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Theory of Ka generation by femtosecond laser-produced hot electrons in thin foils
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An analytical model of femtoseconda x-ray generation from laser-irradiated foils is presented. Expres-
sions are found for the photon emission yield in both forward and backward directions in integral form as a
function of hot-electron temperature and target thickness. It is found that for any given target material, there is
a foil thickness and a hot-electron temperature at whichkthheemission is maximized. Conversion efficien-
cies are consistent with contemporary measuremenisaeofadiation produced with femtosecond lasers.

DOI: 10.1103/PhysReVE.65.036402 PACS nunider52.25-b, 52.65.Rr

[. INTRODUCTION absorption of theK @ photons: x rays generated deep inside
the target by very energetic electrons are absorbed before

Recently published results, in which hard x rays fromthey can reach the surface, and so are not detected. This
laser-produced plasmas were used to detect the melting éffect has also been observed in experiments where the po-
crystalline solids on the femtosecond time scale, have pushegition of the laser focus was varied along the target normal
the technique of time-resolved x-ray diffraction to the fore-[10]. The purpose of this paper is to formulate a general
front of ultrafast sciencé1—4]. These pioneering experi- Space-dependembodel in which the photon reabsorption is
ments, which combine the femtosecond time-resolution ofincluded self-consistently, and does not rely on empirical in-
fered by state-of-the-art lasers with subatomic spatiaput from numerical simulatiof9]. As we will see later, this
resolution, go a long way to realizing the early potentialmodel allows us to explore the interplay between the three
demonstrated by subpicosecond laser-plasma interaction adength scales: electron stopping range, target thickness, and
means of creating x-ray flash lams-8|. photon mean free path.

These early studies made little distinction between soft x The paper is organized as follows: in Sec. Il we derive a
rays from the cooling laser-generated plasma, and hargeneral formula for th& « yield from a laser-irradiated slab
K-shell line radiation from the col@unionised material be- in both the forward and backward directions; in Sec. Il this
hind the surface plasma layer. However, it is héamulti-  model is used to determine optimal conditions Ko emis-
keV) x rays that are of primary interest in the new fields ofsion by finding the dependence on target and hot-electron
ultrafast x-ray diffractometry and biomedical radiograjgky  characteristics. In particular, a relationship between the target
ray imaging. These x rays are produced by energetic electhickness and the electron energy is found that provides the
trons created at the surface of the target irradiated by amaximumKe yield. In Sec. IV these results are then gener-
intense laser pulse. Depending on their energy and the targatized for a range of target materials.
material ¢), the electrons will typically penetrate several
microns into the solid, generating bremsstrahlung &nd Il. MODEL OF Ka GENERATION IN SLAB TARGETS
line radiation as they slow down via collisions with cold OF FINITE WIDTH
atoms. The characteristi€ @ radiation has received most
attention to date because of its above-mentioned potential as First we suppose that the laser has created a population of
a monoenergetic, pulsed, and high-brightness x-ray source. flot electrons on the “front” side of the target and that these
is thus natural to ask how many hard x rays are produced bgre directed into the slab along the target normal. This as-
this means; a question whose solution involves severatumption is reasonable for nonrelativistic electrons, regard-
stages: the efficiency with which the laser energy is conless of the angle of incidence of the laser; for relativistic
verted to hot electrons; the rate at which the electrons arkinetic energies, the penetration angle becomes energy de-
slowed down and scattered in the solid; and the efficiencypendent[11-13. Recent experimentfl1,14 with short-
with which x-ray photons are generated by an electron. pulse lasers indicate that the electron energy distribution has

Arecent study by the Jena group found that for fixed lase®n exponential high-energy tail of the form
energy, there is an optimum electron enefgyequivalently, 1
laser intensityto generat&k « photons in material of a given _ - B
atomic numberZ [9]. This effect was attributed to self- HE)= Thexp( E/Th), @
whereT,, is the hot-electron temperature in keV. The latter

*On sabbatical leave from Department of Applied Physics, Soreqnay be related to the laser irradianioe? if the absorption
NRC, Yavne 81800, Israel. mechanism is known, but we defer discussion of this point
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[---] reflects the fact that electrons with enefgyt depthx
started offwith energies ofEy(E,x) when they entered the
target, wherdey(E,X) is the solution of Eq(3) for a givenE
andx. Expression5) also assumes that electrons travel in a
straight line, that is, elastic scattering is neglected. The effect
of scattering is to reduce the effective penetration depth of
electrons for a given stopping range or initial enekgy The
relationship betweek,x, andE, becomes more complex, so
we defer quantitative consideration of this effect until Sec.

