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Abstract

Calculations of the bremsstrahlung resulting from electron ion
collisions in plasmas with non-Maxwellian electron velocity
distributions are made with special regard to laser produced
plasmas. The quantum mechanical theory has been used with
restriction to non-relativistic electron energies and a pure
Coulomb potential of the ions within the plasma. Results for
the spectrum, the angular dependence, the intensity and the
polarization of the emitted bremsstrahlung for some examples
of non-Maxwellian isotropic and anisotropic electron velocity
distributions are presented.



1. Introduction

The emission of free-free radiation due to electron ion collisions
in a plasma with an isotropic Maxwellian electron velocity
distribution has been studied by many authors; see, for example,
/1/. However, since plasmas are often very far from thermal
equilibrium, situations with non-Maxwellian electron velocity
distributions are possible, thus giving rise to bremsstrahlung

emission which deviates from the Maxwellian case.

An example is the plasma produced by very high power lasers /2/,
which is of interest for fusion based on the principle of inertial
confinement /3/. Theory predicts, that at hight laser intensities
fast electrons can be created in this plasma owing to numerous
collisionless light absorption mechanisms /4/. If these mechanisms
give rise to an anisotropic velocity distribution, the x-rays are
emitted anisotropically.

Measurements of the x-ray emission from laser produced plasmas
show non-Maxwellian bremsstrahlung spectra with an excess of
energetic x-rays for photon energies exceeding a few keV up to
loo keV, which can be explained by an excess of fast electrons
/5, 6/. In addition, first attempts were undertaken to measure
the angular dependence of the intensity and polarization of the
energetic x-rays /6, 7/. Weak polarization of the x-rays emitted
from ps-laser produced plasmas was observed /7/, whereas in the
case of a ns-laser produced plasma isotropic emission of the
intensity was measured /6/.

In this paper calculations of the x-ray emission from plasmas
with non-Maxwellian isotropic as well as anisotropic electron
velocity distributions with special regard to laser produced
plasmas are presented. Similar calculations for the special
case of a mirror confined plasma were made in /8/.



2. Calculation of free-free radiation

If an electron of kinetic energy E, = % v 4 collides with an

ion at rest of charge Ze a photon of eneréy hy 1is emitted. As
the classical treatment of this process gives incorrect results,
especially at the short wave limit, and as an essential con-
tribution of the radiation emitted from a plasma stems from

the short wave limit, a quantum mechanical calculation is
necessary. Here we restrict ourselves to electron energies not
exceeding about 50 keV. For this non-relativistic case Sommer-
feld solved the problem using quantum mechanics exactly for a
pure Coulomb potential of the ions /9/. According to this theory,
for an electron incident along the x-axis the intensity I ("energy
per unit solid angle per unit frequency of the emitted photon
per bombarding electron per ion per unit target area") and the
polarization P defined by P = éf - Iy)/(?-+ Iy)' see fig.l, are
given by

T (,34) = —.i_'\,( Sllh?-/%+ T)’ (A~ CoSz/%V) (1)

and

F(%B:@,(*TQ/(L%—T\ COSS' /\ ) (2)

Ea’is the angle of observation (see fig.l), Ix and Iy are
functions of the two parameters El/22 and h»’/El. I, and Iy
involve integration over all angles of the outgoing electron
wave (corresponding classically to integration over the collision
parameters) and can be represented in the form /lo/:
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and F is the hypergeometric function defined by
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These equations are used to evaluate the bremsstrahlung emission.

Since they are only valid for a pure Coulomb potential, the
results given below are restricted to plasmas with completely

strippe? ions and photon energies exceeding Wy where vy =
(r:ef )il (n = electron density) is the plasma frequency. For
VLT, 22 -3

the density of solid deuterium 5.9 x lo cm -, for example,
one finds ﬁbp = 9 eV.

To evaluate the bremsstrahlung emission from egs. (1 ... 4), the
integrals eq. (4) must be calculated. As no analytical solution
is known, Ix gnd Iy must be calculated numerically. This was
done for El/Z,s 1 keV by Kirkpatrick /11/. As we are interested
mainly in the free-free radiation of low Z plasmas, e.g. a
deuterium plasma with Z = 1, we calculated Ix y for an extended
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energy region El/zz.



