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Hot-electron generation in copper and photopumping of cobalt
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Hot electrons generated upon interactiorpgdolarized 130 fs laser pulses with copper and penetrating into
the target material are characterized with respect to their energy distribution and directionality. “Experimen-
tal” data are obtained by comparing the rear-side x-ray emission from layered targets with Monte Carlo
electron-photon transport simulations. Theoretical electron energy distributions are derived by means of a one
and a half-dimensional particle-in-cell code. Both sets of data consist of a two-temperature distribution of
electrons propagating in a direction almost perpendicular to the target surface. The “experimental” data
contain a considerably higher population of the lower temperature electrons. The discrepancy is explained by
the intensity distribution of the laser spot. The results are used to design an experiment for demonstrating
photopumping of cobalt with coppéta radiation. A 10um copper foil is backed with 1 mm of polyethylene
(PE) followed by 10um of cobalt, the rear-sid€ @ emission of which is measured. The PE layer prevents fast
electrons from reaching the cobalt. Comparing the coKait emission with that of nickel, which is not
photopumped by coppéta shows enhancement by almost a factor of 2.

PACS numbegps): 52.40.Nk, 52.60th, 52.70.La

[. INTRODUCTION beam generated, such as its global and differential direction-
ality. Furthermore, the information obtained is used to design
It is well known that suprathermal electrons are generate@n experiment in which photopumping &« radiation is
when a high-intensity laser beam interacts with a solid targelemonstrated.
[1-5]. The advent of fs CPA lasef6,7] allows investigation We use the rear-side emission from layered Cu/Ni targets
of this process at significantly higher intensities than previdrradiated by fs titanium-sapphire laser pulses at an intensity
ously possible. The most favorable conditions for hot elecof 2X 10**W/cn. Information on the electrons generated is
tron generation occur thm.po|arized laser pu|ses are ob- obtained by matching the experimental data to Monte Carlo
liquely incident on the target. In this case, collisionlessélectron-photon transport simulations. Absolute calibration
mechanisms such as Brunel heating and resonance absoﬁﬁ_ the detector allows determination of the efficiency at
tion lead to efficient coupling of laser pulse energy into thewhich hot electrons are generated.
p|asma e|ectron$_13|_ A small prep|asma generated by an The eXperimental data are Compared with those obtained
appropriate prepulse is advantageous for optimizing the abNith PIC code simulations. Both experiment and theory re-
sorption[14]. Due to the hot electrons, the emission from sult in an electron energy distribution which can be described
mid-Z materials is found to consist predominantly k& by two temperatures, a “warm” electron population with a
photons and lines of highly ionized species are much reducei§mperature significantly below 100 keV and a “hot” elec-
in the spectrun15]. tron population with an electron temperature of 200 keV.
The K« radiation thus generated has been used to inves- After the electrons were characterized in this way, an ex-
tigate ultrafast phenomena in semiconductors and LangmuilR€fiment for demonstrating photopumping of cobalt inner-
Blodgett films [16—18. A different suggestion involves shell radiation by coppeKa is conducted. The target de-
pumping of an innershell x-ray lasgt9—22. This applica- signed for this purpose consists of three layers, auh®
tion requires a pumping material with a slightly higher thick copper foi] a 1 mmpolyethylene(PE) layer, and a 10
nuclear charge than the material pumped to provide radiatiogm cobalt or nickel backing layer. The middle PE layer is
above itsK edge. used to block the hot electrons from reaching the cobalt or
The hot-electron energy distribution is usually determinedhickel foils. Comparing th& « emission of cobalt to that of
by the well-established technique of buried-layer x-ray emishickel shows enhancement of the cobalt emission by a factor
sion [3,23—29. Varying the layer thickness and recording of 1.75, a clear indication of photopumping.
the x-ray signal yields an indirect method of determining the
hot-electron temperature. Typically, hot-electron tempera-
tures determined in this way scale d3.%)¢ with an « be-
tween 1/3 and 1/2 and an absolute value of the hot-electron Experiments were conducted with the arrangement shown
temperature of about 100 keV &h?=10"Wcm 2um?  in Fig. 1. The ATLAS titanium-sapphire laser at MPQ has a
[5,26,27. This scaling approximately holds up to intensities power of 2 TW with a pulse duration of 130 fs. The laser
exceeding 18 Wi/cn? [24]. pulses were focusegtpolarized on solid targets by means of
This study goes one step further to determine the electroan off-axis parabola. The peak intensity reached at best focus
energy distribution as well as other features of the electronvas 2x 10'® W/cn?. The laser pulse has a small spurious
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FIG. 1. Experimental arrangement used for generating and de- 100 \%
tecting hot electrons. 2 TW titanium-sapphire pulses are focused or . . . . .
the targets by means of an off-axis parabola. The x-ray emission is 0 10 20 30 40 50
monitored by two CCD cameras observing the front and rear-side Copper foil thickness [um]
emission. To obtain spatial resolution, a stainless-steel wedge is . . o )
inserted between the emitter and the CCD. A 308 beryllium FIG. 2. NiKea signal vs Cu foil thickness. Points labeled “tar-

