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Simulations of hard X-ray generation by hot electrons in a silver target

O.F. Kostenko

Abstract. A semi-analytical model is developed for the generation
of X-ray bremsstrahlung in metallic targets with the inclusion of
hot electron recirculation (refluxing). The hard bremsstrahlung and
characteristic X-ray yields are calculated in relation to the thick-
ness of a silver target for an s-polarised subpicosecond laser pulse
intensity of 2x 10" W cm2. The effect of hot electron recirculation
in thin foils is shown to significantly improve the K, radiation and
bremsstrahlung yields in a photon energy of 10—100 keV. By con-
trast, the 0.1—-1 MeV bremsstrahlung photon yield from thin foils
with hot electron recirculation corresponds approximately to the
highest photon yield from those targets in which recirculation is
insignificant. We make a comparative analysis of the highest laser-
to-X-ray energy conversion efficiencies obtained to date.

Keywords: hard bremsstrahlung and characteristic X-rays, hot
electron recirculation, silver targets.

1. Introduction

Research is presently underway to radiograph the substance
in a high energy-density state with the use of laser facilities
with a petawatt peak power (see review [1]). Solid laser targets
serve as sources of short hard X-ray pulses. Irradiating a tar-
get by a high-intensity laser pulse results in the generation of
hot (suprathermal) electrons, whose energy may exceed the
ponderomotive energy by an order of magnitude [2]. The hot
electrons penetrate deep into the target to generate character-
istic and bremsstrahlung X-rays [2—6]. To optimise the X-ray
yield, analytical models and numerical codes are developed
[7-9], which make use of quasi-Maxwellian hot-electron dis-
tribution functions in initial energy and the known scalings
(intensity dependences of the electron energy) [10, 11]. More
exact information about the distribution function may be
obtained by particle-in-cell simulations [2, 6] and in the mod-
elling of measured bremsstrahlung spectrum data [2, 6, 12, 13].
The effect of hot-clectron recirculation in electrically insu-
lated foils of limited transverse size [7] entails an increase in
K, radiation [2, 3, 14] and X-ray bremsstrahlung [6] yields at
relativistic intensities. The recirculation of hot electrons may
be neglected in the case of foils attached to thick conducting
substrates [2].
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To radiograph substances with a high energy density,
use is made of X-rays in the 10—-100 keV range [1, 15].
Radiographing the dense plasma which is to be produced by
heavy ion beams on the FAIR (GSI, Darmstadt, Germany)
under construction calls for X-rays with photon energies
above 100 keV [1].

In Ref. [13] we determined the hot-electron energy distri-
bution function by modelling the data of bremsstrahlung and
K, radiation measurements for silver targets with no recircu-
lation of hot electrons, which were produced by s-polarised
subpicosecond laser pulses of intensity 2x 10 W cm™ on the
PHELIX laser facility (GSI, Darmstadt, Germany). In the
present work, we consider a semi-analytical model of X-ray
bremsstrahlung generation in metallic targets with the inclu-
sion of hot electron recirculation. We calculated the yield of
X-ray bremsstrahlung in the 10—100 keV and 0.1-1 MeV
photon energy ranges as well as the yield of 22.1-keV K, radi-
ation from the front and rear sides of silver targets of different
thickness, with and without the inclusion of hot electron
recirculation. The resultant highest laser-to-X-ray energy
conversion efficiencies were compared with the data of other
works.

2. X-ray bremsstrahlung generation model

In view of the s-polarisation of laser radiation incident on the
target at a small angle, the electrons accelerated by the oscil-
latory component of the ponderomotive force [16] were
assumed to propagate perpendicular to the target surface [13].
The resistive energy loss of the hot electrons in silver may be
neglected for the intensity indicated in the foregoing [13, 17].

