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necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
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THE RATI_O OF CROSS SECTIONS FOR DOUBLE TO
- SINGLE IONIZATION OF HELIUM BY HIGH ENERGY
PHOTONS AND CHARGED PARTICLES

J.H.McGuire”, N. Berrah™, R.J. Bartlett™, J.A.R.Samson!

J.A.Tanis**, C.L.Cockett and A.S.Schlachterftt
(October 11, 1994)

Abstract

Data and analysis for the ratio of double to single ionization in helium is
reviewed for impact by photons and charged particles. In the case of pho-
toionization there are two processes, namely, i) photoionization where the
photon is annihilated, and ii) Compton scattering where the photon is in-
elastically scattered. In the case of charged particle scattering the ratio of
total cross sections tends toward an asymptotic high energy value of 0.26%
which is well below the value observed for photons of 1.7% at photon energies
between 2 and 12 keV. Theoretical relations between various ratios have been
predicted and to some extent confirmed by observations.
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I. INTRODUCTION

In the past ten years double ionization of atoms, ions and molecules by high energy
photons and charged particles has been studied both theoretically and experimentally. In fast
collisions double ionization occurs primarily via an electron-electron interaction following the
primary collision with the projectile. Since the collisions are fast, the collision mechanisms
are relatively simple. Thus study of such high energy collisions is a sensible way to begin
to understand the dynamics of multi-electron interactions. Of interest has been the ratio,
R = o™t /o*, of double to single ionization cross sections in helium which appears to
approach a constant value at high projectile energy, E. For impact of charged particles
(and anti- particles), the limiting value is Rz = 0.26% now in agreement with theory.
The corresponding ratio for photon impact was observed to be R, = 1.7% at incident
photon energies from several hundred eV to 12 keV. This value of 1.7% 1s in agreement
with various predictions for photoionization, where the photon is annihilated during the
interaction. However, it has recently been established that Compton scattering dominates
over photoionization in helium at photon energies above about 6 keV. In Compton scattering
the photon is not annihilated, but is simply inelastically scattered, much like a charged
particle.

Photons and charged particles both interact with matter via electromagnetic field. Thus,
in principle, cross sections for Compton scattering and photo-excitation and ionization may
be related to cross sections for scattering by electrons, protons, and particles of arbitrary
charge, Z. On the other hand, Compton scattering, photo-annihilation and scattering from
charge particles also differ. For example, Compton scattering differs from photo-excitation
and ionization in that: i) the A? interaction operator for Compton scattering differs from
the 7- A term for photo-excitation and ionization, ii) in Compton scattering there is sum
over scattering angles of the photon which is absent in photo-annihilation, iii) in high en-
ergy Compton scattering large values of the momentum transfer, Q, dominate so that dipole
forbidden transitions are important, while total cross sections for photo-excitation and ion-

~ 1zation aré dominated by the dipole terms. In first order, Compton scattering is simply

related to scattering by fast charged particles at all values of Q. At small Q in first order
both Compton scattering and charged particle scattering are related to photo-excitation and
lonization.

In this paper we review data for the ratio of double to single ionization of helium and
provide some theoretical analysis. The data is presented for impact by photons in Sec.Il and
for charged particle impact in Sec.III. The photon impact data are divided into data for pho-
tolonization in Sec II.A, and data for Compton scattering, where the photon is inelastically
scattered, are in Sec IL.B, In the charged particle case the first data are presented in Sec
I11.A for total cross section ratios and Sec. IIL.B contains data for ratios of differential cross
sections. The data are followed by a theoretical analysis in Sec.IV, where the mechanisms
described by many body perturbation theory (MBPT) are discussed, as well as the relation
of the photon data to the charged particle data. ' |



