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Photoionization and Compton Double lonization of Helium from Threshold to 20 keV

Jon C. Levin, G. Bradley Armen, and Ivan A. Sellin

Department of Physics, University of Tennessee, Knoxville, Tennessee 37996-1200
(Received 22 September 1995

We report new measurements He**/He™ ratios in three energy ranges. Near threshold, where
only photoionization contributes, we find a ratio systematically lower than previously published
measurements. From 2 to 6 keV, where Compton ionization gradually supplants photoionization
as the dominant ionization mechanism, theory and experiment are in substantial agreement. Far
above threshold where Compton ionization dominates, theories diverge markedly. Comparison with
present results indicates asymptotic values have been established for photoionization but not Compton
ionization.

PACS numbers: 32.80.Dz, 32.80.Fb

Theoretical prediction of the energy dependence ofesult was found by Hino, Bergstrom, and Maceu [5]
the photon double ionization of helium is a fundamentalwhose many-body perturbation-theory calculation found
problem in atomic physics which requires solution ofan asymptote of 1.6%, noted by the authors to coincide
the Coulomb three-body problem. In the independentwith predicted asymptotic ratios for photoionization. Fur-
particle framework, in which the photon interacts directlyther, Hino, Bergstrom, and Maceu [5] predicted a local
with only one electron, double photoionization proceedsminimum in the ratio at=6 keV, the energy at which
only by electron-electron correlation. As a result, doublethe photoionization and Compton ionization cross sec-
photoionization of helium has long been used as dions are equal. Extension to 20 keV by Bergstrom, Hino,
definitive testing ground for understanding correlationand Maceu [6] revealed that the result was, in fact, not
phenomena. yet asymptotic; at high energy, the discrepancy with the

Despite the importance of the problem, and the abunresults of Andersson and Burgdorfer is attributed to a
dance of widely varying theoretical predictions at all en-greater amount of final-state correlation (FSC) and to the
ergies, available data are definitive only for a few eVapproximate manner in which both calculations incorpo-
above the double-ionization thresholeé79 eV), where rate FSC. Both authors expect initial-state wave functions
the ratio of double-to-single ionization of helium has beenof Andersson and Burgdérfer and final-state wave func-
shown to be in good agreement with Wannier theory [1]tions of Bergstrom, Hino, and Maceu to be more accu-
At higher energies, theory and experiment agree only thaiate. Suricet al. [7] expect the same asymptotic value as
the He"* /He" ratio rises rapidly to a maximum (3—-5)% Andersson and Burgddérfer but find it is approached from
reached at a photon energy between 150 and 300 eVWelow and is reached much more rapidly. The energy de-
subsequently falling to divergent values=f(0.8—1.7)%  pendence of these theories is illustrated in Fig. 1.
reached at photon energies somewhere above 10 keV.Some theorists believe that despite the difference be-
The plethora of recent theory Letters leading to such ditween photoionization (in which the photon is annihilated,
vergent values indicates the urgency of new high-energyransferring all of its energy) and Compton ionization
measurements. (where only relatively little energy is transferred inelas-

The importance of including the contribution of Comp- tically), the He"* /He™ ratio should be the same for both
ton scattering in calculating double and single ionizationprocesses. In particular, Amusia and Mikhailov [8] expect
of helium at photon energies above the few keV was firsan asymptotic ratio of 1.68%, in close agreement with the
noted in a Comment by Samson, Greene, and Bartlett [Xjrst asymptotic calculations for photoionization, those of
in 1993. Several Letters have presented theoretical préiberg [9] and of Byron and Joachain [10].
dictions of the behavior of the ratio of double-to-single In the first several hundred eV above threshold, calcu-
ionization and Compton ionization interchange. Thesdations and measurements too numerous to discuss here
calculations are in substantial disagreement. (Refs. [11-26]) have been presented. In general, both