3. Results for a monoenergetic electron beam

Numerical results for a monoenergetic electron beam incident on
an ion at rest according egqgs.(l ... 4) are presented in the
table ”). Besides Ix and Iy the intensity integrated over all

solid angles

— — , - g_f“-\- T (5)
[, = {TendQ =5 (T.+2T,)

is tabulated. The accuracy of the numerical calculation is better
than 1 %. For a special case, incident electron energy E, = 20 kev,
the dependence of Ix' IY and I on the photon energy h v are

tot
shown in Fig.2. The total intensity Itot decreases with increasing
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) Here and in the following results Z = 1 was takeB. The case

Z >1 can easily be found by replacing E, by E, /2" and hy by
hvy /22 ! !



Table: Radiation components I o Iy
c.g.s units 10"50) as a function of the photon energy h

different electron energies E;.

El/Ev= l.cocr 3
HANY/EV HANT/EL 1x
§.CC1E C1 l.cole-c2 &.4130-02
5.COCE C1 5.CONE-C2 6.826E-32
1.000E 02 1.000E-01 T.183E-02
1.500€ 02 1.500€-01 T.453F=22
2.000E 02 2.CO0CE-C] T.tb4E-02
2.500E 02 2.50%E-C1 T7.828E-02
3.000F €2 3J.cere-01 T.953E-02
3.500E 02 3.500e-C1 B.C&4E-C2
4.000F 02 4.000E-C1 B8.103E-02
4.50CF 02 4.5C0E-C] 8.130-22
5.C00€ 02 5.C00£-01 8.127E-n2
5.59CE 02 5.500e-01 8.C95E-02
6.000F 02 6.000E-C1 8.033E-02
6.50CF 02 6.500E-01 7.939E-02
T7.00CE C2 7.000¢£-01 T.811E-92
T.SC0F ¢2 T.500E-C? T.t4BE-22
8.000E 02 8.C09E-01 T.4450-02
8.50CE C2 B.SCCE-CY T.198E-02
9.C000E c2 e.c00C-C1 6.9056-02
9.50CE 02 9.5CCE-C1 6.582E-02
1.COCE €3 1.CO2E CO b.,4410-02
El/FV= 3.CCOF C2
HANY/EY HANY/EL Ix
3.CC3E 01 1.CO1E~C2 2.14CE-02
1.500€F €2 5.CC0E-C2 2.269€-C2
3.C0CE C2 1.C0CE-C] 2.380E-92
4.%00C 02 1.500f=C: 2.461E-72
6.COCE C2 2.CO00E-01 2.521E-02
7.50CE €2 2.500¢-01 2.564L0-C2
9.CCCE €2 3.coct-01 2.593£-02
1.05CE 03 3.507E-01 2.810€-02
1.20CF €3 4.CC0E-C] Ee614E-02
1+35CE 03 4.500E-C1 2.806F-02
1.50CE 03 5.CONE-C] 2.587E-02
1.650F 03 5.500€-C: 2.5%5E-02
1.80CE 03 6.00CE-CT 2.511E-02
1.95CE ¢3 6.500E-01 2.453F-92
2.1C0E C3 T.L00E-C1 2.38CE-C2
2.25CE 23 T.50CE-C1 2.291€-92
Z.4JCE 03 8.003~C1 2.181€-02
2.55CE 03 3.5C26-C1 2.0460-02
2.TOCE 03 9.CCOE-C1 1.878F-02
2.850E €3 9.507€-C !.680E-02
3.00CF 3 1.0C0E coO 1.434F-C2
E1/EV= 1.CCCE €&
HANY/EV HANY/EL Ix
l.cr1g 02 1.C01E-C2 6.413C-23
5.20CE 02 5.000E-02 6,.791E-93
1.00CE 03 1.CONE-C1 T.107€-02
1.500€F 03 1.502E-C1 T.331E~-03
2.00CE €3 2.CGOE-C) T.490F-23
2.5%0CE 01 2.500E-C1 T.597C-03
3.C00F ¢3 3.CC0F-CL T.659F =13
3.500E ©3 3.502%-C1 T.680C0-23
&.NCCE C3 4.CONE-C1 Tat6lE-03
4,.500F 03 4.500E-C1 T.602E-0C3
5.000E 03 5.C00E-C1 7.506E-C3
5.50CE €3 5.502E-C1 T+369E-13
&.00CE C3 6.COCE-C! 7.190F-133
6.500E 03 6. 5C0E-C] 6.965E-03
T.0c0t C) T.CCrE-C] 8.6B9F-0C3
T.52E 03 7.520E-C1 A.3536-13
8.000F 03 B.C0JE-C] 5.%45F-03
8,50CE 21 8.5C0E-C! 5.442E-73
9.C00E 03 9,0000-C1 4.B05E-73
9.5CCE C3 9.50%E-01 3.937E-03
1.C0CF 0% 1.C00E ccC 2.585[-03
El1/EV= 3.00CC C&
HANY /EY HANY /EL Ix
3.C03E G2 1.C(C1E-C2 2.13T7E-03
1.5C0E 03 5.CCOE-C2 2.2610-C3
3.CP0E 03 1.CCrE-C] 2.263F-023
4.52CE €2 1.502E-C1 2.474F-23
6.CACE 03 2.C0GF-C1 2.4813E-03
T.52CF €3 2.5C0E-02 2.5156-03
9.00CE 023 3.CC0E-C1 2.520€-03
1.05CE 04 3.500€-21 2.532¢-71
1.20CE 04 &.030F-C] 2.52CE-03
1.35CF c¢ &.590E-C 2.=9%F-03
1.50CF 2.45¢E-03
1.650E 2.403€-33
l.8CCF 24335£-03
l1.95¢CEC 2,251€-03
2.1CCF 2.149°-02
2.25CE 2+C256E-03
2.40CE 1.877£-03
2.550F l.&930-23
2.T20E l.46MF-G3
2.A5CE 1.137-7
3.900F 5.217F-2¢
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l.492r-01
1.024C-31
7.926£-92
6.525F-92
5.500:-92
4. TICE-C2
4.C51E-02
3.4917-02
3.C057-02
2.578E-02
2.200F-92
l1.867-22
1.556F-92
1.282¢-72
1.035£-02
8.1256-23
6.129F-03
4.349E-0)
2.781£-01
l.428F-73
2.851€6- )4

