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Three Ni compounds were studied by ultrafast selected energy x-ray absorption spectroscopy using a laser-
driven electron x-ray source with a tungsten target. The meastrsdbes of these Ni compounds using this
self-referencing method were made identical to those measured with synchrotron x-ray sources. This enabled
us to determine the absolute peak positions of tungstgrandL «, emitted from this source to be within 1 eV
of those from the neutral tungsten atoms, which strongly suggested that the x rays were emitted from high
energy electrons interacting with tungsten atoms in the solid target. This is the best evidence to date that
directly supports the cold atom x-ray generation theory.
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[. INTRODUCTION have not been available to directly prove such a theory
[3,9-13. In some other cases, high resolution spectra cali-
brated with concomitant characteristic hard x-rays from gas
targets were obtained4,15. However, those characteristic
lines themselves were not calibrated.

Ultrafast characteristic and continuum hard x réggew
keV to a hundred keYcan be generated by focusing an
intense laser beam onto a solid or liquid target4], and

have been used in ultrafast x-ray absorption and diffractio A . del that has b idel d lai
experimentg§5-8|. In order to make ultrafast x-ray sources competing model that has been widely used to explain

more suitable for these applications, many efforts have beel?W €nergy x-ray generatiofsub 1 keVf suggests that x rays

spent on improving these sources are produced due to the recombinatidifing of the inner-
Two popular models for the x-ray generation mechanism _her:ll vgca_ncge;, bUt. not Ir|]m|ted| tol theshell \(/jacar:jcga)sof .

of these ultrafast hard x-ray pulses have been proposed. O y lonized ions in a thermal plasma produced by an in-

school of thought regards that those x rays are generatetﬁnse laser f'gld m(;ebractlrclig W'th.‘e.‘D“d 'der;]snyplasma.llr} h
through a two-step proce$8]. In the first step, intense ul- those cases, bound-bound transitions in the ions result in the

trafast laser pulses interact with only the electrons in a dilut X-ray g_en(_eratior{4,_16]: St_ark shift and the bro_adening of
plasma of near critical density, (less than the solid densjty ine emission, and ionization threshold depression are severe
for the input light. Strong energy coupling between the lase urlndgb thﬁ e\?olutlong‘gf 2theTﬁlasm|%, dgengrau|ng bursts of
light and the electrons ensues, and the electrons are grea yoadban soft x rayf _.q' e solid density plasmas can
accelerated. Because of the low density of the plasma, th%OOI rapidly d_ue to the high rate (.)f heat exchange with the
yield of hard x rays generated from the interaction betweeh€St of the solid target. I\/I_an_y studies on_the gas-phase mate-
the accelerated electrons and the plasma or from the reconrl'?‘l.S have also y|e|deq similar results with longer pulse du-
bination of the highly ionized ions in the plasma is low. In rauons[?l]. We call this model the h(.)t plasma theory. BOth
the second half of the x-ray production process, this burst Onfnechanlsms are capable.of generating uIFrafast, subpl_cpsec—
accelerated electrons interact with the cold atoms in the soliffnclj X'r"éy pulsfes,hdepgndl_ng %n the er>]<pe_r|ment?lhcogdltlons.
target nearby to produce x rays. As a result, intense charac- h oraer toh_urr]t er 'le'_“'fy t e(zjmetlz_banls;ns ot har x]:ra%/
teristic and bremsstrahlung hard x-ray pulses are produce&enerat'on' igh-resolution and calibrated spectra of the

This model and its variations are generally accepted whe mitted x rays are ne(_aded. In this paper, we W'Sh to report
the x rays are in the multi-keV or higher region. In fact, the e results obtained with a method developgd in our labora-
second half of this model is almost identical to that of bom-©rY: ultrafast ;elected energy x-ray absgrptlon spectrqsc;opy
barding a solid target with a continuous, monoenergetic elec(—USEé(A_S)' This mett)hod uses characteglsztlc X:Fﬁy radll?tlon
tron beam in common x-ray tubes, except that the electron OPtain x-ray absorption spectréz ’ 33‘. e sel
are not monoenergetic in the former case. Nonetheless, tHi fefenc'ﬂg_fe?t“fe made possm?le by the inclusion of the
characteristic emission lines from such laser-driven x-rayFharacteristic lineandthe absorption edges of known com-

sources should resemble closely those from the cold atoms ﬁ)]ounds in the same x-ray absorption spectra allows us to

x-ray tubes. We term this the cold atom theory for u|tr(,jf(,ﬂstdetermine the peak positions of characteristic emission lines
hard x-ray generation. Although low resolution and cali-" the hard x-ray region with high energy resolution. This

brated (>100 eV), or high resolution and noncalibrated epables us to effectively differentiate the two x-ray genera-

