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Abstract. The spatial dependence Kf, emission generated by ultrashort laser pulses have been measured by many lab-
from laser-produced hot electrons is investigated experimermratories [4—6]. For midZz materials, the generation &€,

tally and theoretically. In addition, the conversion efficiencyphotons is of particular interest. Over a range of laser con-
of K, production as a function of laser intensity is meas-ditions, theK, emission can dominate the spectrum in the
ured and compared with modeling results. We use the terawdtw keV range. This source of X-ray8 keV for Cu K,,) is
Ti:sapphire laser at MPQ and vary the peak intensity frona potential pump source for an inner-shell photoionized X-ray
10'® to 10" W/cn? with a pulse duration 0200fs A solid  laser [7—12]. Prior to designing an X-ray laser based on this
Cu target is placed at various positions in the laser focuspump source, it is necessary to understand the emissidp of
which allows one to vary the intensity but keep the total enas a function of the laser conditions.

ergy on the target constant. When the targetis near best focus, The energy spectrum of hot electrons generated by ul-
the FWHM of theK,, emission, measured using a knife-edge trashort laser pulses is usually characteristic of a Boltzmann
is considerably larger than the FWHM of the laser inten-distribution with an effective temperature denotedigs. In

sity. In measuring the efficiency &€, production using the some cases, two temperatures are used to characterize the
fundamental wavelength of the laser, a clear maximum o$pectrum [13]. Of particular interest is the scalindgigd; with

K. emission is observed at a position away from best focughe intensity and wavelength of the driving laser. An early
where the peak intensity is down by more than an order omodel of resonant absorption in a self-consistent sharp dens-
magnitude from the value at best focus. When the second haty gradient gives a scaling of [14]

monic of the laser is used, tlikg, emission is peaked near best 213

focus. TheK, emission from layer targets is used to obtain Thot ~ (1297~ (1)

an estimate of the temperature of the hot electrons. Modeli

n . . . .
of K, production, using a Monte Carlo electyioton trans- Wherel is the laser intensity andis the laser wavelength. In

port code, shows the relationship between incident electro is model, a _fract|on of the Iaser energy is carried away by
energy and the emitteld,, emission. EfficienK, generation free-streaming, low-density, high-energy electron compon-
' ent,

from the low-intensity wings of the laser pulse contributes to
the large spot size of thi, emission. The lower electron | — BnotMud /2, 2
temperatures that are expected for the second harmonic ex-

plain the differences in the location of maximufy emission  whereq is the fraction of the incident flux absorbed by hot
for the two wavelengths. We discuss the us&gemissionin  electronsynt is the hot-electron thermal velocigfio,/m)Y/2:
photoionizing inner-shell electrons with the goal of achievingny is the hot-electron density; anglis a number of order

X-ray lasing at short wavelengths. unity characterizing the energy carried away by an almost
Maxwellian distribution. In the modeling presented in this
PACS: 52.40.Nk; 52.60+h; 52.70.La paper, we use this relationship assuming thand 8 are

independent of the laser intensity. A recent compilation of ex-

periments has stated a scalinglgd; with intensity and wave-
Ultrashort laser pulses [1-3] incident on solid or gas targetkength as(112)/3-1/2 [15]. Most current experiments and
can produce hot electrons. When these hot electrons entsimulations have a scaling closer tt?)Y/3 than (1122
solid material, bremsstrahlung and characteristic X-ray radiSee, for example, [16]. In our modeling, we uda?)%/3,
ation are produced. The spectra of X-ray emission producegut the results would not be made fundamentally different by

using the(11?)Y/2 scaling.
*On leave from Lawrence Livermore National Laboratory, Livermore, CA 1 he spot size oK, emission has been measured in the
94550, USA past for plasmas produced by ultrashort laser pulsesl#or
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in the 10 (W/cn?)um? range, the size of thK, emission - T o T T

is of the order of the laser spot size [5]. For intensities in | Qu't_arget (solid) “K
this range we obtain similar results. For higher intensities we filter: 5 um Ti «
observe the spot size of tH€, emission to be significantly each curve: 3 laser shot

larger than the laser spot size. When a prepulse is used, elecqggg |-
trons produced by the laser can travel significant distances
in the lateral direction and produce a lar§g spot. In the
case of no prepulse, electrons can escape from the surfacg
and re-enter the solid at a significant distance from the lases,
spot. The idea of hot electrons doing complex orbits is sup<
ported by an experiment that measured a relatively long puls@
duration forK, emission compared with the laser pulse du-ﬁ
ration [17]. In this paper, we discuss another contribution toE 500
a largeK, spot size associated with the low-intensity wings™~
of the laser pulse.