1Y

4.984E-72
3.4128-C2
2.631E-02
2.157E-232
1.813F-02
1.5426-02
1.319c-02

2,37T4E-23
1.737F-03
1.179E-03
T.N20C-24
J.1185-2¢
2.153E-935

1

1.496FE-02
1.022€-22
T.8635-C3
6,437E-2)
5.3A9€-03
4.561c-03
3.8945-03
3.322e-03
2.827E-21
2.394E-23
2.012E-03
1.673E-23
1.371£-23
1.103F =23
B.6175-04
6.526E-04
&.6T7F-04
3.083E-04
1.750%-)%
8.98TE-25
1.3T71E=-%

Iy

4,982F-13
3.4047-201
2.6150-01
2.135%-23
1.787E-93
1.512€-33
1.2805-91
1.C55E-23
9.297F -4
T.852F -2¢%
6.57%E-06
5.449F-74
4. 449E-C4k
3.558E-2e
2.7707-04
2.CT6F-0%
1.471F-76
9,5450-25
5.2146€-25
1.9377-9%
7.8887-)9

irar

3.338E O
2.2BRE Q0
1.920E 02
1.718E C9
1.565F 02
l.845€F 09
L.345E €9
L.259E 02
1.142€ ¢2
1.113€ 22
1.049 0N
9.398E-C1
933 TE-01
B.T33F-C1
A.2TBE-0!
T.768F-C
Te264E-01
6,T59F-01
£.251E-01
5.755f-¢C1
S.4636-01

1Ta7

1. 014 n)
T.617E-C1
6.4C1E-01
5.6T6E-01
5.1%0E-0C1
4.732€-01
4£.283E-91
4,C(8CE-C]
3.8N3E-0!

3.3226-01
3. 115E-21
2.3 a8-9)
2.709F-C1
2.5136-31
2.217F-C1
2.118F-7
1.9125-€1
l.s9lE-0]
1.463F-01
1.205¢-01