II. DATA FOR PHOTONS
A. Energy Dependence of Double Photoionization in Helium
1. Qverview

Double photoionization of helium has been used extensively as a testing ground for under-
standing correlation phenomena since helium is the simplest atom which exhibits electron-
electron interactions. Recently, there has been a great deal of progress experimentally and
theoretically, both near and far above threshold. From the late seventies until the present the
threshold region has been extensively investigated [Schmidt et al. 1976, Wight et al. 1976,
Holland et al. 1979, Carter and Kelly 1981, Wuilleumier 1982, Wehlitz 1991] and excellent
agreement [Kossman et al. 1988, Lablanquie 1990] was found with the theory of Wannier
[1953]. More recently in the high energy limit, measurements of the ratio of double-to-single
photoionization at several photon energies, from 2 to 12 keV have been reported by Levin et
al. [1993] to be 1.5 (& 0.2)% consistent with a calculated asymptotic value of 1.66% [Byron
and Joachain 1967, Aberg 1970, Ishihara et al. 1991, Dalgarno and Sadeghpour 1992]. It was
only last year, after much debate over different and in part conflicting theories {Byron and
Joachain 1967, Aberg 1970, Carter and Kelly 1981, Ishihara 1991, Dalgarno and Sadeghpour
1992, Amusia et al. 1975], that an understanding of the relative importance of the different
processes in double photoionization in the asymptotic limit was achieved. In particular, in
this limit only ground state correlation need to be considered when using the acceleration
gauge [Dalgarno and Sadeghpour 1992]. From about 2 keV up, new theoretical studies of
asymptotic behavior considering also the impact of Compton scattering by Andersson and
Burgdoerfer [1993] have been made.

In contrast to the threshold and high energy regime, for intermediate energies few reliable:
theoretical values exist. Very recent theoretical calculations [Hino et al. 1993, Pan and Kelly -
1994] have investigated this range where the available data [Carlson 1966, Bartlett et al.
1994] to test these differing theories are also extremely scarce, in fact previously non-existent
from 560 eV to 2 keV. Further progress in understanding requires answering a leading
question: what are the dominant correlation effects in the energy gap between threshold
and below about 1500 eV, which force the ratio to undergo a significant decrease from about
5% to 2% before settling slowly into the asymptotic limit? Therefore, measurements in this
intermediate energy range were of critical importance because they test the capability of the
ab initio calculations to describe the transition between the low and high energy regime in
an adequate way.

In these section we present measurements between 280 eV and 12 keV that test the
most recent theories of Pan and Kelly [1994], of Hino [1993] and Hino et al.[1993] and of
Andersson and Burgdoerfer [1993] The aim is to understand how the interplay of electron
correlations in both the initial and final states; affects the behavior of the ratio of double-to-
single ionization, to understand the relative importance of the basis set, and of higher-order
correlation effects.



2. Ezperimental Technique

The intermediate energy measurements were performed at the Berliner
Elektronenspeicherring-Gesellschaft fir Synchrotronstrahlung m.b.H. (BESSY). Monochro-
matic light from the high-energy toroidal grating monochromator beamline (HE-TGM-1)
operated by the Fritz-Haber-Institute was tuned to several photon energies, hv, from 280
eV to 1210 eV. The ions were analyzed by a TOF similar to that used by Levin et al. [1992].
Several experimental effects can result in an inaccurate determination of the ratio of double-
to-single ionization of helium {Levin et al. 1992, Levin et al. 1993, Berrah et al. 1993].
For these measurements special emphasis was put on suppressing possible higher- order and
stray light contributions to the ion signal caused by the monochromator. In order to sup-
press the stray light eflects, measurements were made using a succession of filters to absorb
unwanted low energy photons; the measurements were made just below the edge of each
filter used. The higher-order light effects were taken into account by taking measurements
just above the edge of the appropriate filter.

The high energy measurements by Levin et al. [1993] were obtained at the National
Synchrotron Light Source (NSLS) on two beam lines. Monochromatic light from National
Institute of Standards and Technology and Argonne National Laboratory (NIST-ANL) beam
line X-24A was used in the 2-4 keV range. Focused broadband radiation from Atomic
Physics beam line X-26C was employed at higher energies, where the rapidly diminishing -
He photoionization cross section makes use of monochromatic light less practical (at 10 keV,
ott < 3mb) [Hino et al. 1993]. Data from 8-12 keV were obtained on beam line X26C
using broadband light. Because the photoionization cross section at hv = 200 eV, where the
ot* /ot ratio peaks (at about 4.8%), is more than five orders of magnitude higher than at
10 keV, steps were needed to assure that no low-energy photons reached the source region to
avold biasing the measurement. The presence of 1.125 mm of Be in several windows along
the beam line reduced transmission to below 10-5 at 2.2 keV. Further attenuation of the
light was achieved by the use of Cu, Zn, or' Al filters, which, in addition, served to help
define the photon energy and reduce the energy bandwidth. The He photoionization cross
section at 5 keV is less than one order of magnitude higher than at 9 keV, while transmission
1s more than three orders of magnitude lower.