The number of bremsstrahlung photons of energy in the
interval (k, k + dk) generated over a path length dx per unit
solid angle by an electron of energy E > k is written as

d?oy, (E,k,0)
dkdQ

where 7, is the atomic density; d’oy,/(dkdQ) is the differen-
tial bremsstrahlung cross section; and 6 is the photon emis-
sion angle relative to the direction of electron motion. When
the electron propagates perpendicular to the target surface,
then

dkdx, (D

dny, = n,

d*ou (E,k, T — ao)

drtem = 724 dkdQ

dkdxexp(—u(k)x/cosay) (2)

is the number of photons emitted per unit solid angle at an
angle a, to the normal, where u(k) is the radiation absorption
coefficient and x is the electron’s distance from the surface.
The electron energy loss is described by the function S,(E):
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dE _
a - _Sp(E)- (3)

For the electron path length in which the initial energy E
decreases to the minimal photon energy k,;, under consider-
ation we have

E g E

le(EO) = o Sp(El) 5 (4)
whence
x = l(Eo) — L.(E). ©)

From formulas (1)-(5) we obtain the bremsstrahlung
spectrum emitted by the electron of initial energy E, from the
front side of the target of thickness d per unit solid angle at an
angle o, to the normal:

¢ — dE d’0u(E.k,T — ag)
]br(EOak: Clo,d) - nafEf(En,k,d) Sp(E) dde
—u(k)[L(Eo) — L(E)] }
x exp{ THIEED , (©)

where Ey= k when [ (E) — [.(k) < d. When the electron escapes
the target provided that [(Ey) — [.(k) > d, E;is found by solv-
ing the equation I.(Ey) — I.(E;) = d [13]. In this case, the brems-
strahlung spectrum emitted by the electron from the rear side
of the target per unit solid angle at an angle 3, to the target
normal takes on the form

. _ E dE d’o r(Eak»ﬁ)
Bk =] Sy dha
—u(k)[d —I(Eo) + I(E)]
X exp{ o5 ﬁoo } (7)

When the electron recirculates in the target with the pro-
viso that I,(Ey) — [.(k) > d, then

N+1 Ei_,
Vfr E, 5k5 7d = Ny ’ dE
]b( 0 Qo ) n ,';J.E, Sp(E)

» d*ou[E,k,(n — ao)pi + ao(1 = p)]
dkd Q2

m(k){2pi = D[L(E) — L(E-)] — (1 — p)d} ®)

X ex
P cos

N+1 Ei_,
jltj’r(EOskuﬁ(Jad) =Ny sz dE
i=1%45

Sp(E)
% d*ou[E, k. Bop: + (1 — Bo) (1 — p)]
dkdQ
X exp w(k){(2p; — 1)[130((12[;;) — l(E)] —Pfd}’ 9)

where N = [I.(Ey) — l(k)/d] and p; =i - 2[i/2]. Fori=1,...,N
the energy E; is determined by solving the equation /,(Ey) —
I(E) =idand Ey. = k.

The bremsstrahlung spectra emitted by the electrons with
the initial energy distribution fi,(E) from the front and rear

target sides per unit solid angle in given directions are defined
by the expressions

Th(kyao,d) = jk " b (Eo koo d) fo (Ep)AE, . (10)

TE (ks Bord) = j; " o (Ey,k,Bo,d) fi(Eo)dEy (11

respectively. For the photon numbers in the spectral range
(ky, ky), where k| = k,;,, emitted from the front and rear sides
we have

. /2 ky .
N'w(d) = 2n f sinaoday f Jb(k,ao,d)dk, (12)
0 ki
n/2 ko
NB(d) = 21 fo sin BodBo fk T8k, o, d)dk (13)

respectively.

3. Simulation of bremsstrahlung
and characteristic X-ray production

The bremsstrahlung photon yield from the front (12) and rear
(13) sides of the targets of thickness 10 um < d < 1 cm was
calculated in the 10—100 keV and 0.1-1 MeV energy ranges
with the use of a two-temperature hot-electron distribution
function

Sn(Eo) = (N,/ T)exp(—Eo/ T) + (N2l Ty)exp(—Ey/ T3),  (14)
which was determined in Ref. [13] using the X-ray measure-
ment data for silver targets. For an s-polarised subpicosecond
laser pulse intensity of 2x 10 W cm™ and an on-target energy
of 75 J, the following parameters were determined: N; =
4x10"3, N, =2x10"%, T}, = 130 keV and T, = 1.66 MeV.