(<1 eV), characteristic x-ray emission data were obtained,IIon mechanisms.

calibrated and high spectral resolution experimental data
Il. EXPERIMENT

Parts of the laser and x-ray systems were described else-
*Fax: 530-752-8995; Electronic address: tguo@ucdavis.edu  where[24]. The overall setup is shown in Fig. 1. In brief,
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Laser beam contained a two-dimensional matrix. The column position
corresponded to the x-ray energy. Without the samples in the
x-ray beam path, the column positions of the two diffraction
peaks shown in the diffraction patterns from the tungsten
target were assigned to the theoretical values of. ¥y at

10% leakage 8.3976 keV and WLa«, at 8.3352 keV, respectivel{25].

o) Based on these two positions, the rest of the columns were

assigned to their corresponding energies based on linear in-

terpolation and extrapolation. The counts along the row were
then added to obtain the total x-ray intensity). A similar
process was used to obtain the x-ray intensity profiles
with the samples, except that the energy calibration method
X-ray target chamber of the diffraction profiles from was used. The absorbance
was then calculated frold=uL=-In(l/1y) as a function of
FIG. 1. Experimental layout for x-ray generation and energy, in whichu and L are absorption coefficient and
detection. sample thickness.
Synchrotron data was obtained at beamline 4-1 at the

90% of a 55-mJ/pulse at a 50-Hz repetition rate laser beamtanford Synchrotron Radiation Laborat¢8SRL). NiO so-

was directed into an x-ray chamber. The beam, through fution in deionized water and Ni foil were measured in the

Mylar protection film, was focused onto a moving Gumre)  flyorescence mode. The data were processed ExMFSPAK

or W (rod) target by a parabolic mirrofJanos A8037-274  [26]. The data were calibrated using a standard Ni foil at

For the W target, the rod moved down, driven by a stepsSRL. NiTPP data were adopted from Cheral. [27].
motor-driven linear stage and simultaneously rotated-driven

by a second step motor. The lateral jittering motion of the rod

was confined to<12 um (end-to-engl by three actuators IIl. RESULTS

(Newpor). GaAg111) or Si(111) single crystals were used to

diffract the x rays into a liguid-nitrogen-cooled, deep deple- We measured the direct and diffracted x rays from the

tion charged-coupled devicgCCD) detector(Roper Scien- tungsten x-ray target using three single crystals to verify that

tific, PI-LCX 576). whether or not those measurements were affected by these
3-um Ni foils (Goodfellow and NiO powderg99%, Al-  crystals. The results showed that the yields measured in the

drich) were purchased and were used without further treatdirect and diffracted modes were similar, although the dif-

ment. Nickel tetraphenylporphyritNiTPP) powder (95%)  fraction efficiency of Silll) single crystals(Czochralski-

was purchased from Mid-Century Chemicals. All samplesgrown, undoped; Virginia Semiconductor and Frozen zone

were in the form of thin films, and were prepared using thegrown, B doped, Valley Designwas 50% of that of the

common ir pellet preparation method. The samples were the@aAs crystalVirginia Semiconductor The GaAs produced

covered with Kapton thin fimgSPEX and mounted on a lower resolution USEXAS spectra. When all the x-rays de-

half-inch iris. The equivalent thicknesses of Ni in the NiO tected by the detector were counted, the highest total flux of

and NiTPP films to the Ni bulk films were between 3 andLa; andLa; from W was 6x 10'° photons (4 Sr ).