The first calculation to incorporate the Compton con-experimental and theoretical results fall within the broad
tribution, by Andersson and Burgdorfer [3], predicted anlimits indicated in Fig. 2; thus, the location and magni-
He"*/He' ratio gradually falling to an asymptotic value tude of the peak of the He /He" ratio is poorly known.
of =0.8%, approached but still not reached by 20 keV.Recent calculations [21] relating the He/He™ ratio for
Subsequent investigations by these authors incorporatifgst charged particle impact (for which the ratio is well
varying amounts of final-state correlation altered onlyestablished to be 0.26%) to that for photon impact, uti-
details of the predicted rate at which the asymptote idizing Bethe-Born theory, suggest that the photoioniza-
reached, but not its value [4]. A substantially differenttion ratio at low energies is overestimated, perhaps by as
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FIG. 1. Ratio of double-to-single ionization of helium in the &
photon energy range transitional between photoionization and +,
Compton ionization compared with available theory. Individual | o e
symbols represent data: present results (circles), previous result 7/ Tang and ShimamuraZ®
(invested triangles [39], squares [40], diamonds [28]). Lines j_j I 2 Pont and Shakeshaft?*
represent theory: the first calculation to incorporate Compton 2 ——— Tiwary, M form?®
scattering, by Andersson and Burgdorfer [3] (long dashes) and  [l&% 7 Tiwary, P form?®
subsequent Compton effect calculations [4] (dots) incorporating 1 Meyer and Greene, V form®
no final-state correlation (bottom) and Byron—Joachain-type = Meyer and Greene, A form™
configuration interaction final state (top), a recent MBPT 0 — . | Carerandkely ™
calculation by Bergstrom, Hino, and Maceu [6] (solid line), 100 150 200 250 300 350
and the results of Suriet al. [7] (short dashes). Photon Energy (eV)

FIG. 2. Near-threshold ratio of double-to-single photoioniza-
much as 25%, by existing measurements. Other work, ition of helium using monochromatic undulator radiation (solid

; i ; st ; circles and solid triangles, present results) compared with avail-
which dipole and nondipole contributions to the ratio forable theory, as indicated. And published experimental results

charged-partic_le i_oni_zation are r_elated to photoionizatioQopen circles [11], Xs [12], crosses [13], triangles [14], dia-

and Compton ionization, respectively, places no such conmnonds [15], inverted triangles [17], squares [16]).

straint on the magnitude of the ratio at low energies [18].

Further, newR-matrix calculations [22] and hyperspheri-

cal close-coupling results [25] have recently become availacteristic of NSLS single-bunch operations, i.e., 568 ns
able, as well as new results which circumvent the explicibn the x-ray ring, and 170 ns on the vacuum ultraviolet
inclusion of the asymptotic boundary conditions [24]. (VUV) ring. Availability of a ring timing signal coinci-

As a result of the large theoretical and experimentablent with each electron bunch employed as a stop input
uncertainties, high statistics measurements are urgenttp a time-to-amplitude converter resulted in better resolu-
required from threshold to many keV, a very broadtion and shorter flight times than are obtained when the
energy range across which experimental requirementspectrometer extraction field is pulsed [1,14]. Pulsed ex-
vary greatly. In this work, we report new data from traction fields also result in varying ion collection effi-
threshold to 20 keV. ciencies [28]. This variation is a result of large differ-

The present experiment was conducted on beam lineances in the kinetic energies of ions produced by pho-
U13UA, X24A, and X25 at the National Synchrotron toionization, in which the entire energy of the photon is
Light Source (NSLS). Photoions produced in the sourcemparted to the atom, and ions created by Compton ion-
region of a time-of-flight (TOF) analyzer were extracted,ization, which recoil slowly from the low-energy Comp-
accelerated, allowed to drift, and finally accelerated tdon electron. Use of the ring timing signal also permitted
4.0-4.7 keV per charge with voltages selected to proTOF measurements without the need for counting elec-
vide space focusing [27] and to minimize distortions introns ionized from helium, a common technique in many
the extraction field due to the needle. Spectrometer apefFOF measurements, with attendant uncertainties concern-
tures were covered with high transmissiea90%) mesh. ing electron-collection and detection efficiencies [29].
lons were detected by dual Galileo MCP25 chevroned A TOF spectrum obtained at 20 keV illustrates the tim-
microchannel-plate (MCP) detectors operated with 850-ing resolution achievable using a ring signal to mark the
1000 V across each detector. The TOF spectrometer wasrival of each several-hundred-picosecond-wide photon
designed to permit extraction and detection of heliumburst (Fig. 3). In our technique, excellent timing resolu-
ions well within the spacing between photon bursts chartion is critical to help eliminate single ionization of he-
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T ‘ T T discrimination against He and yield an artificially high
He"* /He* ratio. Finally, measured ratios are indepen-
dent of target gas pressure for the range of pressures em-
ployed here, as found previously by researchers using a
similar TOF apparatus [14].