fE)— -

d Ill. Defining an angle-dependent photon mean free path,
. _ _ | cosé)|
FIG. 1. Geometry oK« emission from a one-dimensional slab Nip(0) = ——————,
target. Nadpr(hvk)

until later. Consider then, th€ « emission due to a distribu- and integrating, we have:

tion of Ny, hot electrons passing through a slab of thickness 0p
d, as depicted in Fig. 1. Up to electron energies of about 100 N, =N, n,ok-— j dEO—K(E)f dXf[Eo(E,X)]
keV, the stopping power of any target material can be ap- 4

proximated to high accuracy Hy5]

exp — —| backward,
dE—AE‘ a>0 ) mfp
dx , X d—x (6)
ex;{ — ) forward .
whereA and a are Z-dependent constants. Above 100 keV, Nmfp

the stopping power shows significant deviation from this ) )
simple form, mainly due to relativistic effects. The initial V& note that the two integrals in E¢G) cannot be per-
energy of the electrofE, and its energyE at depthx, are formed independently because of thedependence of the

connected by the integral equation electron energy losaE(x)=Ey—E. Nonetheless, we can
’ make some progress by exploiting the exponential form of
X Eo dE the hot-electron distribution in Eq1). We first define the
X= deX= _ dE/dx’ (3 dimensionless quantitied. by
In the region where Eq2) is valid, this reduces to a rather d dx ~ Eo(EX) _d—x
. . . Q.(E)= X ex —,
simple relationship, 0 Mmip Th N mip
1
_ a+l_ra+l d dx Eo(E,X) X
X (1+a)A(E —ET. “) Q_(BE)= —exp( — )exp( ——). @)
0 7\mfp Th )\mfp
At higher energies, there is no simple analytical solution to
Eq. (3). Substitutingy = X/, and §g=d/\ g, this is reduced to
The number ofK @ photons generated by electrons with EL(E |
energiesE within the interval[x,x+ dx] emitted into a solid _ f‘fd | Eo(E,YAmip B
angle()y at an angled relative to the electron penetration Q+(E) dy ex Th Téamy| ) @

axis is given by
and for the backward x rays

13
Q_(E)=J0ddyexp<—

Q
dNg, =Ny f[Eo(E,x)]d EwKnAaK(E)de;

EO(E:y)\mfp) +YD (9)

T Th
exp(—NaopnX/| cosd)) for < o<
% Equation(6) then takes the form

a

exp(—naopn(d—x)/| cosd]) for 0< h=< 5 f

NP NhnAwK4 Am "f dEok(E)Q.(E). (10
(5
whereoy(Z,E), wk(Z),na(Z), andopn(Z,hvy) are, respec- Equation(10) together with Eqs(8) and(9) represents the

tively, the cross section fdk-shell ionization; theKa fluo-  most general form ofKa emission from a finite, one-
rescence yield; the atomic number density; and the photoaldimensional(1D) slab. It is helpful to recast these three
sorption cross section for lia photon. The argument df  equations in terms of the averafer emissionefficiencye
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defined as the number &f« photons emitted per hot elec- 1.8e+11
tron per steradian. This is obtained simply by dividing Eq. 1.66+11 LesTTTTTTTIIIIIIII I
(10 by Qp and Ny, doet ," 37 keV
1 Nmfp [* B 12011} 7,
Sf—4_nA(1)KT_ dEO’K(E)Qi(E) (11) a
7 h Jo S te+tt
, o . Q aoinll _ N\errmmmmmmom e
The advantage of this definition is tha is independent £ 8e+10f f --=7~X=---~

of various experimental factors: the detector systarhich 3 6.e+10 150 keV

typically encompasses a small, finite solid angtee gener-
ally complex variation ofN,, with laser parameters; and the
shape of the laser pulse and/or possible prepulses, which  2.e+10
influence the fractional energy dump into hot electrons. We 0
shall, however, return to some of these points later in the 0 50 100 150 200 250
paper. Thickness (ll/m)

The numerical method used to solve Efjl) consists of
three stepsti) first, a matrix ofEy’s is obtained from Eq(3)

