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Measurement of Fast-Electron Energy Spectra and Preheating in Laser-Irradiated Targets
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Fast electrons produced by the irradiation of plane-layered targets with 20-J, 100-ps,
10"-W-cm ~, neodymium-laser pulses have been diagnosed by the Ka emission which
they cause at various depths in the targets. The fast-electron energy spectrum and ab-
solute energy deposition (target preheat) are measured.

When high-intensity laser radiation is incident
on a solid it is well known that the resulting
plasma has both a thermal (cold) and a hot com-
ponent in its electron velocity distribution and
that a large fraction of the absorbed laser energy
couples into the hot electrons. ' ' Fast ions are
accelerated by the hot electrons, and the tempera-
ture of the hot electrons T~ has been inferred
from the ion-velocity spectrum. 4 A substantial
fraction of the hot-electron energy is transferred
to the ions, and the remainder is deposited in the
target causing preheating of the solid, x-ray con-
tinuum emission and K line emission. The hard-
x-ray (5-50 keV) continuum slope has been wide-
ly used to estimate the hot-electron tempera-
ture. "' However, the experimental method is
not amenable to spatial resolution, and the total
energy inferred in the hot electrons in sensitive
to the model electron distribution function. '

We report the first experiments using Ko. radia-
tion from laser-produced plasmas to measure
the magnitude of preheating of the solid by hot
electrons, with radiation-induced Kz emission
and saturation of the Kn emission due to ioniza-
tion eliminated. The range and degree of the pre-
heating, and the form of the hot-electron velocity
distribution are also measured. Direct measure-
ment of this preheating has not previously been
obtained and is of importance for laser-fusion
target design.

Earlier work" has attributed Kcy emission to
fast electrons and in a detailed study' their range
and effective temperature were deduced for 10.6-
p,m radiation at 3 x10"W cm '. Target preheat-
ing was estimated in Ref. 8, but consideration of
ionization effects below suggest that the conclu-
sions drawn from the experiment were invalid.

Kcy radiation can arise from electron- or radia-
tion-produced K-shell ionization. Radiative K-
shell ionization is very efficient if the photon en-

ergy hv is slightly greater than E~ the K-shell
ionization potential. The low-energy x-ray re-
combination continuum from laser-produced
plasmas has the form 1(v) = I, exp( —hv/k1', ) where
the cold-electron temperature T, is -0.5 keV in
the present experiment. Thus to reduce radia-
tion pumping F~ must be much greater than kT, .
In contrast, electrons are inefficient in K-shell
ionization. The instantaneous ratio" of K-shell
ionization to total energy deposition by an elec-
tron of energy E may be written as

Ii(E) -3.0 x10 ln(E/E )/ln(4E/E )

for potassium, where the mean excitation energy
E, is 240 eV. . For E &15 kV, Ii(E) is nearly con-
stant at Il =1%. The Ko. yield is then ~'RU where
U is the energy deposited by electrons, and x'
is the fluorescence yield times the Kn photon en-
ergy divided by Ex (0.15 for Ca).

As U increases, the ionization causes only a
small shift in the wavelength of the Kct. line until
an electron is removed from the L shell, "when

U—= U, =N, {Q E;"+1.5k[(Z —10)T, + T;]},
n=l

where 8,." is the ionization potential of ionization
stage n and N, is the number of fluor atoms
under the focal area. The saturation energy
yield of the "unshifted" KQ. line is simply U, P&'.

Previous work with neon' has ignored this satu-
ration effect. " We estimate the saturation ener-
gy of the electron-pumped neon Ka in Ref. 8 to
be 5xliJ' J (for 10"atoms) compared with the
reported observed yield of 2 X10 J.

The saturation and radiation pumping effects
suggest using a fluor whose Z is appreciably
larger than 10, but not so large that El is com-
parable with kT~. In the work below, Ca and K
(Es = 4.04 and 3.62 keV, respectively) were used
and kT„was 11 keV. A 20-J, 100-ps neodymium
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FIG. l. A typical microdensitometer tracing from
the front spectrometer. The Ca K~ line appears much
more brightly on the rear spectrometer, where it suf-
fers no target absorption.

laser was normally incident on various plane-
layered targets. The targets were positioned 150
pm away from the optimum focus of a f/1 lens.
X-ray pinhole pictures indicated a focal spot of
100 p,m, which corresponds to photographic
measurements of the equivalent image plane. The
layers were O. i-p.m Al; 1.0-p,m Sio; 3.0-p.m
KCl; 2.5-, 12.5-, 25-, or 50- pm variable-thick-
ness Mylar; and 2.5- p,m CaF,. The laser was
incident on the Al. The top two layers of Al and
Sio isolated the Kn fluors from the ablation plas-
ma, whose burnthrough depth for 100-ps pulse
was only 0.1 p,m. The Ca and K Kn radiation
was excited by electrons: The Cl with lower E~
was appreciably pumped by soft x-ray radiation.
Time-integrated x-ray spectra were recorded by
two miniature flat pentaerythritol crystal spec-
trometers. The ref lectivities of the crystals
have been measured. " All the Kn emission lines

were recorded by a spectrometer behind the tar-
gets. A spectrometer in front of the target rec-
orded the K and Cl Rn lines, the attenuated Ca
Kn line, and the soft-x-ray plasma emission.