iTor

3.243F-01
2.292F-01
1.913E-91
1.692E-01
1.521E-91
1.4nZ2E-C1
1.294E-91

S.766E-02
5.C76E-02
4. 319E-22
J.elbF-(2
2.16TE-72

Irar

L1 &E-T1
T.5975-C2
6,357E-C2
5.617F-02
3.MT4E-02
4,54 )E-02
L, 2TSF-02
3.9505-02
J.s690

2.632E-02
2.2656-02
2.C45E-22
l.319€-02
1.579E-C2
1.312€-22
9.4T74E-C3
4.2720-23

and total intensity I

El/EV= 2.C{CE C3
HANY/EV HAKY/EL 1x
2,0C2E Ol 1.COlE-C2 3.21ce-c2
1.C9CE €2 S.c2%E-C2 3.&0T7E-72
2.C0CE 02 1.000E-C1 3.57176-02
3.CCCE 02 L.500g-01 3. 103(-02
&,0CCF Q2 2.700E-C1 3.798F=-02
5.CCOE C2 2.502E-C1 3. P&OF-C2
6.00CF C2 j.coec-01 3.919F-02
T.000F C2 3.50E-C! 2.950E-02
8,C00F 02 4.00CE-01 3.964E-02
2,000 C2 4. 50%E-C1 3.960E-02
1.00CE 03  5,007°[-C1  3.9&CE-C2
1.12CF €3 5.50CF-C1 3.Q02[0-02
1.20CE 03 6.CONE-CL J.F&TIE-02
1.3CCE 2% 6.507E-C!} 3.713E-02
1.40CE 03 T.TPY-CL 3.6787-02
1.5°CF 02 7.5C2-C1 1.56TE-02
1.6CCE €3 8.C02-C1 J.616E-02
1.700€ 03 B.50J9€-C}) 3.238F-02
1.R80CE C3 9. {O0E-C] 3.C19E-02
1.90CE €3 9.50%E-C1 2.T4HE-12
2.20CE €3 1.C09E CC 2.5186-02
EL/Ev= 5.c00L €3
HANY/EV HAMYJEL 1x
5.CO0%E €1 l.cc1E-c2 1.283£-02
2.5C0F 02 5.00=C2 1e36CE-22
5.0C0F C2 J.C020-C1 1.425€6-02
7.500E 02 1.5C2F-01 l.471E-02
1.COCF C3 2.09CE=-C? 1.505€6-02
1.25CE 03 2.5000-C1 1.527%€-22
1.520E 03  3.C0CE-C1  1.544E-r2
1.75CE °3 3. SCAE-CL 1.551€-92
2.°0CF 03 &.0CCE-C] 1.551€-22
2.25CE €3 &£.577E-C2 1.542€-02
2.590€ €3 5.003E~ 1.527F-02
Z.7SCE ©3 5. “COE- 1.504g-02
3.00CE 03 &,CCOE- 1.473F-02
25CE €3 «SCCE-C2 1.433F-22
3.5CCF ©3  T.C226-C1  1.3B4E-02
3.75CE 23 T.5C7E-C2 1.323-22
«.C0CE 22 8.CPIE-C1 1.2495-02
“.25CE N3 8.519C-C! 1.157€-02
&.50CF 3 9.007E-(1 1.Ce4E=-22
&, 75CF "3 9. 50n0-C1 B.91BE-T3
5.C00F C? 1.CCCF CC 6.976€-03
EL/EVs 2.CGCE G4
HANY/EV HANY/E Ix
2.C02E C2 L.CClE-C2 3,207E-73
1.COCE C3 5.CONE-r2 3.293F-C3
2.CCCE r3 1.COJE-C1 3.549E-
3,00CE €2 + s S9PE~C] 3.656E-22
4.00rCE 23 2.FC2E-0) 3.732€-C3
5.CCCE 73 2.507E-Ct 3.781E-23
6.000F €3 3.009C-C!  3.807£-03
T7.C10E ©3 3, 52%(-C!  3.812E-03
8.COCE C3 &.fOCE-C1 3.79¢6E-73
9.MCCE 23 & SOCE-C1 3.761E-93
«CO0GE 04 5.C00E-C1 3.776E-03
1.1C0CF o4& 5.5CCE-C! 3. 6IE-2D
1.200€ 04 6.C00E-C] 3.532E-03
1.2CCE 04 6.5C0E-CL 3.&1CF-C3
1.40CE C& T.C0JE-C1 «2620-03
1.500E 04 T.5CE-C1 1.082E-03
1.600% C4 8.C0CE-C1 2.854E-03
1.TO0E 24 8,500E-C! 2.596E-01
1.B00E C4& 9.50CE-01 2.256E-N3
1.9CCE & 9.5CCE-C1 1.T78RE-0C3
2.C0CE C& 1.CC0E CC G.448F-20
El/cvs 5.0CNF Oz
HANY /EV HANY/E1 1x
5.C05E €2 1.rO1E-C2 1.2R3E-03
2.5.0E €3 5.C00E-72 !.3560-02
5.00CE €3 1.7 20E-C1 «&17E-03
T.500E 03 1. 52NE-C1 1.459t-03
l1.70CE 0¢ 2.CCCE-C1 1.4R81-03
1.250€ ¢ 2.5200-C2 L.506E-33
1.5CCE 0% 3.200E-C1 1.514€-02
1.75CE ¢4 J.EOCE-CY 1.514E-03
2.CC0F C& 4.0C0E-C1 1.5C6C-03
2.25CE 4 1.490E-02
2e510E C& 1.4650-23
2.75CE 04 l.432[-03
3.C0CE C& 1.39CE-C3
1.25CE C4 1+338E-23
3.50CF C& 7.020E-C1 1.2756-03
3.75CE Cs T.500E-CL 1.199€-03
4.COCE N4 8.770€(-C1 1.197€-03
4,25CE O& 8.500E-C1 9.9 1E-C4
&,50CF C¢ F.CICF-CL 8.507E-0%
4. 750F 0 9.5CCC-C1 6.5246F-00
5.C0CE (4 l.C0CE CC 2.462F-04