K

4.e+10

FIG. 2. Dependence of forwarésolid lines and backward

. . ) ) . (dashed linesKa emission on foil thickness for a Ti target bom-
on a logarithmic 2D mesh di's andx’s. By means of this barded by hot electrons with three different temperatures. The

matrix, given that an electron has eneigyat depthx, one forward/backward emission curves merge for very thin foils.
can reconstruct the energy it had at the target surface via

interpolation.(ii) Using this matrix, the values @..(E) can

be computed on a mesh of energi@s) Finally, the integra-  thick-target limit for backward emissiofi.e., photons de-
tion over the energ¥ is carried out using Simpson’s rule, tected on the “frontside” of the target where the laser is
interpolatingQ-. (E) between the energy mesh points. Theinciden) is recovered in this case for thicknesses above
overall accuracy of the integration is better than a few per100 um (saturated part of the curkeThis value is compa-

cent. rable with the one obtained from E¢p) in Ref. [9], after
We now proceed to analyze these equations with the airappropriate scaling of laser parameters. Clearly there is an
of finding optimal conditions for emission as a function of overall ~ optimal  thickness—about ~ 2am  for

target thickness, electron ener@y laser intensity, and tar-  Tpo=37 keV—for emission in the forward directidinear-

get material. In the calculations that follow, the stoppingside of target when the thickness matches the photon mean
power was taken from Ref15]; the Ka emission cross sec- free path\y,;,=26.5 um. Similar curves are obtained for
tions, o from Ref.[16]; the fluorescence yieldsyx from  other materials too, such as aluminu@=13), copper ¥
Ref.[17]. The effect of screening on the atomic states is alsc=29), molybdenum Z=42), erbium Z=68), and gold £
included in Refs[15] and[16]. To the best of our knowl- =79), after making appropriate changes in foil thickness and
edge, these databases have the highest available accuracyhti-electron temperature. As noted earlier, we expect elastic
date. It should be noted, however, that the fluorescencscattering to reduce these optimal values. To find out by how
yields in Ref.[17] refer to solid state cold material. For com- much, the curve for 37 keV was recomputed by using a full
pressed plasmas, the collision rates may become comparationte Carlo calculatio9] in place of Eq.(3) to obtain the
with the L— K radiative emission rate. At such densities thematrix Eqo(E,x). The latter actually becomes multivalued,
fluorescence yields have to be modified due to collisions, anéxhibiting a spread of initial electron energies for each pen-
one should then adopt a generalized collisional-radiativeetration depth; however, the mean can still be fed into Eq.
model to account for the collisional effects. A computational(11) to estimate the averadéa production efficiency. Com-
study of these effects was carried out in REf8]. Their  paring the result of this more complex calculation with the
results reduce to the vacancy-cascade fluorescence yields simple stopping model used here, we find that the efficiency

Ref.[17] at the lower densities of our targets. is reduced by up to 20% and the optimal thickness by 30-
40 % when elastic scattering is included. We conclude that

IIl. TARGET THICKNESS AND HOT-ELECTRON scattering will make a similar quantitative, rather than quali-
TEMPERATURE tative difference to the other curves in Fig. 2, as well as for

the other materials considered. For simplicity, therefore, we
Unlike the semiempirical model of Ref9], the present will henceforth stick to our original “straight-line” approxi-

model treats the spatial dependence of ke generation mation, but bear in mind that the optimal thicknesses ob-
and reabsorption explicitly, and does not rely on any averagtained may be systematically overestimated.
ing over the emission region. Thus, we may determine the In this spirit we proceed to determine the optimal thick-
variation of the photon yield from the thin foid(<\ ) to  nesses for @eriesof hot-electron temperatures—Fig. 3. For
the thick target limit @> \ ;). An example of this is shown the backward emission, this thickness is defined as the value
in Fig. 2, which shows th& « yield in both forward and where the emission reaches 80% of its saturation value in the
backward directions calculated from E(.0) for titanium thick-target limit d=c). This somewhat arbitrary-sounding
foils of varying thicknesses and laser parameters consistechoice is motivated by the need to minimize background
with hot-electron temperaturélg,=10 keV-150 keV. The radiation and to eliminate the “afterglow” created by highly
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FIG. 3. Foil thickness required to maximize forwgsblid line)
and backward(dashed ling Ka emission as a function of hot- 1.5e+11

electron temperature for a titanium target.
1.e+11

photons/sr

energetic electronfd]. Also shown on this plot is the elec-
tron range estimated from E) for a monoenergetic beam 56410
with energy equal ta,,.

Common sense leads us to expect maximum conversion

efficiency when the target thickness exceeds the electron O0 100 200 300 400 500
stopping distance; that is, for electron energies of around 100 Thot (keV)

keV in this case. This is confirmed in Fig(a}, which shows o _

the Ka efficienciese; corresponding to the optimal foil FIG. 4. (a) Photon efficiency andb) photon yield for constant

thickness at a given hot-electron temperatdg% (Th)— laser energy and optimum target thickness as a function of hot-
Fig. 3 arh electron temperature for a titanium target.