filter blocks soft x rays. The CCD used to detect rear-side nickegfEt 1" and “target _2” are experimental. Tgrget 1 has n of
K emission has a 1&m cobalt filter: the other CCD for copper nickel on copper foil. Target 2 has @m of nickel. The error bars
Ka has a 10um copper filter include statistical shot-to shot fluctuation from 7 shots. The solid

line is the result obtained from TIGER Monte Carlo simulations

with the electron populations optimized to fit the de@@% 20 keV
prepulse which generates a preplasma with a scale leng#lectrons and 3% 200 keV electronFhe dot-dashed line is ob-
L/A~0.7-0.8[28]. An x-ray CCD in the energy readout tained by using the PIC code result,(.=2x 10"¥W/cn?) in the
mode[15] was used for spectrally resolved detection with aTIGER simulations. Note that the initial steep drop is not repro-
resolution of 200 eV, sufficient to separate e lines of duced by the distributions obtained from the PIC code.
the different materials. To obtain a spatially resolved image
of the x-ray emission, a steel wedge was inserted betweefa spot size is already much larger than that of the laser
the target and detector, a magnification of 25 being used. Theulse, which is consistent with previous results obtained for
penumbral image of the emission recorded by the x-ray CCDhe front-side emissiofR9]. It is recalled that the larger spot
was then used to deduce its spatial extent. size could only be partially explained by electrons generated

The targets used for characterizing the electrons consistétl the low-intensity wings of the laser spot. Electric and

of copper foils of various thicknesses, backed by a thinmagnetic fields forcing the electrons to travel along compli-
nickel foil. Nickel is not photopumped by coppKrx radia-  cated orbits in front of the target may be responsible, but
tion and its emission thus serves as an indicator of the eledurther study is required for complete clarification.
trons arriving at the back of the copper foil. We found that To determine the global direction of the electron beam
the data were better reproducible if the targets were not madgenerated, we made a series of shots in which we monitored
simply by pressing two foils onto each other. In this case dhe front and the rear-side emission from the targets. For this
small gap between the copper and nickel layers is unavoideurpose, a second CCD was placed in front of the target and
able and induces spurious space charge effects. The targetsed to control the position of the front-side emission from
were therefore fabricated by galvanically depositing one mathe copper foil. This was necessary to correct for any lateral
terial on the other. For the thin copper targets up tou®%  deviations resulting from small shot-to-shot fluctuations of
the copper layer was deposited galvanically on aifi  the direction of the laser beam.
nickel foil. For the thicker copper layergopper thickness
up to 46um) 6 um of nickel was deposited on the respective 140 T 1 ]

copper foil. 120 [ —8— experiment

The results obtained for the intensity of nicked for the | I s TIGER simulation
different copper thicknesses are shown in Fig. 2. The dat 100 <
include shots on pure nickel which smoothly connect withg 00 /

those on the thinnest copper layer ofufn, indicating that % ]
the electron populations generated on nickel and copper tag s 4 e
gets are quite similar. On going from pure nickel to ayf@  § { =

copper layer the emission drops by a factor of about five, bu®

40

from then on it decreases only slowly with increasing coppel 2 ]
foil thickness. This observation suggests a two-temperatur
distribution of the electrons propagating into the cold mate- 0 y - y y -
. 4} 10 20 30 40 50 60
rial. Copper foil thickness [ um]
The spatially resolved measurements, shown in Fig. 3, PP a
involved copper foil thicknesses of up to p8n, backed by FIG. 3. Spot sizd FWHM) of the rear-side NiKa emission.