4 pm, deduced from the x-ray measurements. We also measured x rays from the Cu wire target. Under
Absorption data was processiedsitu using a Matlab pro- optimal conditions, the intensity of the diffracted Cu x rays

gram. Each diffraction data file acquired by the x-ray CCDdetected with the CCD was similar to those measured earlier
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FIG. 2. USEXAS data on NiTPP, Ni, and NiO. The experimental ddtited, the synchrotron datédark solid, and the tungsteha;
andLa, lines are shown for each sample. The NiTPP synchrotron data were adopted fronetGhdi27].
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TABLE |. Results of x-ray absorption edges for Ni, NiO, and IV. DISCUSSION
NiTPP measured with USEXAS and synchroti@m eV). The the-
oretical spectral positions for Wec; andLx, used to obtained the Other measurements on the tungstetines were made,

USEXAS results are also listed. although the spectral resolution in those measurements was
low. Hironakaet al. measured 8.51+0.12 kel 0]. Fujimoto
Ni NiO NiTPP et al. measured with a 36-eV-shift based on the CCD reso-

lution [9]. As mentioned above, the line emission of other
USEXAS 8330.1+1)  8337.8+0.4  8335.0-0.9 elements was measured, but none of these data were cali-
Synchrotron 8329.7 8337.4 83355  prated. Previously, high resolution data available without
TheoreticalL oy 8397.6 Theoretical =, 8335.2 spectral position calibration were the results of the measure-
ment of vanadiunK lines using a Von Hamos crystal spec-
[3,24. The highest flux for CuKe; and Ka, was 5 trometer. The measured positions were 6—8 eV lower than

X 101 photons(4# Sr9, and the total energy conversion the theoretical valuef28]. _

efficiency was 5¢< 10°5 after correction of other losses. The  Because of the high energy resolution1 eV) for the

yield was calculated with corrections of air absorption andabsorption edge data reported here and the derived peak po-

detector efficiency. The peak laser intensities wer@  sitions of the WL, and La,, we consider that this is the

X 10 W/cn?, and the pulse duration was400-600 fs clearest indication that the x rays are generated as the result

(after adjustment of the grating separation to favor hard x-rayf electrons interacting with the neutral atoms or low oxida-

generatiop The smallest focal spot size was used, althoughion state ions in the W target, and not produced from highly

the current parabola produced a relatively large spot size abnized ions, as the Stark shifts and broadening will alter the

10-um in diameter. We observed a similar yield dependencyemission profiles.

on the grating separation to that reported earlier: the yield |t is worth pointing out that thé « lines, which originate

increased when the pulse was lengthened from the shortegbm transitions betweeh,, andM,, or My levels, are less

value, and decreased quickly after the pulse became longgsceptible to the chemical environmental changes than the

than 1 ps[24]. We also adjusted the target position to vary gqges themselves. Further studies are needed to characterize

the laser focal spot size. The results were similar to the grat;ansitions betweeh andN or evenO levels to more sensi-

ing separation adjustments. _ . tively detect the changes to those edges in different chemical
The measurements of i edges with the W target using  enyironments. Nonetheless, our measurements shown here

the S{111) crystal spectrometer are shown in Fig(dtted  nqyide high resolution data to support that hard x-ray emis-

lines). The USEXAS results of all three Ni compounds are ;o is produced from neutral or low oxidation state atoms in
shown. The synchrotron datsolid linesg are also presented, e target.

and that of NiTPP was adopted from Chenal. [27]. Also

shown in Fig. 2 are the x-ray emission spectra of tungsten

La; andLa,. All the important features associated with these V. CONCLUSION

three samples were reproduced in our measurements, and the

Ni pre-edge in NiTPP is clearly visibl&7]. Table | presents Using the self-referencing feature made possible by the
theK absorption edge&ising the first inflection pointof the  presence of both the characteristic lines and the absorption
three Ni compounds measured with USEXAS. Since our datadges of known compounds in the same x-ray absorption
were processed based on the theoretical peak positions gpectrum in USEXAS, we have determined the peak position
Le; andLea, from cold tungsten atoms, the measured absorpof characteristic emission lines in the hard x-ray region with
tion edges were identical to those of the same samples meRigh energy resolution. This allows us to select the cold atom
sured with the synchrotron indicates that the peak positiongheory as the x-ray generation mechanism.

of the emitted hard x rays are identical to that of the cold

tungsten atoms. In Table I, the differences between the mea-

sured values using USEXAS and those with the synchrotron ACKNOWLEDGMENTS
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