ot



3. Results and Discussion

‘Ratios of double-to-single ionization obtained at several hv values in the intermediate
energy range are shown in Fig. 1. where they are compared with adjusted data of Bartlett
et al. [1992] corrected by them by a factor of 1.3, in order to obtain agreement with earlier
near-threshold measurements. As can be seen from Fig. 1 the intermediate energy data
agree quite well with the scaled data of Bartlett et al.

1 1 1 ’y L ] L L A
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Fig.1 Ratio of double to single ionization as a function of the photon energy comparing
the data of Berrah (full circles) with Bartlett et al. (Filled triangles), and theories by Pan
and Kelly (heavy solid and short dashed lines) and by Hino and Hino et al. (solid and long’
dashed lines), and by Samson (dot-dashed line).

The data are also compared in Fig. 1 with recent MBPT calculations (see Sec. IV.A.2).
Shown are the results of Pan and Kelly [1994] in the length (heavy short dashed line) and
velocity (heavy solid line) along with the MBPT calculations of Hino [1993] and Hino et
al.[1993] in the velocity (solid line) and the acceleration form (long dashed line). Pan and
Kelly extended Carter and Kelly’s-threshold energy calculation [Carter and Kelly 1981] up
to 14 keV [Pan and Kelly 1994]. Throughout their calculation they included both ground
state and final state correlation as in the previous calculations [Carter and Kelly 1981].
They show that while lowest order results show reasonable agreement with experiment,
they found that certain higher-order correlation effects are significant. While agreement
between the length and velocity forms is very good over this energy range, they find that
separate total final state correlation (FSC) and ground state correlation (GSC) diagrams,
while individually large and of nearly the same magnitude, are of opposite sign and therefore
interfere strongly, with the FSC contribution being the larger of the two. The agreement



with the data is therefore very good. The recent MBPT calculations of Hino [1993] and Hino
et al. [1993] using the velocity (the length form give the same result as the velocity form)
and the acceleration forms of the dipole operator are in fair agreement with experimental
data.

If indeed the main difference between Hino et al’s MBPT calculation [Hino 1993, Hino
et al. 1993] and Pan and Kelly’s MBPT .calculation [Pan and Kelly 1994} is the inclusion of
higher-order effects (both in GSC dnd FSC) and the use of a different basis set (important
since the choice of a pertinent basis set enables the implicit inclusion of higher- order effects),
one may conclude that, at intermediate energies (below 1500 eV), unlike the high-energy
case, these higher-order effects are very important for the best description of the data.
Samson et al. [1992] used a semi-empirical calculation based on a conjecture that there
should be a proportionality between production of a doubly charged ion by photon impact
on a neutral atom and electron impact on a singly charged ion. Electron impact data of
Peart et al. {1969] were scaled to obtain their curve. The chain curve, Fig. 1, shows their
calculation, which is in good agreement with the data. Overall good agreement is obtained
in the present energy region, however, their model appears to break down above 1300 eV,
since their curve decreases rapidly compared to the measured ratios at high energies [Levin
et al. 1992, 1993]. ' '

6 ] L ] T {

0.1 | ) 1.0 10.0
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Fig.2 Ratio of doubl'e-to-single ionization as a function of the photon energy comparing
the data of Berrah et al. (full circles), the data of Levin et al. (half filled squares) -and the
data of Bartlett et al. (half filled triangles) with calculations by Hino and Hino et al. (solid
long dashed and heavy chain lines), by Pan and Kelly (heavy solid and short dashed lines),
and by Andersson and Burgdoerfer (chain line). See text for details.

