PHYSICAL REVIEW A VOLUME 59, NUMBER 5 MAY 1999

Single-photon ionization of helium from 4.5 to 12 keV by Compton scattering
and the photoelectric effect
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We have measured the ratio of the cross sections for double-to-single ionization in helium for several
monoenergetic photon energies between 4.5 and 12 keV using time-of-flight ion charge state spectroscopy. In
this energy range, both the photoelectric effect and inelé@tienpton scattering contribute significantly to the
total cross section. The ionization states caused by Compton scattering were distinguished from those caused
by the photoelectric effect by the different recoil energies of the helium ion associated with the two processes.
The ratios of the double-to-single ionization cross sections of helium for the photoelectric &f¢ar(d for
Compton scatteringR;) are given, and compared with previous measurements and theoretical calculations.
The measured value f&; at 12 keV is (1.210.27)%, which agrees well with the theoretical calculations of
Andersson and Burgdfer [Phys. Rev. A50, R2810(1994]. [S1050-294@9)05905-3

PACS numbsdrs): 32.80.Cy, 32.80.Fb

I. INTRODUCTION time-of-flight (TOF) spectrometer used in this experiment
has been described in detail previouhy-8]. Helium atoms
Helium is the simplest neutral atomic system in whichare injected into the “extraction region” by an effusive gas
electron-electron correlation effects can be studied. The exiozzle. The ambient helium pressure was maintained at 2.7
istence of doubly ionized helium from the interaction with a x 10~®torr, following evacuation to a base pressure of
single photon results directly from these correlations for both—10-9torr. The monochromatic synchrotron beam passes
photoabsorption and inelasti€ompton scattering. How-  through the extraction region of the TOF spectrometer, in
ever, the final states a_ssociated' with double ionization iQyhich He' and H&' ions accumulate. A pulsed field ex-
these two processes differ considerably. For photoabsorizaeis the jons and accelerates them into a field-free drift
tion, there is a high probablllty tha_t the photon energy 'Stube. The ions are then detected by a dual microchannel plate
transferred almost entirely to the primary photoelectrbh (MCP) biased at—5.46 kV. The field pulse and the signal

while for Compton scattering most of the initial x-ray energy
is given to the scattered x r@g], hence the ejected electrons from the MCP serve as the start and stop pulses, respec

are comparatively slow. At x-ray energies between 4.5 an(g"vew’ for the time-of-flight measurements. The TOF spec-

12 keV, the strongly energy-dependent photoionization cros ometer axis was aligned paralk_el to th_e polarization of the
section, o, falls rapidly, whereas the Compton scatteringx'ray beam. Because the photoionization process preferen-

cross sectiong, is a slowly increasing function of energy tia!ly prod_uces electrons _along _the p_olarization axis, the re-
[3,4]. At approximately 6.3 keVer, ando, are equal, there- coil yelocny _of the photmons glther increases or decreases
fore we call this energy range the “crossover” region. The-the time of flight .relgtlvg to an ion produced V\_/|th little orno
oretical calculations for the double-to-single ionization ratio™c0il (Compton ionization processThus, the time-of-flight

in the crossover region, because of the intrinsic differencPECtrum has three peaks for both'Hend HE™: the early
between Compton scattering and the photoelectric effect, ard"d 1ate time peaks are produced by photoions, and the cen-
performed independently. Samsenal. [5] have shown that (@l peak is produced by Compton ions. ,

it is necessary to distinguish between these two effects tg OUr pulsed-field type of TOF apparatus has collection ef-
make a meaningful comparison between theory and experficiéncies that depend on the speed and trajectory of the re-
ment at energies where both effects contribute significantlycCil ion. This is largely because the rapidly moving ions
Here, we report measurements for the double-to-single ior€SCape from the interaction region prior to application of the
ization ratio using monoenergetic photons at energies beloRulsed extraction electric field. In order to determine the col-

the crossover which distinguish between Compton scatterinfction efficiencies for both the photoelectric and Compton
and the photoelectric effect. ionization processes, we have employed a Monte Carlo

simulation of our TOF spectrometer. The recoil velocities of
the different helium ion states are one input to the Monte
Carlo simulation. Other inputs include the beam spot size,
The experiments performed at photon energies of 4.5 ante pulse widths, pulse period, and amplitudes of the ion
5.5 keV were conducted at the Los Alamos National Labo£Xtraction electric field, and the TOF spectrometer dimen-
ratory beamline X8A at the National Synchrotron Light Sions. The collection efficiencies for both singlg () and
Source, which has been described previoydy7]. This  double (77%*) ionization from Compton scattering are much
beamline provides monoenergetic x rays using €9 higher than the corresponding collection efficiencies for
monochromator with a bandpass of approximately 2 eV. Thephotoionization(n; and nfﬁ), because of the large recoil