S

(in
tot
v for
1y ITor
T.4TIE-N2 1.521E ro
5.120£-02 1.143F 00
3,9528-02 9.618F-C1
3.245€-22 8.539C-01
2.732¢-32 7. T58E-91
2.327E-22 T.l408-01
L.994E-92 6.624F-71
1.711F-02 6.1T76E-C1
l.4065-02 S.1TTE-DY
1.25E-72 5.6147-01
1.C61F-C2  5.07BE-C!
B.0C6F-33  &.T61E-C1
7.3996-03  4,461E-01
6.027F-23 &.171E-01
4.805E-13  3.88TF-71
3.7141-03 3.605E-C1
2.7437-03 3.321e-21
1.8397-03 3.029€-C1
1.1527-03 2.722E-"1
5.260F -C4 2.2915-C1
5.6475-05  2,119€-91
1y 1Tar
6.N33E-01
4,567F-C1
3.833E-0C!
1.297E-22 3.394F-C 1
3.076E-C1
2.822F-01
2.6C9F-71
2.626E-C1
° 2.258E-01
4.R62F-33  2,137E-0]
4.09zF -2 1. #6E-71
3.418F-23 1.8233F-71
2.814F-73 1.725€-01
2.2745-93 1.582E=-0]
1.792F-03 1.459E-01
1.365€6-2) 1.337E-31
1.212e-7Y
1.J815-01
7.J93E-72
?7.T43E-02
6.3035-06  5.ESSE-N2
Iy Ivar
T.4T56-03 l.521€-C1
S.1Cec-03 l.140F-21
3.926E-23 F.549E-C2
3.2970-M 8.637€-132
2.685E-03 T.525E=22
2.274%-013 £.8775-02
1.9252-2)3 6.432E-02
1.648E-23 5.955F-02
l.4c15-22 §.52TE-72
1.134E-33
9.929F-2%4
B.233E-04
6.73CE-04
5.392€-04
&£,2755-% 3.43TE-22
3. 160E-04 3.11kF=-02
2,26TE-24  2,7THE-N2
1.4650-24 2.422E-02
B.164E-05 2.C2TE-0C2
3.132E-25 1.550c5-02
2.1430-97  7,919E-03
Iy ITar
2.98°€-03) 9.CR2F-02
2.0425-03 4.558F-02
1.5687-33 3.614E-92
1.280g-23 3.20TE-C2
1.07C5-03 3.I6CE-D2
9.055E-74 2.7735-02
T.6985-04  2,558£-92
6.5LAF-24  2,286F-02
5.5507-04  2,193E-02
4 BROE-06  2,134F-02
3.926E-04 L.835E-12
3.26T5-06  1.T&4F-C2
2.647F-0& 1, E0BE-02
2.114E-28 la&?5€-02
1.642F-04 La243E-022
1.22RE-%% 1.,210E-02
R.6TIE-IS  1.273C-02
5.593F-)5 9.266F-03
3.c687-95 T.84£1£-01
1.134£-25 5.6556-0)
2+2367-99 2.063E-73



hyv and reaches a finite minimum at the short wave limit hy = E,; .-
At the long wave limit hy-o Itot becomes infinite owing to the
fact that the Debey shielding is neglected.