10 wm of nickel. They show a spot which, after remaining Error bars denote shot-to-shot fluctuation from 5 shots. The result
approximately constant up to a copper foil thickness of 35rom the TIGER simulation uses the optimized electron temperature
nm, significantly increases at 5bm. Note that the initial distribution. Electrons are emitted into a solid angle of 30°.
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sensitive to lowering of the hot-electron temperature, reduc-
tion to 150 keV resulting in 35% lower emission with &én

10 of copper, well outside our error bar. The sensitivity to an

increasein the hot-electron temperature is not so high: An

electron temperature of 250 keV is still within our error bar,

and 300 keV would be just at its edge.

Matching the steep drop with small copper foil thick-
nesses to the simulations requires an electron population
with a much lower temperature. The best agreement with our
measurements is obtained with an electron energy distribu-
"0 tion consisting of a majority of electrons with a temperature
of 20 keV and a fraction 10 2 of hot electrons with a
temperature of 200 ke\(see Fig. 2 The solid angle for
o 1 2 3 4 s s these electrons was obtained by fitting theer results to

Copper foil thickness (um) the experimental x-ray spot size, yielding an angle of emis-
sion of 30°. However, the fits to the intensities are not very

FIG. 4. Relative displacement of x-ray-emitting spot on the rearsensitive to the emission angle.
side vs copper foil thickness. An absolute calibration of the CCD was carried out to

determine the efficiency at which the hot electrons are gen-

The result obtained in this experiment is shown in Fig. 4.erated. For this purpose, the CCD was illuminated with a
The figure displays the relative spatial coordinate of theradioactive source of P2 emitting a calibrated amount of
nickel Ka spot at the rear side of the Cu/Ni target as aMn®® Ka radiation at 5.9 keV. The sensitivity at the energy
function of the copper foil thickness. If the electrons stayedof Ni Ka (hv=7.5keV) was deduced from the transmission
in line with the laser beam, the position of the x-ray-emittingof the field-free region and the absorption of the depletion
spot at the nickel foil would move laterally with increasing layer of the CCD chip. We obtain an absolute number of
foil thickness. On the other hand, electrons propagating pert.0x 10° Ni Ka photons behind 4gm of copper. The num-
pendicularly to the target surface generate a spot with a fixetler ofKa photons per electron obtained from theer code
lateral position for various copper foil thicknesses. The datdhen results in an absolute number of 820" electrons
shown in Fig. 4 clearly demonstrate that the latter situatiorwith a temperature of 200 keV and an energy conversion
prevails. efficiency of 14% into these electrons.

(=]
- EEE .

Relative displacement (um)
[ ]

Ill. CHARACTERIZING HOT-ELECTRON POPULATIONS IV. PIC SIMULATIONS

In order to derive electron energy distributions from the The electron energy distribution obtained is compared
experimental data, Monte Carlo simulations of the propagawith that from particle-in-cell modeling of our experiment.
tion of electrons and photons in the solid material were carThe one and a half—dimensiorebTERPEcode[32,33 with
ried out. For these simulations theGER/TS Monte Carlo  two velocity componentsi( = parallel, v, = perpendicular to
electron-photon transport code was used. The code origthe target normaland one space coordinafearallel to the
nated from theeTRAN code of Berger and Seltz§80]. We  target normal was used. Oblique incidence of the laser ra-
use version 3.0 of thers package, which was released in diation on the plasma is treated by means of the relativistic
1992. The code tracks individual electrons and treats all col“boost-frame” transformatior{34]. Initial electron and ion
lisional and radiative interactions with cold material. Its usedistributions were supposed to be Maxwellian with tempera-
requires as input the electron energy distribution and directures of several 100 eV. The rathm,/Zm, was assumed to
tion of the electrons. be 11 000, with the atomic number of copper 63.5 and a

