  account non-
equilibrium air kinetics, radiation transport and 
material motion processes. 

Main results of computations and estimates of 
parameters are  given for UV radiation generated 
due  to  spherical target exposure  on «Iskra-5» la-
ser facility. 



The  rarified atmosphere  and presence  of geo-
magnetic field were  the  explosion evolution  
determinants. The  combined effect of these  fac-
tors caused a strong interrelation between plasma 
generation and motion processes.  Plasma motion 
has essentially 3D behavior due  to  the  presence  
of geomagnetic field and inhomogeneity of the  at-
mosphere.

The  paper describes a physical model (multiple-
flow MHD-approximation) taking into  consider-
ation the  above-mentioned specific features of the  
explosion.  

2D and 3D numerical techniques developed to  
carry out computations using the  model are  de-
scribed and results of computations for plasma gene-
ration and motion processes are  presented. 

The  calculated results are  compared to  the  ap-
propriate  experimental data. 
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