Measurements from the double-ionization threshold
at 79 eV up to 700 eV were obtained using focused
undulator/wiggler radiation monochromatized using 300
grooves/mm or 1200 grooves/mm spherical gratings on
NSLS VUV beam line UL3UA. Flux was estimated to
be ~10'* photons/sec. A 1500 A Al window located

190 180 170 160 150 140 130 120 110 downstream 'of the monochrqmator gnd upstream of a set
Ion Flight Time (ns) of 1 mm horizontal and vertical collimating slits served

to provide experimental chamber isolation from both ring
FIG. 3. Helium time-of-flight spectrum obtained with yacyum and filtration of low-energy scattered light. A
monochromatic x rays of energy 20 keV. At this energy, thegecong movable 1567 A Ti filter positioned downstream
double-ionization cross section4s15 mb. T . ; . .

of the collimating slits was employed at six energies from

150 to 650 eV to assess the effect of low-energy photon
lium by slow secondary electrons produced when phoeontamination from slit scattering and any remaining
tons interact with surfaces, thereby producing an artifiscattered light from elsewhere in the beam line. These
cially low measured ratio. lon TOF peaks produced bylatter measurements (Fig. 2, triangles) resulted in higher
slow electrons created at metal surfaces are displacade’*/He" ratios at all energies~10% at 200 eV)
slightly in time, but sufficiently so to be observable with and were used to derive an energy-dependent upward
the subnanosecond resolution illustrated in Fig. 3. Sinceorrection which has been applied to the remaining data
electron-impact ionization cross sections are many order@-ig. 2, circles).
of magnitude higher than Compton ionization cross sec- Higher energy TOF spectra were obtained using
tions at high photon energies, care was taken to prevemhonochromatized bending-magnet radiation from Na-
the intense photon beam from interacting with surfacegional Institute of Standards and Technology beam line
near the spectrometer source region. The narrow, synk24A [34,35] (3—6 keV) and NSLS wiggler beam line
metric peaks and flat background of Fig. 3 demonstratX25 (10—20 keV) [36]. Apertures and Be windows were
that contamination from slow electrons is negligible. used to guard against contamination of the measured

Beam contamination from low-energy photons, how-ratio due to low-energy photons or electrons. The results
ever, results in no such characteristic TOF peak shiftare shown in Fig. 1 and compared with several recent
or distortions, although measured He/He" rations will  calculations.
again by systematically lower. Eliminating such contami- Our results are in substantial agreement with those
nation is important because the photoionization cross seof Sagurtonet al. [28] although consistently somewhat
tion just above the double-ionization threshold is 5 ordersiigher (Fig. 1). This is likely due to greater collection
of magnitude higher than at 3 keV [30]. As a result, sub-efficiency in their apparatus for low-energy ions produced
stantial filtration, as discussed below, was employed at alby Compton ionization than for higher-energy photoions;
energies to help assure spectral purity. predicted ratios in this energy range are lower for the

Several other experimental effects can result in a disCompton process than for photoionization [4].
tortion of the measured ratio of double-to-single pho- Recently, Spielbergeret al.[37] employed recoil-
toionization of helium. The most important were dis-ion momentum spectroscopy to the determination of
cussed by Schmidt, Sandner, and Kuntzemdiller in conHe** /He™ for Compton ionization and separately for
nection with measurements following ionization by 2 keV photoionization using broadband synchrotron radiation
electrons [31] and photons near threshold [15]. We findhy = 5.4-9.1 keV) and found a ratio of 1.72(0.12)%
from Monte Carlo spectrometer simulation that biases refor photoionization. Since our data below 4 keV are due
sulting from collection inefficiencies are negligible [32]. almost entirely to photoionization, a comparison with the
Ratios of HE ™ to He" studied as a function of ion ki- results of Spielbergest al. show that for photoionization,
netic energy and channel-plate voltage are found to ban asymptotic ratio has been reached, essentially by
constant for the range of voltages employed here, cor3 keV, with a value of=1.7% in excellent agreement
sistent with earlier studies by Gaat al.[33]. Further, with early predictions of Aberg [9] and of Byron and
ratios reported here were obtained using very low elecdoachain [10].
tron discriminator thresholds (5-20 mV) and found to At intermediate energies, 7—10 keV, our results and
be independent of threshold, without statistical errors rethe Compton ionization results of Spielberggral. [37],
ported here. Inappropriately large thresholds result irwho found a ratio of 1.22(0.06)% with broadband radi-
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ation (hv = 5.4-9.1 keV), are in better agreement with [15] V. Schmidt, N. Sandner, H. Kuntzemdller, P. Dhez, F.
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good agreement with the velocity form may be fortuitous.[26] s.N. Tiwary, J. Phys. &5, L323 (1982).
Our results are consistently about 10% higher than receft7] w.c. wiley and J.H. McClaren, Rev. Sci. Instrui26,
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