Inhibition of electron propagation by electric field effects mean chargez=11. We start from an exponential density
[31] is found to play no role in the experiment because of theprofile, with a critical scale length=0.7X\ . SirP-shaped
high conductivity of copper. However, a point of concern for laser pulses with a full width at half maximutRWHM) of
simulating rear-side emission was the fact that electrong0 laser periods were used. The final electron energy distri-
leaving the target may be pulled back by electric fields genbutions for intensities of 210 and 2< 10 W/cn? are
erated at the rear side of the target. To correct for this effecshown in Fig. 5. Several groups of electrons with different
the transmitted electron population obtained in a particulatemperatures can be distinguished. Besides the low-energy
run was reinjected into the target in a correction run and theompound of “thermal” electrons, we find a group of
resulting emission added to that previously obtained. Thiswarm” electrons and a high-energy tail. For 2
correction turned out to be quite significant, resulting in anx 10'¥W/cn? the “warm” temperature is 40 keV and the
additional emission of, typically, about 40% of the total. high-energy tail has a temperature of approximately 200
However, since theelative amount of the correction was keV, in agreement with our experimental result.
quite similar for the different targets, the electron tempera- The “hot” and “warm” electron temperatures as pre-
tures obtained were not affected by the correction. dicted by the simulations for different intensities are shown

The flat tail of the intensity curve after 1dm of copperis in Fig. 6. As expected, both temperatures decrease smoothly
well matched by electrons with a temperature of 200 keVwith decreasing laser intensity. This behavior suggests that
The fit of the simulations to the experimental data is quitethe intensity distribution in the focus of our laser will result
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FIG. 5. Electron energy distributions as obtained by PIC code -1 . ! : L . L . L
. ) o . . . 0 1 2 3 4
simulations. The curves exhibit two straight portions to which two L itudinal momentum (m.c]
temperatures can be ascribed. ongitu P, LM,

. . . B . , FIG. 7. Direction of the emitted electrons forx20' and 2
in a higher population of “warm” electrons, as experimen- . 4i8\w/cn? as obtained from PIC simulations.

tally observed.

The particle diagnostic incorporated in the code allows . .
one to analyze the ratio of the two particle momentum com—aCh_'eVed by photopumpmgf whereas the ele_ctrons, due to
ponentsp, andp, . Figure 7 displays the phase spazgp,) _thelr _much larger cross sectlpn for the generatioh bbles,
of all electrons with an energy25 keV. In contrast to our invariably destroy.the II’]VGI‘SIOESS]..
experimental finding the transverse momentum is found t For photc_)pumplng to b.e predominant, the number of elec-
be nonzero, in particular for the high-energy part of the elecsrons reachmg the matengl to bE.’ photopumped_should be as
trons. However, the axial momentum is observed to be con§mal! as possible. To achieve th'.s 9°’°‘_" we def5|g_ned a target
siderably larger than the transverse momentum. Thus, thgonsisting of a 1Am copper foil (W.h'Ch Maximizes the
simulations are in partial agreement with our experimental mount of coppeKa emission from its rear siddollowed

finding that the hot electrons move predominantly perpen®Y L mm of ponetherne{PE),_finalIy backed by a 1Q:m
dicularly to the target surface. cobalt or nickel foil. Since nickel is not photopumped by

copperK @ emission, the cobalt-to-nickel ratio was used as a
signature for the amount of photopumping. A ratio close to 1
means thaK holes are generated mainly by hot electrons.

The foregoing results were used to design an experiment The_thlckness of the PE layer was chosgn such as to block
to demonstrate photopumping of cobafta by copper the main part of the 200 keV electrons. Using published data
K-shell radiation. The aim of this experiment is to show thator the stopping power of PE36], we expect thaa 1 mm
hard x-ray photopumping can be clearly stronger than eledayer of this material _sho_uld block_elgctrons with an energy
tron pumping ofK-shell radiation. It is important in that Of Up to 300 keV, while its transmission for coppér ra-
inversion on innershellK-shell transitions can only be diation is about 70%. , - _

The effect of the PE layer is quantified mGER simula-
- S e : tions. Matching as closely as possible the geometry of our

] targets and the features of the electrons generated we obtain

the results shown in Fig. 8. It is seen that the “cold” elec-
tron population(which penetrates very little through the 10
um copper foil and not at all through the thick P#&ould
generate a Co/Ni ratio of between 2 and 3.5, indicating pre-
dominant photopumping. On the other hand, the 200 keV
electrons alone vyield a ratio of around one. A simulation
using the “experimental” two-temperature distribution ob-
tained above yields a Co/Ni ratio of about 1.4 for 1 mm of
PE. Without the PE layer the ratio would only be 1.19.