The differential bremsstrahlung cross section was calcu-

lated by the formula [18]

d’o(E,k,0) _ dow(E,kIE)
dkdo = ak Ste(E,KkIE, cos6).

(15)

The cross section doy,/dk differential in only the energy of
emitted photon was calculated by interpolating the data given
in Ref. [19]. The function Sy,, which describes the angular
photon distribution, was calculated for a photon energy
10 keV < E < 500 keV by interpolating the coefficients given
in Ref. [18]. For higher energy values, in accord with Ref. [20],
use was made of the classical dipole distribution

Sur(E,cos0) = |1 +( cosf —p (16)

2 l—ﬁz
161 l—ﬂcosﬁ)](l—ﬁcose)p

where S(F) is the ratio of the electron velocity to the speed of
light.

The electron energy loss in silver S,(E) was determined
using the ESTAR database [21]. The radiation absorption
coefficient u(k) was calculated using the tables given in
Ref. [22]. The atomic density n, corresponded to silver at nor-
mal conditions.

The highest bremsstrahlung photon yield in the
10—100 keV energy range from the targets in which the recir-
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culation of hot electrons is insignificant is achieved from the
rear side of the target approximately 60 pm in thickness
[Fig. 1, curve (3)]. The highest photon yield from the front
side, which is achieved for a target thickness greater than 100
um [Fig. 2, curve ( 3)], is approximately four times lower. The
effect of hot electron recirculation in a thin foil of thickness
~10 pm results in a four-fold rise in the maximum photon
yield from the rear side [compare curves (/) and (3) in Fig. 1].

The maximum bremsstrahlung photon yield in the
0.1-1 MeV energy range from the targets in which the elec-
tron recirculation may be neglected is achieved from the rear
side of a target approximately 1.5 mm in thickness [Fig. 1,
curve (4)]. The maximum photon yield from the front side,
which is achieved for targets thicker than 2 mm [Fig. 2, curve
(4)], is approximately 18 times lower. The photon yield from
the rear and front sides of thin foils of thickness 10—-20 um
[curves (2) in Figs 1 and 2, respectively], in which hot elec-
trons recirculate, corresponds approximately to the highest
photon yield from the rear side of the target in which the
recirculation is insignificant [compare curves (2) and (4)
in Fig. 1].
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Figure 1. Photon yield Ng’h(d) (13), in relation to the target thickness,
from the rear side of the silver target in the energy intervals (/, 3)
10-100 keV and (2, 4) 0.1-1 MeV with (7, 2) and without (3, 4) the
inclusion of hot electron recirculation.

The numbers of K, radiation photons emitted from the
front [N(d)] and rear [N(d)] sides of the target with and
without the inclusion of hot electron recirculation were calcu-
lated according to the model outlined in Ref. [8], using the
formulas

f
dNemg%’ao’d)dEo, (17)

/2 B3
N{((d) = 21tf0 Sll’laoda()fE fh(E())

dNn(Eo,fo,d)

/2 e
NE(d) =2n fo sinBodpo fE S B = dE,. (18)

Here, dNim(Eo,ao,d)/dQ and dNé’m(Eo,ﬂo,d)/dQ are the
photon numbers emitted by the electron of initial energy E >
Ex per unit solid angle in the given directions from the front
and rear sides, respectively (see expressions (1)—(4) in
Ref. [8]); and Ey is the K-shell ionisation energy.