From the given values of I, and Iy the angular dependence of the
intensity and the polarization can be calculated with the equations
(1) and (2). An example for E, = 20 keV can be seen f%gm Figs.3

and 4. I(Q?) and P(ﬁ?) are symmetric with respect to W~ = 90°

() /10752 —29-3

A cm? . sterad

e E =20 keV

hv/E;
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0 50° 90°

Fig.3 Angular dependence of intensity for
some values of hw—/El, E; = lo kev
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since the calculations are restricted to the non-relativistic
case. At the long wave limit the intensity has a maximum at

= c? , whereas at the short wave limit the maximum is at

ET = 92 . The polarization for = & is_equal to zero,
which is clear for reasons of symmetry. For %rg 960 it is at
the long wave limit perpendicular to the plane of the direction
of observation and the axis of the incident electron current,
i.e. parallel to the y-axis in fig.l; in the short wave limit
it is parallel to the axis of the incident electron current

(x-axis in fig.l). These results can be understood qualitatively
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in terms of classical electrodynamics if the electron accelerated
in the electric field of the nucleus is considered as a radiating
electric dipole, which is oriented in fig.l at the short wave limit
parallel to the x-axis, whereas at the long wave limit all
directions of the dipole axis perpendicular to the x-axis are

possible.

4. Isotropic electron velocity distribution

In a plasma with an electron velocity distribution £ (Ei Gﬁ, where
-—
??is the position and v the electron velocity, the free-free
—

radiation originating from an ion at position'f is given by
. S — =3 5 3 =3
Yive (09 :&_ch‘c) () A (6)

- .
where vf(r,3)d3v’ is the electron current density of electrons
with velocities within v. and v. + dv, The total intensity emitted

-3

from the plasma with ion density ni(r ) can be calculated from
T o
N _ >
(7 ‘:g\\’\&tﬁr)b{tt’f)c(f‘r (7)
'CL‘,JC - ( 2
assuming an optically thin plasma and plasma dimensions which are

small relative to the distance of the observer from the plasma.
For an isotropic velocity distribution one finds

C g\_l_t ’f::\:hi V)w J{w Wk @
kz&o‘t_ ::'t‘

d 5 b

>
which is an integral over the velocity distribution £ (r, v)
m 2

weighted with the function Itot (El =5V, hvy) given by eq. (5).
The typical dependence of Itot on the incident electron energy
E, = % v2 is shown in fig.5 for hy = lo keV.
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As the exact shape of the electron velocity distribution is not
known theoretically for laser produced plasmas, but an excess

of fast electrons is typical, the bremsstrahlung was calculated
from eqg. (8) for some arbitrary spatially homogeneous distribution
functions which show an excess of fast electrons. Some results
for such non-Maxwellian distribution functions are given in

figs. 6 ... 8. For comparison results for a purely Maxwellian
distribution are shown in fig.9.

As the bremsstrahlung emitted from laser produced plasmas is observed
in most cases by the absorbing foil method /12/, the quantity

C(EY = ID(E g, ol (40 o
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which is the amount of X radiation transmitted through the foil,
was also calculated. D(Ec, hy ) is the foil transmittance for
photons of energy hy, which in the calculations presented in
figs. 7 ... lo was expressed by the formula

D Av) = expl= (B /A )

This expression is valid in good approximation for Be and Al
foils and photon energies above the K-edge /13/, which is 115 eV
for Be and 1564 eV for Al. The cut-off energy E_ is related to
the foil thickness by

(cL//vwn) = K (Ec”{e\/)l‘?(:

where K = 11 for Be and K = 2 for Al /13/.