The result of the experiment is shown in Fig. 9, which
displays the spectra obtained with the cobalt and nickel back-
ing. Comparison of the two shows an enhancement of the Co
Ka emission with respect to the Na emission of 1.75,

o7 ' T 10¢ ' somewhat higher than the value obtained with theer
Laser intensity [Wem™) runs. To explain the discrepancy it is recalled thattleEr
calculations take only collisional effects into account, but

FIG. 6. Hot and “warm” electron temperatures vs intensity as electron propagation through the PE plate may be inhibited
predicted by PIC simulations. by electric field effect$31].

V. PHOTOPUMPING EXPERIMENT

100 [

Hot electron temperature [keV]

10 |
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3.5 y y y y — 2 percentage oK holes is still directly generated by the elec-
30 L A ] ] trons. This analysis shows that in cobalt this fraction is 47%,
: : whereas in nickel it is 72%. Electric field effects mentioned
25 above further reduce these numbers. Thus even in nickel a
2.0/'5 A/ ;: substantial amount of thKa photons generated is due to
1 1 photopumping.

—eo— "experimental” distribution ]
—a&— 20 keV electrons VI. CONCLUSION

—w— 200 keV electrons

! The hot electrons generated upon interaction of a 130 fs
m  data point

v pulse with a solid copper target have been characterized.
1.5 With p-polarized pulses at an angle of incidence of 45° an
o electron population is generated which can be described by
L two temperatures, a relatively low one of 20 keV and a frac-
// tion of 3% of the electrons with a temperature of 200 keV
L 1 Monte Carlo electron-photon transport simulations using this
o— | electron energy distribution reproduce well the intensities
and spot sizes of thk « radiation generated in a thin nickel
foil backing copper foils of various thicknesses. The absence
1.0 " of a shift in the lateral position of the rear-side spot with
Y increasing copper foil thickness shows that the electrons are
emitted perpendicularly to the target surface.
These findings are in partial agreement with PIC code
) ) . . , simulations. The PIC simulations result in a two-temperature
0.0 0.2 0.4 06 0.8 1.0 distribution the hot part of whick200 ke\) agrees well with
the “experimental” data. However, the low-temperature
(“warm™ ) electrons are predicted to have a temperature of
FIG. 8. Co/NiKa emission ratio for CH layer thicknesses 0, 40 keV with an approximately equal fraction of hot and
0.5, and 1 mm as predicted by TIGER simulations. Results arewarm” electrons. The discrepancy between PIC simula-
shown for 20 keV electrons, 200 keV electrons, and the “experi-tions and the “experimental” electron energy distribution is
mental” distribution comprising 3% of 200 keV electrons. Note explained by the distribution of intensities around the focus
that the 20 keV results are above an axis break. The experimentalf our laser beam.
data point is also shown. Furthermore, the PIC simulations predict that the main
part of the electrons generated propagates perpendicularly to
While a high Co/NiK« ratio is certainly a signature for the target surface, in agreement with experiment. A smaller
photopumping, let it be said that this ratio is not identical topart, especially at the high-energy tail, however, is predicted
the ratio of photopumped to electron-pumped emissionto deviate from the target normal, a fact not reproduced by
Analysis of theTIGER simulation results shows that about the experiment.
25% of the nickelK @ emission is generated by bremsstrah- The “experimental” distribution obtained for the elec-
lung and is therefore also photopumped. A lesser amount igons is used to design an experiment demonstrating photo-
pumped by coppeKpg radiation which is just above the pumping of cobalt using coppéta radiation as the pump.
nickel K edge. TheTIGER code can be used to estimate whatThe target contama 1 mmthick PE layer which prevents
the electrons from reaching the medium to be photopumped.
60 —T T - This yielded a factor of 1.75 enhancement of the cobalt ra-
Coka L I e o diation in relation to nickel, which is not photopumped by
copperKa. The simulations predict a smaller enhancement
factor, which can be explained by self-generated electric
fields inhibiting electron propagation in a dielectric. The
analysis shows that more than 50% of the coBait radia-
tion is generated by photopumping.

Co/Ni ratio

PE thickness [mm)]

50

40

30

Intensity [arb. units]
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