Section 1 presents measurements of the spot siz€, of
emission and the total amount &f, emission as a func-
tion of target displacement from the location of best fo-
cus. In Sect. 2, we discuss a time-independent, coupled elec-
tron/photon Monte Carlo transport code. In Sect. 3, this code
is applied to help explain our experimental measurements. 0

no prepulse

2% prepulse

Si K-edge (CCD)

Ti K-edge (filter)‘

Sect. 4 discusses the use ¥f emission as an X-ray laser 0o 2 4 &6 8 10 12 14
pump source. In Sect. 5, we give our conclusions and plans
for future experiments. Photon energy [keV]

Fig. 1. Cu spectra using the fundamental wavelength with a prepulse and
having “no prepulse”

1 Experiments

Experiments were done witR00fs/200mJ laser pulses and without an applied prepulse. Using appropriate filters
from the 10-Hz ATLAS Ti:sapphire laser at Max-Planck- suppresses the L-shell radiation so that the K-shell emission
Institute of Quantum Optics. ThE0-nm wavelength pulses remained as the dominating part for both cases.
were focused by ary®.5 off-axis parabolato a peak intensity ~ To determine the source size of the K-shell radiation, the
of 1.8 x 108 W/cn¥. About50% of the energy are contained distance from the target to the CCD is reduced so that the
in a spot ofL0um diameter. An artificial prepulse could be CCD is overexposed (i.e. most pixels multiply hit). The num-
introduced (with an energy af mJ 650 psbefore the main ber of bremsstrahlung photons recorded by the CCD is less
pulse), but intrinsic prepulses and a pulse pedestal on tithan10% of the number oK, photons. A knife-edge is posi-
10~ level were always present and created a small plasmioned close to the target between it and the CCD to produce
before the main pulse arrived on the target. For part of tha magnification of 30. A Gaussian focal spot is assumed and
experiment, pulses were frequency-doubled by a KDP cryghe FWHM of the spot size is determined by evaluating the
tal. These895-nm pulses achieved energies®@ mJand had resulting half-shade images, the absolute number of photons
high contrast10~° at 1 psbefore the maximuni,0-?afew being obtained as well. The spatial resolution of the knife-
ns before the pulse), such that considerably less preplasmedge technique wasm. The target is moved forward and
was generated as compared with the fundamental (for an asackward in the focus, thus producing different laser inten-
sessment of the preplasma scale lerigth for the different  sity distributions on the target. This results in a peak intensity
conditions see [18]). on the target in th&0'® to 10'8 W/cn? range, with the total
Solid slabs were used as target, which were in rotation foenergy remaining constant.
positioning each laser shot on a fresh surface. The pulses were We measure the FWHM of thi€, emission as a function
p-polarized and incident at5°. Diagnostics was provided of target displacement from best focus using an applied pre-
by a backside-illuminated thinned X-ray CCD observing thepulse and with no applied prepulse. These data are shown in
emission perpendicularly to the target surface. The CCD wabig. 2 along with the FWHM of the laser intensity. For the
used as a dispersionless spectrometer irkéherange. The case of a prepulse, the, spot size is a factor of about 10
principle of this technique is to detect single hard X-ray photimes larger than the laser spot size near the location of best
tons within single pixels of the CCD chip by using the factfocus. We believe that electrons generated in the extended
that the signal delivered by the device (i.e. the number opreplasma can move significant distances in the lateral direc-
charges produced) is strictly proportional to the incident photion and thus produce a larg€, spot size. For the case of
ton energy. Clear hard X-ray spectra are obtained by thiso applied prepulse, th€, spot size is still a factor of about
method if numeric event recognition techniques are appliedive larger than the laser spot size for target positions near
A calibrated CCD [19] is used for our experiments, and sdest focus. While there can be a small intrinsic prepulse when
guantitative spectra could be measured. The spectra show thae laser is operated at the fundamental wavelength, the pre-
the X-ray emission in th&—10 keVrange has stronGu K,  plasma is not expected to be large enough to explain the large
and Ky radiation. When a prepulse is added there is strongpot size ofK, emission. One possible reason for a larger
L-shell radiation as well. Figure 1 shows spectra@arwith  spot size is that the electrons can leave the surface of the ma-
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Fig. 2. The FWHM of the CuK,, emission using a prepulse and having “no Distance from best focus [um]

