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SUBJECT: Superthermal Electron Distribution

This memo discusses the analysis of the high-energy x-ray distribution
from a laser-induced plasma to determine the superthermal electron distri-
bution. The methods of deconvolution outlined in I are similar to formulae
derived in the literature not including] and inc1ud1‘ngE effects due to
electron stopping. In Il the methods are applied to an x-ray spectrum from
an Au disc irradiated by ARGUS.

I. Solutions for n(E)
If the cross section for emission of bremsstrahlung having energy, hv,

by an electron of energy, E, is given by o(E, hv), the energy radiated by
the electron along a pathlength, dx, through a medium having an ion density,

HT" is

dsrad[E,hu} = Ny hv o(E,hv) dx (1)

The total energy per electron is obtained by integration along the path
length. For electron stopping power given by dE/dx, the expression becomes

E : ;
Erad (E,hv) = Hi'[ hv ofE',hv) dE "
dE "

The electron flux has the form %E n(E)dE where n{(E) is the number density
of electrons having energy in the interval from E to E + dE. By folding
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the electron flux with the radiated energy per electron, the x-ray fluence,
F(hv) is given by
@ E
F(hv) = AN, f o Y 2E n(E) J holEh) . (3)
1 m hv dE 1
hw H [E ]
where A is the area of the electron flux and t is the characteristic plasma

time. The expression is, in general, not integrable, but if suitable ap-
proximations are made for o(E', hv) and g%-(E') analytic results can be ob-

tained.
The bremsstrahlung cross-section is given in the Bethe-Heitler approxi-

mati0n3 as

£
g 7 Z
3 E hv,1/2
GBH{E,P'N} = ftLI?-ﬁ_ ‘J; In [Tu (1 + (1 - E—v} / Y 4 (4)
where
g e° 22 2
Oy = 3 3=}'.9Dx?{} cm- - eV
Rimc
By comparison the classical expression for bremsstrahlung 1'54
0022
Iclass (E,hv) = E hv (5)

The ratio of the Bethe-Heitler cross-section to the classical expression is

O¢1ass B2V 5

ooy E,hv) 2
Bh —\Emtﬁgum-'g—‘*;”?]] (6)

and the ratio of the total energy radiated is

E
chH(E, hv) * hv d(hv)
0 _ zafa (7)

E m

_/'U{',]ass{E’ hv) * hv d{hv)
0
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For the electron energies considered here, the stopping power can be

expressed using the Bethe-Bloch formu1a:5
4
2me "N,
dE 1 ;
- & 1w (8)

The ratio under the second integral in Eq. (3) is then

2
N3, [ hvy1/2
hv g{E’hv] = ﬁﬂ i = In [E (‘l + (] . -E-E] / ) ]

aE o | 3
dx (E') zme“ui n [57]

(9)

Both logarithms in Eq. (9) are slowly varying functions of E. If their
ratio is replaced by a constant, a, Eq. (3) can be written as

ATIuUﬂ

” 1/2
F(hv) = = E n(E) (E - hv) dE. 10
v E];gweq m]fz f ) (10)
hv

Differentiating Eq. (10) with respect to hy twice, Eq. (10) becomes

d’F(w) . AT Zeog ()72

. n(hv), n
d(h)e 2172 ; & /2 e Lt

or solving for n(E),

ae) = 272 a et nl’2 72 & F(hy) i3
Atlaa, d(hv)? | hv=E
where
1/2 4 1/2
2 e u = 2.78 E\I’wz- sec/cm.

a
0



XRM-78-43
Page 4

An estimate for a can be obtained for a given problem. The electron
energies of interest are from 10 keV to 40 keV, and for Au I = 797 ev.®

The 1n {%EJ term varies from 3.2 to 4.6. Taking the value to be 4 and the
- :fg_{ta normalize to the total energy radiated by the

numerator to be
electron),

a~ %= =0.28.

If electron stopping is not important, for example in targets thin
compared with the electron range, the second integral in Eq. (3) can be
replaced by hvo(E,hv)Ax where Ax is the thickness of the material. If the
logarithm term is set equal to 2 i? the equation can be solved for n(E).

The expression for the thin target is

m/2 o E1/2_dF (hv)

e, . (E) = -
Thin 31!2 03/2 At N ox 2259 dhv hv=E (13)

It is seen that "Thin{E} is proportional to only the first derivative of

the x-ray spectrum compared with the second derivative for a thick target.
The absolute magnitude though is inversely proportional to Hﬁxﬂi. which is
the number of scattering centers contributing to the bremsstrahlung. 1In
contrast, N(E) for a thick target depends only on A which is the area over
which the electron flux is incident. This in principle is easier to deter-
mine and should provide better estimates of the electron density. The energy
dependence of the electron distribution is much more difficult to determine
precisely because the shape depends upon the second derivative of the x-ray

fluence.

I1I. Au Disc Spectrum
The formulae derived in Section 1 can now be applied to data from a

Au disc spectrum. In the analysis it is assumed that the bremsstrahlung is
emitted from the cold Au material produced by electrons from the laser pro-
duced plasma. It is also assumed that the plasma is optically thin, since

no absorption effects are included.
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The results from the DANTE measurement from shot #38011309 are shown
in Figure 1. This shot had a 1 ns pulse width at 1015 wattsfcmz focused
to a 150 ym diameter spot. The three high energy points have been fit to
an exponential, F(hv) = ae"™/P The resultant fit, the solid line in
Figure 1, has the parameters a = 2.5 x IG]S Eg%-and b=26.3 keV. Sub-
stituting this fit into Eq. (12), the electron density can be expressed

das

n(E) = n (§)1/2 F/B | (14)

where n_ = 5.7 x 10'8 em™3 kev™! and B = 6.3 kev.
The distribution is not Maxwellian

2n 1/2
n(E) = e B o E/KT
/2 ()32

for a Maxwellian distribution . For n(E) to be Maxwellian, F(hv) must
have the form aenhufb (hv/b +2). A curve with b = 5.13 keV and

a=94x 1912 Eg%-is plotted as the dashed curve in Figure 1. It is
seen to deviate from the exponential fit only at energies above 30 keV.
The functional form of the flux would imply a Maxwellian distribution for
the superthermal electrons with kT = 5.1 keV and n_ = 1.6 x 10'9 em3,

For comparison Eq. (13), which gives the thin target deconvolution
results, can be used. For the exponential fit, a Maxwellian distribution
is obtained. Assuming AX ~ 1 pm, = 5.3 x 108 cm'3 and kT = 6.3 keV
which is in reasonable agreement with the thick target results.

From the above example it can be seen that an estimate of the super-
thermal electron density can be obtained from the high energy x-ray spec-
trum. The method probably gives a good estimate of the number density,
but can only give gross spectral information from the present data. A
more detailed x-ray intensity measurement could produce a better decon-
volution, but considering the approximations used to derive Egq. (12), the
better detail would probably not improve the confidence in the results.

For a more nrecise estimate of the snectral distribution of the superthermal

electrons, a numerical fit to the x-ray data can be done using Eq. (3) in
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which the deconvolution is used as an initial guess.
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