Figure 2 shows the intermediate energy data along with the high energy data [Levin 1992]



They are compared with the recent calculations of Andersson and Burgdoerfer [1993]. of Hino
[1993] and Hino et al. [1993] and of Pan and Kelly [1994]. The MBPT calculations of Hino
[1993] and Hino'et al. [1993] (solid for velocity and long dashed line for acceleration form) are
low compared to the data below 2 keV. Hino [1993] also calculates, using the acceleration
form using an accurate ground state wave function and a correlated double continuum
~wavefunction for the final state, the values shown by the heavy chain line. The calculated
values by Andersson and Burgdoerfer between 2-18 keV which include contributions due
to Compton scattering, agree very well with the high energy measurements. They use the
acceleration from of the dipole operator and represent the electron-electron correlation in the
final state by a Coulomb distortion factor. They avoid explicit representation of the two-
electron continuum by summing ionization-excitation cross sections over all bound He+
states to obtain the single- ionization cross section and by using sum rules.

One may see from Fig. 2 that the length and velocity from calculations of Pan and Kelly
(as described above), which converge at about 2 keV, agree quite well with most of the high
energy data even through Compton scattering effect is not included. This effect would tend
to reduce Pan and Kelly’s ratio, moving it in the direction of Andersson and Burgdoerfer

value [1993]. _ '

4. Conclusions

In summary, by comparing measurements with the most recent calculations [Hino et
al. 1993, Pan and Kelly 1994] at intermediate energies (below 1500 eV), both ground
state and final state correlation appear to be important, and that inclusion of higher-order
effects as well as a judicious choice of basis set used seem to be essential to reproducing
the excellent agreement observed [Berrah et al. 1993]. At high energies, the measurements
of Levin et al. [1992, 1993] are consistent with an asymptotic value of 1.66% found with
older shake calculation [Byron and Joachain 1967 , Aberg 1970] as well as with the most
recent calculations [Ishihara et al. 1991, Dalgarno and Sadeghpour 1992, Andersson and
Burgdoerger 1993]. In particular, it was found [14] that in this limit, only ground state
correlation needs to be considered when using the acceleration gauge and that consideration
of the TSI final state correlation is not essential (see Sec IV.A.3).



B. Compton Scattering
1. Observed Deviations from Photoionization

The ratio of the He photoionization cross sections for double to single ionization has
long been predicted by theory to reach a constant value at high energies. This limiting ratio
has variously been calculated at values lying between 1.6% and 2.3% [Byron and Joachain
1967, Aberg 1970, Brown 1970, Amusia et al. 1975, Ishihara et al. 1991]. Recently, there
has been a consensus that the ratio should tend to a constant value of 1.66% [Dalgarno and
Sadeghpour 1992, Andersson and Burgdoerfer 1993]. Direct measurements of the o** /ot
~ ratio have been made above'2 keV by Levin et al. [1992, 1993] and Bartlett et al. [1994).
Their results suggest a constant o** /0™ ratio of about 1.70% has been reached near 4 keV.
The expectation that the ratio should reach a constant value is based on the prediction that
for high photon energies both the single and double photoionization cross sections vary with
energy as E735. This energy dependence for total ionization has been shown recently to
occur at photon energies greater than about 2.4 keV [Samson et al. 1993,1994b]. These
results are shown in Fig. 3. '

PHOTON ENERGY (keV)
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Fig.3. Photoionization cross section (solid line) between 200 eV and 8 keV; small dots
at low energy, Samson et al. [1994b], small dots at high energy, Bearden 1966 and McCrary
et al. [1970]. Total attenuation cross sections (dashed line); crossed circles, McCrary et al.
[1970]; open circles Bearden, [1966]. '



The open circles represent the corrected attenuation cross sections measured by Bearden
[1966] and McCrary [1970]. The solid data points directly below the attenuation data
represent the photoionization cross sections obtained after subtracting the total scattering
cross sections [Veigele 1973] from the attenuation data. The resulting curve has a slope, on
a log- log plot, equal to -3.5 between 3 keV and 8 keV and fits the equation ¢ = 410E 733,
where E is the photon energy in keV units and o is the photoionization cross section in
barns (10~24cm?). If this curve is extrapolated smoothly to meet the photoionization data
plotted between 180 and 300 eV we find that the slope starts to decrease slowly from -3.5
near 3000 eV to -3.0 at 300 eV. Recent measurements of the attenuation cross sections have
been made by Azuma et al. [1994], from 3 keV to-14 keV and are shown in Fig.4. These
measurements show that the relation ¢ = 410E73* extends to 14 keV.