prepulse” as compared to the FWHM of the incident laser intensity. Negax
tive values of the distance indicate that the focus is situated in front of th
target. For positive values the focus is within the target

ig. 3. The total amount o€u K, emission as a function of target displace-
ent from location of best focus for the fundamental wavelength and the
second harmonic. A number aD'® photongsr corresponds to an energy
conversion efficiency intd, of 2x 10~%. The results for the second har-
onic are multiplied by a factor of 20. As in Fig. 2 negative values of the

terial near the center of the laser spot and as they return [~ = &6 2 focus in front of the target

the surface due to electrostatic forces, they spray down into
a larger area. In the next section we discuss another contribu-

tion to a large spot size on the basis of the importance of the

low-intensity wings of the laser pulse.

We also measure the tot#l, production as a function I
of the target position with respect to the location of best fo-
cus. Using the fundamental wavelength and “no prepulse”,
we observed a clear maximum in each direction away from
the location of best focus. At the location of maximum of \© ]
K. emission, the incident laser intensity is less thabQlof without
the value at best focus. When we measfigeemissionusing 5 0.1} prepulse—
the second harmonic of the laser, we see a relatively shar@ i
maximum around the location of best focus. In Fig. 3, the

measuredK, emission is given as a function of target position g K~
using the fundamental and second harmonic of the incide “
laser. The lack of symmetry about the location of best focus ix”
not understood at this time. To show results for the two wave° Laser
lengths in the same figure, th&, emission using the second =
harmonic is multiplied by 20. The spot size measurementéttj .
presented earlier using the fundamental wavelength, are not ; Calculated
. . . 001 - ]

possible when using the second harmonic because of the re- ; Co/Cu
duced X-ray yield. [ S ColN

The K, emission is the result of laser-generated hot elec- " K O/l
trons ionizing inner-shell electrons in the solid target. The I :
amount and location of th&, production depends on the I
energies of the hot electrons. In order to obtain an estimate —_—
of the electron energies, we measure Keemission from 0 10 20 30 40 50 60 70 80
layer targets. The ratio of thi&, emission from the surface Electron temperature [keV]

layer to the emission from the buried material provides infor-_.

. . -frig. 4. Experimental ratio ofCo/Cu K, and Co/Ni K, emission as ob-
mation on the energies of the electrons. Hotter electrons wi erved from compound target with and without prepulse and the calculated

ioni.ze.deeper into the target anq produce relatively nkare  ratio for these targets as a function of the electron temperature used in the
emission from the buried material. We placd@um layer  simulations



214

of Cu or Ni over solidCo targets and measure the ratio of '
Co/CuandCo/Ni K, emission. This is done at the location
of best focus with and without an applied prepulse. These Cu-K
data are shown in Fig. 4 along with ratios calculated with the ~ 0-02 .
modeling code discussed in the next section. The ratios are

consistent with a hot-electron temperature of ordiekeV,
with a slightly higher value for the case with a prepulse.