A typical microdensitometer trace from the
front spectrometer is shown in Fig. 1. Three
Kn lines, the plasma continuum, and the Si and

Al plasma emission lines are shown. The Ca
and K Kn intensities for different Mylar thick-
nesses are shown in Fig. 2. As expected, with

increasing Mylar thickness the number of elec-
trons energetic enough to penetrate to the acti-
vate the rear fluor decreases and thus the Kz
yield decreases with increasing depth in target.

The saturation and radiation effects referred-
to above were experimentally demonstrated.
Figure 3 shows the Kn line profile from the K
at the front, in which the energy deposition is
highest. The line clearly has shifted compo-
nents. " The energy in the "unshifted" component
is (1.4+0.1) x10 ' J sr ', whereas the energy in
the shifted components is (0;8 +0.3) x10-' J sr '.
For K Kn U, = 1.0x10 ' J sr ' for the 100-pm-
diam, 3- pm-deep emitting volume of KCl, in
fair agreement with the experimental data.

To show the effect of radiation-induced Kn
emission, a 25-p, m Mylar target with KCl on the
eeae was irradiated with a larger focal spot and
hence lower flux density. There was no K Kn
yield observed, because the hot-electron tem-
perature was too low. However, the Cl Kn yield
was (1.3+0.1) x10 ' J sr '. The soft-x-ray re-
combination emission was the same as for the
100-pm focal spot, and was measured to have

I,= (6.0+ 1.0) x10 ' J sr ' eV ' and kT, = 0.5 + 0.1
keV. The calculated Cl Kn yield induced by this
recombination emission was 1.7 X10 ' J sr ',
again in fair agreement with experiment. In this
calculation proper account was taken of target
geometry and reabsorption. The predicted radia-
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FIG. 2. Experimental and theoretical Kn energies as a function of the average depth of the fluor layer in the tar-
get. Experimental energies are corrected for target absorption. Values of &z used for the theoretical curves are
shown.
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FIQ. 3. An expanded microdensitometer tracing of a K Kn line showing the short-wavelength shined components.
The indicated transitions from Ref. 11 should be compared with the observed peaks. "Unshifted" components are
shaded.

tion pumped K En yieM is only 0.3x10 ' J sr '
which is small compared with the lowest observed
value of 2~10 ' J sr '.

The energy spectrum of the fast electrons was
obtained from calculations of the Kn yield of
monoenergetic electrons using Ref. 14. To
check this calculation, especially at low energy,
an electron beam was used to calibrate duplicate
targets. The beam supplied 0.1 pA at 15 to 50
kV into a 300- pm spot. The x-ray crystal spec-
trometer was used to record the various Ko.

yields, for a known deposited charge. From the
calibration and calculation the Ka yields Y(E) in
J sr ' electron ' as a function of electron energy
were obtained and are shown in Fig. 4. The
agreement of the two adds confidence to our abso-
lute measurement.

From the yields Y(E) for monoenergetic elec-
trons the yields for a distribution function n(E) of
electrons passing into the targets were predicted
from J n(E) Y(E)dE. With n(E) =AE "~' exp(-E/
k Tz), yields for N= 0 and N= 3 were calculated
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FIG. 4. The Ãn yield per electron as a function of incident electron energy for each of the different fluor layers.
Curves 1, 2, and 3 refer to Mylar thicknesses of 2.5, 12.5, and 25.0 pm, respectively. The dotted line is the cal-
culated yield for the front K layer and the points are from the electron-beam calibration. The good agreement
should be noted. The solid lines are the yields used, derived from theory and the calibration.
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Fluor layer
(Mylar

thickness)

Depth in Deposited Deposited
target energy energy density

(mg cm ') (J) (J cm ')

KCl (top)
CaF2 (2.5 p, m)
CaF2 (12.5 p, m)

CaF2 (25 pm)

0.56
1.58
2.81
4.50

0.40
0.24
0.12
0.04

].4 x]07
1.0 x10'

] x]06
1.7 x1p6

TABLE I. Total energy deposition in fluor compounds. speculate that this observed 2.2-J deposition of
energy by hot electrons suggests that any inhibi-
tion of the hot-electron transport is not very
significant.

We wish to acknowledge the contribution of
P. T. Rumsby to target fabrication and of the
staff of the Science Research Council Central
Laser Facility. This work was supported by the
Science Research Council, United Kingdom.

and are shown in Fig. 2. The factors A and AT„
are determined by fitting the predicted yields to
the experimental yields. The case N= 3 fits the
data best with AT~= 11+2 keV. The slope of the
hard-x-ray continuum between 10 and 20 keV
also indicates a temperature of 12+2 keV, which
is comparable with collected data' at 2&10"W
cm '.

Choosing N = 3, the fit to the experimental re-
sults gives A = (9.4+ 2.0) x10" electrons keV ",
AT„=11.0+2.0 keg. The total energy in this dis-
tribution which is passing into the target is
J n(E)E dE = 2.2+0.4 J. However, the calcula-
.0tion of the energy deposited into the target is in-

sensitive to the assumed distribution function,
provided that the distribution is fitted to the ob-
served yields. This is because R(E) is almost
constant and a simple division of the energy in
the Kn line by Qp gives the total energy depos-
ited in the fluor. A more accurate calculation of
energy deposition has been made using the N = 3
distribution and the results are shown in Table I.

Finally, we remark that the fast-electron ener-
gy deposition that we observe is broadly consis-
tent with the expected overall energy balance. Of
the 20 J onto the target, about 7 J should be ab-
sorbed. ' About 60% of the absorbed energy
should reappear as fast ions. ' We observe the
bulk of the remainder as preheat. One might
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