10
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Fig. 4 Total attenuation cross section of photons in helium at energies between 2 and 14
keV as measured by Azuma et al. [1994] (crosses); Bearden [1966] (black erect and inverted
triangles); McCrary et al. [1970] (open squares); Veigele {1973] (solid line).

2. Compton Scattering

The above studies of photoionization and photo-attenuation cross sections of He have
shown that the total coherent (Rayleigh) and incoherent (Compton) scattering become no-
ticeable above 2 keV (see Sec IV, B). This is in agreement with the published compilations
of the calculated scattering cross sections by Hubbell et al. [1975], Veigele [1973], and Cullen
et al. Also, from the Compton formula for scattering from free electrons, Compton ioniza-
tion of He is expected to have a threshold at approximately 2.5 keV. Thus, just before the
o™+t /o* ratio is beginning to establish a constant value, some contribution to the He* signal
from Compton ionization may be starting. In fact, direct measurements of He* produced

10



by Compton ionization have been reported recently {Samson et al. 1994a]. How will this
affect the observed double to single ionization ratio? Preliminary results by Bartlett et al.
[1994] and Levin et al. [1993] appear to answer this question. These results are shown in
Fig. 5 at energies from 3 keV to 12 keV and are compared to calculated photoionization
data of Hino et al. [1994].

2.4

°++f o+ (%)
; 2 :

T L ki L1
1500 3500 5500 7500 8500 11500 13500
Energy (eV)

Fig.5 Cross section ratios for double to single ionization of helium by photons. The
solid dots are data of Levin et al. [1992,1993] and the solid triangles are from Bartlett et
al. {1993]. The dashed curve is the photoionization ratio calculated by Hino et al. [1994].
The initial departure of the data from the photoionization curve is caused by the addition of
single ionization from Compton scattering. The measurements of Bartlett et al. give greater
weight to the ionization caused by Compton scattering than to photoionization. Thus their
data show a stronger departure from the photoionization ratio than actually occurs.

At about 3.8 keV the observed ratio starts to decrease and appears to reach a minimum
value. This decrease would be expected on the basis that Compton ionization was producing
an increasing amount of He*. Although no direct observation of double ionization produc-
tion by the Compton effect has ever been made it is reasonable to assume that for photon
energies greater than 4.6 keV (the threshold photon energy necessary for the transfer of suf-
ficient energy to produce double ionization by Compton scattering from free electrons) the
probability for producing He** would increase. Thus, in Fig. 5 one would expect R, to
increase towards higher energies. The actual magnitude of the decrease in Rop; is not known
accurately because of possible systematic errors associated with differences in the collection
 efficiency for He' ions produced by photoionization and those produced by Compton ion-
ization. The former have recoil energies in the range 0.4 to 1.4 eV, whereas Compton ions
have energies close to zero. Nevertheless, it is of interest to estimate the value of ot at,

11



say 4600 eV, where we might expect the Compton ratio Rec = 0t* /o to be approximately
zero. R, can be written as, :

N
++ o gtt
o;T to¢

Robs =
¥

(1)

where the subscripts 4 and c refer to the photoelectric process and the Compton effect,
respectively. Equation (1) can be rewritten in terms of the cross sections o} and o} and
the Compton ratio Rc = o /o}, thus,

0 = 0o(Ry = Ross)/(Ross — Rc) ®

Assuming that the ratio Ry follows the dashed curve in Fig. 5, that Rc ~ 0, and using
the absolute photoionization cross sections 0., reported recently [Samson et al. 1994b], one
obtains from Eq.(2) a value for of = 0.66 barns at 4.5 keV. Hubbell et al. [1975] quote a
value of 0.66 barns for total incoherent scattering and Hino et al. [1994] quote a value of
0.64 barns for Compton ionization. However, no definitive statement can be made about
the accuracy of the results at this stage. The results are consistent with the interpretation
that the dip in the curve of Fig. 5 is caused by the appearance of Compton ions and in
qualitative agreement with the calculations by Hino et al. [1994].