o -

\ constant energy in
electrons

2 Modeling K,, production by hot electrons

0.01

We model the interaction of hot electrons with solid mate-
rial using the integrated TIGER series (ITS) suite of time-
independent, coupled electrphoton Monte Carlo transport
codes [20]. The origin of the ITS series is the ETRAN
code of Berger and Seltzer [21]. We use version 3.0 of the
ITS package, which was released in 1992. There are eight
codes in the ITS package, which allows one to model 1D,
2D, and 3D geometries, problems with or without spec-
ified macroscopic electric and magnetic fields, and prob- 0-00 |
lems extending down to energies beld® keV. For this T T
study, we use the CYLTRANP code, which is appropriate 0 50 100 150 200
for problems with axial symmetry, no electric or magnetic
fields, and where resolution in the 1 10 keV range is re- o Electron temperature [keV]
quired. (All codes cover thaOkeV to 1GeV range) The 0.5 Sold e e semes tmoe s . phocreper urber o
,ITS, co_des that tre,at the-10 kevr"_inge use a more elaborate ber applies to the photons that escape from the front surface of aGolid
ionizatioryrelaxation model that includes K, L1, L2, L3, M, target. Dashed line number ofCu K, photons as a function of incident
and N shells. While the materials and incident electron bearslectron temperature if the amount of energy in the hot electrons is kept
specifed in CYLTRAND must have axtalsymmelry, (e elec o e s topaares e o b
tron.trfa.JeCtones are fully 3D. The code tracks the electrons IIIr?1ember of lower energy electrons increasez with decreasing temperature to
the initial beam as well as all secondary electrons producqgge|o constant energy in the hot electrons
during interaction with the solid material. In contrast to the
GEANT Monte Carlo code [22], which has also been used to
model electron interaction with solid materials [23], the ITStarget where they are produced. This is illustrated in Fig. 5,
codes calculate the production of characteristic radiation imvhich shows the calculated number ©fi K, photons per
addition to the bremsstrahlung radiation that both code paclelectron as a function of the temperature of the incident elec-
ages calculate. The generation and transpostie®/ CuK,  trons (solid line). The sharp cutoff at low electron energy is
characteristic photons calculated by the ITS code are used because the majority of incident electrons do not have suffi-
help understand the interaction of a laser-generated electraient energy to ionize an inner-shell electron@f and thus
beam with aCu slab. cannot produce angu K, emission. The number of photons
Since electric and magnetic fields are not included idevels off at high temperatures, and at even higher tempera-
our simulations, effects such as electron slowdown by théures (not shown in the figure) there is a slow decrease in
generated electrostatic fields or increased electron collimghotons per electron because the very high energy electrons
tion due to azimuthal magnetic fields in the target materiatreateK, photons at a location too deep into the target to es-
are not modelled. Such effects have been predicted (see, foape out the front side. The dashed line in Fig. 5 shows the
example, [24]) and experimentally observed at high intensinumber of K, photons if the energy into electrons is kept
ties [25, 26]. Furthermore, electric and magnetic fields geneonstant. We have normalized so that the number of elec-
erated in front of the target may result in lateral transportrons at a temperature df00 keV is the same. The photon
of suprathermal electrons along the target surface [27, 28humbers at lower temperatures are larger because the number
For a defocused beam such effects are not expected to iof electrons increases with decreasing temperature to keep
fluence significantly the results of our experiment. Near besh constant amount of energy in the total hot-electron popu-
focus, however, the observed deviations between experimelattion. This curve shows that a constant laser pulse energy
and simulation results may be explained by electric or mageonverted into hot electrons of different temperatures (for ex-
netic field effects (see Sect. 3). ample by defocusing the laser, as in our experiment) results in
The amount ofK, emission one would expect from an enhanced front-side emission at a lower electron temperature.
exponential distribution of hot electrons incident on a solid
target depends on the temperature of the electrons for a num-
ber of reasons. Hotter electrons have a smaller cross secti@n Analysis of experiments using the Monte Carlo
and thus producK,, emission deeper inside the target. How-  electron/photon transport code
ever, each electron has more energy and can produce a larger
number ofK, photons. The number d, photons that es- In the experiment, we observed that the FWHM of theK,,
cape through the front surface depends on the depth inside tkenission is significantly larger than the FWHM of the inci-