DD/ <1 g0
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A KT™) =25 keV
10-
8_~
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0 50° 90° -

Fig.lo Dependﬁgge of the intensity on the
angle between the direction of
electron velocity and the direction
of observation for different
"directed temperatures" kT —>)
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For a Maxwellian distribution (see fig.9) the bremsstrahlung and
S(Ec} show in good approximation an exponential dependence on
the photon energy hy and cut-off energy E, respectively. This

is not so for the non-Maxwellian cases in figs. 6 ... 8, which
demonstrate well that an excess of fast electrons may be detected
in the bremsstrahlung spectrum as well as in the signal S(Ec)
transmitted through the absorbing foil. However, comparison of
the results in figs. 6 ... 8 shows that the exact structure of
the distribution function is smeared out by the bremsstrahlung
spectrum, which according to eq. (8) is approximately an integral
over the distribution function for electron energies exceeding
hy , and still more by the function S(Ec), which according to
eq. (8) is an integral over the bremsstrahlungs spectrum and hence
roughly a two-fold integral over the distribution function.

5. Anisotropic velocity distribution

In the case of anisotropic electron velocity distribution the
plasma emits anisotropic bremsstrahlung. As can be seen from figs.

3 and 4, the bremsstrahlung is radiated for a monoenergetic electron
beam at the short wave limit with a large intensity anisotropy and

a polarization of almost loo %. However, if electrons of different
energies E, are present, it is possible at a fixed photon energy

hy” to have contributions from the short wave limit E, = hy

1
as well from electrons with energies E1> hwv . As the behaviour

of the x-ray anisotropy at the short wave limit and at the long

wave limit is quite opposite according to figs.3 and 4, the
dominating contribution has to be determined by integrating over
the electron velocities.

For simplicity we consider the ideal case where the electrons
are completely directed as represented by a one-dimensional
distribution function fl(vx). This is justified if it is assumed

that a strong electric field directed parallel to the x-axis
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accelerates the electrons to high energies, as is possible in
laser produced plasmas owing to, for example, resonant absorption
/4/. I1f in addition electrons with isotropic velocities are
present, the total x-ray emission can easily be found by combining

the results of this and the previous section.

For a spatially homogeneous plasma the angular dependence of the
intensity and polarization due to £y is given by

‘1o :'_g T (DAl () do

(lo)

= %3-.‘3 £q, reos )
and

(1Y)

‘—,- i 2 ‘ ( o

_ g \ (\2'\? w)'\):( (b‘;}(‘l\zx (12)
X, N . —-xl\

CX Loa /

and v the angle between Vi and the direction of observation.

For hy = lo keV the dependence of I, and Iy is shown in fig.7.

Since I, and IY are not strongly peaked at E;, = hy, the values

of the integrals depend on the special structure of the electron

distribution function f(v,). The integration of eg. (12) was per-

formed for a directed high energy tail of the form

§,03,) o< exp (- TL /AT

for different "directed temperatures" T(€>). Results are given
in figs. lo ... 13. Figures lo and 11 show the angular dependence
of the intensity and polarization respectively for different kT(—p).

The maximum intensity anisotropy as well as the maximum polarization
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are obtained for v = 90 © here. The dependence of these guantities

on the photon energy hs are shown in figs.l12 and 13. The results
show that the contribution from the short wave limit and hence
the anisotropy of the emitted x-rays increases with increasing

photon energy and decreasing slope of the distribution function.

5. Conclusions

In this study the properties of the free-free radiation due to
electron ion collisions from a plasma with non-Maxwellian velocity
distributions were investigated. The x-ray emission was calculated
on the assumption of non-relativistic electron energies, pure
Coulomb potential of the ions in the plasma, which is assumed to
be optically thin to the x-ray energies considered. The results
show that an excess of fast electrons can easily be observed in

the x-ray emission. However, the bremsstrahlung spectrum is not




very sensitive to the particular shape of the electron distribution
function. Thus, if the electron distribution function is to be
calculated from the bremsstrahlung spectrum, very accurate

measurements are necessary.

Calculations for the case of anisotropic electron distribution
functions which decrease with increasing electron energy show
that anisotropy of the distribution function can readily be
detected by measuring the angular dependence of either the
pelarization or the intensity. An increasing x-ray anisotropy
can be observed with increasing photon energy.

To calculate the space integrated x-ray emission from inhomogeneous
plasmas, the spatial variation of the electron velocity distribution
and of the ion density must be known (see eq.7). In laser produced
plasmas strong inhomogeneous situations are possible. The fast
electrons can be generated in a region of relative low density,
where the plasma frequency equals the laser frequency /4/. They
may then move into a region of higher density, in which the x-

rays are mainly emitted. The study of this problem was beyond

the aim of this paper. However, the results presented here can be
directly applied if spatially homogeneous parts of the plasma are
observed.
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