Il. EXPERIMENT
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TABLE II. Values for R; andR,, obtained in this work.

Photon energykeV) R. (%) Rp (%)
4.5 1.07£0.49 2.00:0.24
55 0.72+0.29 2.040.37
12.0 1.21+0.27

FIG. 1. TOF spectrun(<¢) and least-squares fit to the data
(solid line) at 4.5 keV for(a) He™ and(b) HE*". The Monte Carlo
calculated efficiency curves for Compton scatteript-dashed
line) and the photoelectric effe¢tiotted ling are also shown.

cused monochromatic x rays for energies up to 20 keV, with
a bandwidth of approximately 4 eV at 12 keV. The count
rate for HE was obtained by subtracting the background
counts from the time-of-flight spectrum, then integrating the
spectrum over the single ionization flight time. In this energy
range, the Compton cross section is larger than the photoion-
ization cross section, and the TOF spectrometer collection
efficiency, as determined by the Monte Carlo simulation, is
much larger for the Compton scattering process than for the
photoionization process. Although both processes contribute
to the He' signal, we estimate that the photoabsorption com-
ponent of the experimental spectrum is only about 1%. The
corresponding total collection efficiency for the TOF spec-
trometer for H&* Compton ions was virtually identical to
the collection efficiency for He ions.

lll. RESULTS

Time-of-flight spectra for H&" and He' ions are shown
in Fig. 1 for 4.5 keV photons. We observe good agreement

between the overall shape of the efficiency curves calculated
by the Monte Carlo program and the singly ionized helium
TOF spectrum. The experimental values fof /a; were

obtained by a least-squares fit of the amplitude and time-shift
velocities associated with the photoionization process. Beparameters of the calculated efficiency curves to the singly

cause of the narrower divergence of the?Héns with re-
spect to the axis of the TOF spectrometgf,” is slightly
higher thanz{ . For our calculation ofp, and 75", we
have assumed that the directional distribution probability of
ejected photoions is proportional to é@s where 6 is the
angle of the photoion trajectory with respect to the TOF
spectrometer axif9].

The experiment to determiri®, at 12 keV was performed
on the Los Alamos National Laboratory beamline X8C at the
National Synchrotron Light Sourdd.0], which provides fo-

TABLE I. Comparison of photoelectric and Compton scattering
cross sections in the crossover region.

ionized peaks in the TOF data. To our knowledge, these are
the only experimental values far) /o
region obtained with monoenergetic x rays. The experimen-
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Photon energykeV) This work  Hinoet al?2  Viegelé
4.0 0.14 0.15
4.5 0.21 0.24
5.0 0.38
55 0.43 0.56
6.0 0.81 0.83
12.0 10.94 10.83
3Referencd 11].

bReferencd3]; o, is the incoherent scattering cross section.
‘Referencd3], determined by cubic interpolation.
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FIG. 2. Ratio of double-to-single helium ionization from Comp-
ton scattering R.) and from the photoelectric effecR(). Present
experimental results fdR; (¢) andR, (A), R.=(1.22+0.06)% at
8.8" [3skeV (0), andR,=(1.72+0.12)% at 7.0%¢keV (M), ob-
tained by Spielbergest al.[9]. Also shown are the calculations of
R. by Suricet al.[14] (solid ling), Andersson and Burgdi@r [13]
(dot-dashed ling and Hinoet al.[11] (dotted ling, as well as the
calculations ofR, by Andersson and Burgdier [20] (two dot-
dashed lingand Hinoet al.[1] (dashed ling
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TABLE lll. Values for R; at 12.0 keV and at the high-energy limit.