Of more practical interest, however, are the curves in Fig. o o ) )
4(b), that are obtained by multiplying the efficiencies by theresult is displayed in Fig. 5, which shows that the required
number of hot electronBl,,. Imposing a constraint that the ratio of T, to theK-shell energy does in fact depend weakly
laser energy absorbed by hot electrodg= 7U, =N;T,is  ©N Z. We see that the ratio varies from around(aRiminum,
constant, this effectively means dividing by T,. In this ~£=13) to 4 for highZ targets(gold, Z=79). The value of
example, we took a total laser ener@y,=1 J, pulse dura- Tn/Ex=6 obtained by Reickt al.is, therefore, a reasonable
tion 7,.=100 fs and absorption fraction=10% into hot average, given that thiia emission shows a fairly broad
electrons. We thus end up with both an optimal thickreess ~ résonance about this optimum. On the other hand, it is pos-
hot-electron temperature for a given laser energy and targéiPle that theZ dependence exhibited by our model might be
material. Note that the optimal, is the same foK a radia- diluted by elastic scattering: however, to determine whether
tion emitted in both forward and backward directions, even
though the optimal thickness for backscattered radiation is 20
infinite.

IV. Z DEPENDENCE 1

A curious outcome of the thick-target model in RE9] uj‘
was that there appeared to be a universal optimal hot- %
electron temperaturdl,, for Ka generation, equal to about =
six times theK-shell ionization energ¥y , which wasinde-
pendentof Z. This universality can be traced to the approxi-
mate manner in which the effect of photon absorption was
included, i.e., by introducing an “emission factor” whereby
electrons with energies beyond a fixed multipleEyf pro-
duced photons too deep into the target to be detected. The 10 20 302 4030 7090
present model contains no such simplification, so it is natu-
rally of interest to see whether this behavior is reproduced FIG. 5. Optimal ratio of hot-electron temperaturedteshell ion-
when absorption is taken into account self-consistently. Thézation energy for different target materiads

W OO, 0 O

N
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2 example: this gives a representative estimate of the maxi-
8 &t s mum possible conversion efficiency that can be expected for
a Z)K( ot typical laser parameters. For comparison, a number of ex-

perimentally measured values are shown too, taken from the
following sources: Soonet al. [19], Bastianiet al. [20] (Z
=14); Rousseet al. [8] (Z=13,20,26); Jiangt al. [21] (Z
=23); Ederet al.[10] (29); Yu et al.[22] (Z=47); Anders-
son et al. [23] (Z=50,73. These data generally fall well
below the theoretical curves, which suggests that the experi-
A mental conditions —here consisting of a variety of laser in-
tensities and target thicknesses—were far from optimal for
10° A Ka generation.
0 20 40 60 80 100

VA V. CONCLUSIONS

FIG. 6. Ka production efficiencies under optimal conditions for
various target materialg: photons per electroifcircles; energy
conversion efficiency per steradigsquaresand experimental mea-
surementgfilled triangles—see text
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In summary, we have formulated a general modeKaf
generation in femtosecond laser-irradiated solid material.
Photon reabsorption is taken into account explicitly, permit-
ting both forward and backscattered emission to be calcu-

this is the case would involve several hundred Monte CarlqIited for arbitrary target thicknesses. It is found that there is

calculations. a task well bevond the scobe of the prese oth an optimal target thickness and hot-electron temperature
aver ' y P P Yor forward emission, at which point the thickness, electron
paper. . o range, and mean free path of tKex photons are roughly
For experimental purposes it is of course useful to know . . .
: equal. This temperature varies between 4 and 12 times the
how manyKa photons can be expected for a given target
material under optimized conditions. This is shown in Fig. 6
which assumes all other parameterf—and d have been
optimized. Here we plot botlk; defined according to Eqg.
(11), and the overall conversion efficieney from the laser
into theK «a x-ray lineper steradianTo get the latter, we use

the following relation:

K-shell ionization energy, depending on the atomic number;
'a result that is consistent with the “universal” optimal ratio
Th/Ex=6 found previously by Reickt al.[9]. Comparison

of the photon conversion efficiencies expected from the
model with recent measurements suggests that experimental
conditions (laser and target parameteiould probably be
better matched in order to enhance ke yield. The model
NpEx., Ex. may thus serve as a guide for gpp_lication exp_eriments using
—=sf7;_|_—h, (12 both backward and forward emission geometries.
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