photons per electron

Number of photons
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dent laser intensity even for the case of “no prepulse”. A poswe must first simulate a disk with a radius equal to the outer
sible explanation for this is associated with the low-intensityradius of the annulus and then subtract the results of using
wings of the incident laser. As discussed above, there is aam disk with a radius equal to the inner radius of the annu-
expected scaling of laser intensftyavelength with electron lus. The radial dependence of the laser has not been meas-
temperature, wher@, is proportional ta(11%)1/3. The stan- ured for target positions away from best focus. Therefore,
dard approach is to associate one electron temperature with determine the radii where the intensity drops bel@#?,
a given pulse using an averaged intensity. We consider an al0'’, 10'6, and10'® W/cn?, we use the focusing properties
ternative approach where a laser pulse produces electrons tludtour f/2.5 optics with an assumed Gaussian radial depen-
have a radial temperature dependence that depends on thedance of intensity. At different positions at and away from
dial dependence of the laser intensity. Thus one would haveest focus, we calculate the FWHM of tikg, emission that
the hottest electrons at the center of the laser spot surroundedcapes out the front of ti& slab. We take the electron tem-
by cooler electrons associated with the low-intensity wings operature corresponding to intensities betwd®’ W /cm?
the laser pulse. The effect of a low-intensity wing surroundand 108 W/cn? to be 100 keV. The electron temperature at
ing the hot central spot has previously been invoked to explaitower intensities just scales as the intensity to the one-third.
an anomalously low apparent electron temperature in experi-hese electron temperatures give results that are consistent
ments with KrF laser pulses [29]. with the measured ratio df, emission using layered targets.
The measured radial dependence of the laser intensity @At best focus, the percentages of g emission from the
the location of best focus is shown in Fig. 6 for both thefour annular regions ar&8%, 57, 22%, and3%, respec-
fundamental and second harmonic wavelengths. The raditively, going from highest-intensity10*°~10*W/cn?) to
dependence is seen to be similar for the two wavelengththe lowest—intensity1(0*—10'° W/cn?) annulus. The same
with the intensity at the second harmonic being al#@ of  emission would be obtained with a single-electron tempera-
the fundamental. ture of orded0 keV, see Fig. 4.) The calculated FWHM of the
For the ITSCYLTRANP code, we specified a spot size K, emission as a function of the distance from best focus is
and an energy spectrum for the incident electrons. A numshown in Fig. 7 for the fundamental wavelength. We also give
ber of calculations are done for a given laser intensity profiléehe measure&, emission using no prepulse and the FWHM
where the electron spectrum is Maxwellian with a temperaef the laser intensity as already presented in Fig. 2. The calcu-
ture that scales with the intensity to one third. The intensityated spot size oK, emission is significantly larger than the
is divided into four annular regions with the intensity chang-laser spot size for positions near the best focus but still some-
ing a factor of 10 between the inner and outer radii of eachvhat short of the measured spot size of Kygemission. As
annulus. For the fundamental wavelength, the radii where theentioned earlier, electric or magnetic fields may be respon-
intensity drops belowl0'®, 1017, 106, and10"®W/cn? are  sible for this discrepancy by adding velocity components par-
determined. Between these radii, the electron temperature adlel to the target surface to the electron velocity distribution.
taken as constant. From thHé/3 scaling, the electron tem- At a distance from best focus, the intensity in the wings of the
perature changes by a factor of approximately 2 between tworofile is too low to produce significarg, emission and the
adjacent annular regions. We take the efficiency of convertingalculated spot size approaches the laser intensity spot size.
laser energy into hot electrons to be independent of inten- The amount ofK, emission that escapes from the front
sity. The code cannot model an annulus of electrons, and sif a solid target depends on the temperature of the electrons.
In Fig. 5, we showed that there is a clear maximur€infor
an electron temperature of ord25 keV. At best focus, we
T - ' — - ' determined that the appropriate electron temperature is about
1E18i.."'o 40 keV. More Cu K, emission would thus be expected if the
: same amount of energy is delivered to the target at a lower
intensity in the10® W/cn? range. Figure 8 shows the cal-
culatedCu K, emission as a function of distance from best
focus for both the fundamental and the second harmonic. For
the fundamental wavelength, we use the same electron tem-
peratures that are used in the calculation of@heK, emis-
sion spot size. For the calculation of the tafal K, emission,
it is not necessary to perform a series of JCYLTRANP
runs for each target position. One can simply use the calcu-
lated laser intensity profile and the calculag@dK,, emission
as functions of the electron temperature given in Fig. 5. From
the (11%)1/2 scaling of the electron temperature with inten-
sity and wavelength, we expect a factor of approximately two
lower temperatures for the second harmonic. The peak of the
Cu K, emission would thus be expected to occur at or near
best focus. From Fig. 8, it is seen that this is confirmed when
40 using the second harmonic intensity profiles. It is expected
Radius [um] that a smaller number of electrons will be produced for the
Fig. 6. The measured radial dependence of the laser intensity for the fundas-econd harm.omc’ since the very low prepulse_z le\.IEI in this
mental and the second harmonic of the MP@sapphire laser focused by Case results in a small plasma scale length which is far from
f/2.5 off-axis parabola optimum for efficient resonant absorption [30]. TKg emis-

1E17 4

Intensity [W/cm2]

1E16

1E154
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Fig. 7. The calculated FWHM o€u K, emission compared to experimen- Fig. 8. The calculated amount dtu K, emission as a function of pos-

tal data for the case of “no prepulse” along with the FWHM of the incidentition away from best focus for the fundamental and second harmonic. As in

laser intensity. As in Fig. 2, negative values of the distance indicate that theig. 3, the second harmonic result is multiplied by a factor of 20. The nor-

focus is in front of the target malization of the emission for the fundamental to the experimental data of
Fig. 3 results in an electron energy-conversion efficiencsb and a total
number of1.2 x 102 electrons at best focus. For the second harmonic the
number of electrons and the conversion efficiency are reduced by a factor