The K, radiation photon yield from the front and rear
sides of the thin foils of thickness 10—30 um is about the same
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Figure 2. Photon yield Ngh(d), in relation to the target thickness, from
the front side of the silver target in the energy intervals (/, 3) 10—100
keVand (2, 4) 0.1-1 MeV with (/, 2) and (3, 4) without the inclusion
of hot electron recirculation.

both with the inclusion of recirculation [compare curves (/)
and (3) in Fig. 3] and neglecting recirculation [curves (2) and
(4)in Fig. 3]. The K, radiation yield from the rear sides of the
targets with insignificant recirculation is highest for a thick-
ness of about 50 um [Fig. 3, curve (4)]. A higher K, radiation
yield (by about 40%) is achieved from the front side and a
thickness of over 200 um [Fig. 3, curve (2)]. The effect of hot
electron recirculation in thin foils results in a significant
improvement of the highest K, radiation yield: by about a
five-fold improvement of the yield from the front side and a
seven-fold one from the rear side (see Fig. 3) with the use of
10-um thick foils.
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Figure 3. K, radiation photon yield, in relation to the target thickness,
from (1, 2) the front and (3, 4) rear sides of the silver target [respec-
tively N]g(d) (17) and N]lg (d) (18)] with (/, 3) and without (2, 4) the in-
clusion of hot electron recirculation.

4. Conclusions

We have constructed a semi-analytical model of X-ray brems-
strahlung generation in metallic targets with the inclusion of
hot electron recirculation. The hard X-ray bremsstrahlung
and characteristic radiation yields were calculated in relation
to the thickness of a silver target for an intensity of
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2x 10" W cm2 of s-polarised subpicosecond laser pulses. The
effect of hot electron recirculation in thin foils was shown to
significantly improve the K, radiation and bremsstrahlung
yields in the 10—100 keV photon energy range. By contrast,
the bremsstrahlung photon yield in the 0.1-1 MeV energy
range from 10—20 wm thick foils, in which the hot electrons
recirculate, corresponds approximately to the photon yield
from the rear sides of 1-2 mm thick targets, in which the
recirculation is insignificant.

To radiograph cylindrical samples, use is made of foils of
about 10 um thickness, which makes it possible to measure
the density of Warm Dense Matter (WDM) with a high spa-
tial resolution [1, 15].

The laser-to-K, radiation energy conversion coefficient
with the use of a 10-um thick silver foil, in which the recircula-
tion is implemented, amounts to 3x107. This is consistent
with the data obtained on the Titan laser facility [5]. The ratio
of the number of K, radiation photons emitted from the front
surface of the above target to the number of bremsstrahlung
photons in the 1.8-keV wide range centred at the K, radiation
photon energy of 22.1 keV is equal to 10. This estimate of the
spectral contrast of the K, radiation is also consistent with
the data of Ref. [3].

When use is made of the specified target, the hot electron
to 10 keV — 1 MeV bremsstrahlung energy conversion effi-
ciency is equal to 2.7%, the 0.1 — 1 MeV range accounting for
73% of the bremsstrahlung energy. In view of the efficiency of
laser energy conversion to the energy of hot electrons that
penetrate deep into the target, ny_. = 2% [13], the laser to
0.1 — 1 MeV bremsstrahlung energy conversion efficiency
NL.x =4x107* As follows from Ref. [1], for 5 _x =
3.5x10* it is possible to obtain high-quality radiographic
images of millimetre-sized lead samples heated by heavy ion
beams to a high energy density state [23].

To summarise, we note that an order of magnitude higher
7L coefficient was obtained in Ref. [17] in the oblique inci-
dence of p-polarised picosecond laser pulse of close intensity
3%10" W cm™ on a 5-pum thick aluminium foil (it was placed
in front of a silver foil in a multilayer target, in which there
was no recirculation of hot electrons). The prospect of obtain-
ing an order of magnitude higher laser to 0.1 — 1 MeV brems-
strahlung energy conversion efficiency with the use of a lay-
ered target consisting of aluminium and silver foils with the
recirculation of hot electrons lends impetus to further
research.
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