Re (%)
Experiment Theory
o Spielberger Wehlitz Andersson Kornberg Amusia and
(keV)  Thiswork etal? et al? etal® Suricetal® Hinoetal® etalf Mikhailov?
12.0 1.210.27 1.2 0.66 1.7
ho—oo 0.84°3% 1.25-030 0.84 0.8 1.6 0.8 1.68

8Referencd 17], measured at w=>58 keV.
bReferencd 18], measured ak w=57 keV.
‘Referencd13].
dreferencd 14].
*Referencd11].
Referencd 15].
9Referencq 16].

tal values foro_ / cr; at 4.5 and 5.5 keV are compared with keV our results folR; are consistent with the calculations of
the ratio of the incoherent scattering cross section to the phddino et al.[11], but somewhat higher than the values calcu-
toelectric cross section of Viegdld] and with the values for lated by Suricet al.[14].
oo, given by Hinoet al.[11] in Table I. Our results fall ~ For the photoelectric case, theoretical studisl9,2q
somewhat below the values ascribed by Viedg8lehowever — generally agree, with the exception of Drukaf@t], that the
this may be caused in part by the inclusion of nonionizingdouble-to-single ratio for the photoelectric effecR,
inelastic(Raman scattering events in the attenuation coeffi- =U§+l(r; , decreases asymptotically to a value of approxi-
cient calculations which do not contribute to the Comptonmately 1.67 in the high-energy limit. Recently, Spielberger
ionization proces$12]. We do not believe significant sys- et al.[9] have obtained values fét; andR,, in the crossover
tematic errors caused by our TOF spectrometer efficiencyegion using cold target ion momentum spectroscopy
calculations exist in our measurementsfRpfandR, because (COLTRIMS), which is quite similar to the method used
both 5"/ 7, and #2"/n{ are close to unity. The very low here and described above. Using broadband synchrotron ra-
number of H8" ions produced by Compton scattering ob- diation, these authors have separated the components of the
served at 4.5 keV and the reduced peak separation caused pjotoelectric effect from Compton scattering to obtain val-
the small photoion recoil velocity at this energy make theues for bothR. and R,. They have measureR.=(1.22
uncertainty in our measurementRf at 4.5 keV rather large. =0.06)% at a mean energy of 8.8 keV ai}=(1.72
Our experimental values fdR, andR, and their estimated *0.12)% at a mean energy of 7.0 keV for photoabsorption.
uncertainties at 4.5, 5.5, and 12.0 keV are given in Table 1IThis is the highest energy for which an experimental value
The values forR; and R, obtained in this experiment are for Ry has been obtained. Our monoenergetic valuesfor
compared with experimental and theoretical results for phoat 4.5 and 5.5 keV, shown in Fig. 2, are consistent with both
ton energies in the crossover region in Fig. 2. the theoretical calculations and the experimental work of
Spielbergeret al. [16].

IV. DISCUSSION
V. CONCLUSION
Several calculations of the double-to-single ionization ra-

tio for Compton scatteringRC=a§+/ac*, have been per- This paper reports monognergic X-ray mea+sur$ments of
formed from 4 keV to the high-energyonrelativistig limit ~ Rc and R, as well as experimental values for; /o, for
[2,11,13—18 These results for 12 keV and the high-energyhelium in the crossover region. In addition, our measurement
limit are summarized in Table Ill. MeasurementsRf by ~ Of R¢ at 12.0 keV and that of Spielberget al. [17] at 58
Spielbergeret al. [17] at 58 keV give a value ofR, keVv are in agreement with the caIcuIayons of Aljdersson and
=(0.84"399%, which favors the lower calculated values in Burgdafer [13], and together favor this calculation over all
Table Ill, and, in particular, those of Andersson and Burg-Cthers reported.
dorfer [13]. Wehlitz et al. [18] have measured a higher
value,R.=(1.25+0.30)% at 57 keV, but with a relatively

large error bar. This measurement does not favor any of the

calculations in Table Ill. Our value of (1.210.27)% at 12 This work was supported by the U.S. Department of En-
keV, even with the large error bar, agrees only with the cal-ergy through Los Alamos National Laboratory. We would
culations of Andersson and Burgder [13]. At 4.5 and 5.5 like to thank M. Sagurton for his contributions to this work.
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