sion calculated for the second harmonic, with a factor of 1®f 10
fewer electrons, is found to be a factor of about 20 less than
for the fundamental at best focus. As in Fig. 3, we have mul-
tiplied the second-harmonic result by this factor in Fig. 8. Into have the L-shell holes decay faster than they are being cre-
comparing Fig. 8 with the experimentally measured emissioated by radiative emission from the upper-laser state (K-shell
in Fig. 3, itis seen that the modeling provides an explanatiohole). For a certain range of elemeriis3 < Z < 40) such
for the differences in the location of the target position forquasi-cw operation appears to be possible [8—10]. It is crit-
highestK,, emission and the ratio of emission observed at thécal to keep the hot electrons away from this lowetasant
two wavelengths. because electrons predominantly ionize outer shells and can
By normalizing the theoretica{, emission to the experi- destroy the inversion. Even if hot electrons are kept out of the
mental values we arrive atl®d% efficiency of conversioninto lasant, photoionized and Auger electrons can ionize the outer
electrons with temperatures between 10 48 ke\V. The  shells and produce an electron avalanche that limits the dura-
total number of such electronsis2 x 102 at best focus and tion of the inversion. This effect sets an upper limit of about
increases when the laser is defocused. As mentioned earlidiQO0 fsto the pulse duration.
the number of electrons for the data with the second harmonic A scheme has been proposed to uég emission as
is reduced by a factor of 10; the conversion efficiency intaa pump for inner-shell X-ray lasing [12]. In this scheme, the
suprathermal electrons is reduced by the same factor. laser produces an electron beam that propagates along a thin
cylinder of solid material, the converter. The hot electrons
generateK, emission that escapes out of the sides of the
4 The use ofK, emission as an X-ray laser pump source cylinder. The laser material, having lower nuclear charge, sur-
rounds the converter and emits X-ray laser radiation in the
Photons fromK, emission are an ideal pump source fordirection of the electron beam. For this scheme to be suc-
inner-shell photoionization in an element with a slightly cessful, it is critical that the hot electrons are confined to
lower Z. In this case, th&, photon from the higheZ elem- traveling along the cylinder. Calculations using the ITS code
ent has enough energy to remove a K-shell electron from thiadicate that a strong magnetic field, either self-generated or
lower-Z element. The cross-section for removing a K-shellexternally imposed, is needed to provide the required amount
electron is significantly larger than for L-shell ionization. The of collimation to keep them within the converter and pre-
energy of theK,, pump photon can be very near the maximumvent them from reaching the laser medium and destroying
of the K-shell cross section. The K-shell hole decays radiathe inversion. Future experiments measuring the spatial de-
tively (emitting the lasing photon) or by emission of an Augerpendence oK, emission from the rear side of targets are
electron. The lower-laser state consists of atoms with an Lplanned. These experiments will help address the question of
shell hole. In order to have quasi-cw inversion, it is necessarglectron beam collimation.



5 Conclusions

We have observed that the spot sizekqf emission, gener-
ated from laser-produced hot electrons, is significantly larger >
than the laser spot size for target positions near best focus;
with and without a prepulse. The large spot with a prepulse
is believed to be the result of lateral motion of hot electrons
in the relatively large preplasma. When no applied prepulse /-
is used, Monte Carlo modeling shows that a laKje spot
size can result from efficient generationkf emission in the
low-intensity wings of the laser. When the fundamental wave-
length of the laser is used, a clear maximunKgfemissionis 11
observed at a target position away from best focus, where thé?-
peak intensity is down by more than an order of magnitude
from the value at best focus. In contrast, the second harmonic
of the laser produces peak, emission near best focus. 13.
Modeling that uses a scaling of hot electron temperature a4
(122)¥3 s able to explain both of these observations. In add-*>
ition, the reduction oK, emission observed for the second ;¢
harmonic is consistent with the modeling, where fewer and
colder electrons are expected. The hot-electron temperatures
used in the modeling are based on fitting our measurement’-
of K, emission from layer targets. Using the fundamental
wavelength, with the target at best focus, we calculate that the
electrons have an average temperature of od@deeV. We
discussed the use #f, emission in photoionizing inner-shell 19.
electrons as a potential pump source for a short-wavelengtB-
X-ray laser and the importance of electrons being confined i
a channel as they pass through the solid material. Planned ex>.
periments will address this issue of electron collimation by 23.
measuring th&,, emission from the rear side of solid targets
using the techniques presented in this paper.

10.
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