-

3. Summary

The production of He* via the Compton effect appears to be an important process in
the production of the ot /o* ratio in the photon energy region above 3.6 keV. The high
energy data of Levin et al [1993] shows the ratio rising from 1.3% above 8 keV to 1.53% at
11.5 keV. Presumably, He** is now being produced by the Compton effect and contributes
to the ratio. In fact, we would expect that ratio at 11.5 keV to be produced mainly by
Compton ionization because the ratio of incoherent scattering to the photoelectric effect is
about a factor of 10 at this energy. Experimental and theoretical work are continuing in
this area in an effort to understand the similarity and differences between photoionization
and Compton ionization.

12



III. DATA FOR CHARGED PARTICLES
A. Total Cross Section Ratios

1. Direct Target lonization

Measurements of the direct ionization of helium by intermediate- to high—veiocity projectiles
is reviewed in this section. Direct (or pure) ionization is deﬁned as target ionization for which the
incident projectile charge state Z remains unchanoed Most of the studies to date have focused on
establishing the velocity regimes where different collision mechanisms dominate. Of particular in-
terest are those results obtained for projectiles in high charge states at high velocity, v. In the dis-
cussion below, regimes of validity are delineated for each of the mechanisms, and ratios of dou-
ble-to-single ionization cross sections are presented and compared with theoretical predictions.

Double ionization of helium by charged particles has been the subject of numerous experi-
mental and theoretical investigations for nearly three decades [Mittleman 1966, Byron and
Joachain 1966, Horsdal-Pedersen and Larson 1979, McGuire 1982, Knudsen et al. 1984,
Andersen et al. 1986, 1987, Reading and Ford 1987a, Reading and Ford 1987b, Giese and Horsdal
1988, Kamber et al. 1988, Reading et al. 1989, Herber et al. 1990]. Much of the interest in double
ionization by charged particles stems from its fundamental nature [Mittleman 1966, Byron and
Joachain 1966, McGuire 1982] and its relationship to double ionization by photons [Horsdal-
~ Pedersen and Larsen 1979, Samson 1990, Levin et al. 1991] (see Sec. IV.B). While the single ion-
ization of helium by fast, fully-stripped ions has been studied extensively, both theoretically
[Inokuti- 1971, 1978] and experimentally [Haugen et al. 1982] and is well understood, for double
ionization additional physical mechanisms come into play.

As will be discussed in more detail below in Sec. IV, double ionization of He by a fast highly-
charged projectile can result from either a single or a double interaction of the projectile with the
target electrons. This is in contrast to photoionization (see Sec. II.A) in which the incident pho-
ton interacts with only one of the He target electrons. This latter process is generally referred to
as a one-step mechanism or shakeoff (SO). For high-velocity charged particle collisions where the
collision time is small, there is a small probability for double ionization by separate interactions.
In this case the projectile interacts with only one of the target electrons, transferring it to the
continuum (see Sec. IV.A.2). Subsequent rearrangement from the two-electron wavefunction of
the remaining ion can lead to the ejection of the second electron.

At lower projectile velocities, a two-step process (TS) sometimes referred [Andersen et al.
1987] to as TS2, in which the projectile interacts with each of the target electrons independently,
dominates the double-ionization process. In yet another type of process involving a single pro-
Jectile interaction with a target electron, Knudsen et al. [1987] have suggested that the projectile
may interact with one of the target electrons, and this electron may subsequently interact with
the second electron in a binary collision, thereby ejecting it. This latter two-step process is la-
beled TSI (see Sec. IV.A.2). It is important to note, however, that it may not be possible experi-
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mentally [Andersen et al. 1987, Vegh and Burgdoerfer 1990] to distinguish TSI from shakeoff
(SO) and, in fact, in the limit of high ejected electron velocities these mechanisms may be identical
in magnitude but opposite in sign [Vegh and Burgdoerfer]. Each of these various mechanisms is
be discussed more fully in Sec. I[V.A.

Ionization (single and double) of neutral targets by charged ions depends on the projectile
charge Z and the collision velocity v. It is, in fact, well known that the important parameter gov-
erning ionization is Z/v. From various studies [McGuire 1982, Knudsen et al. 1984 Andersen et
al. 1987, DuBois and Toburen 1988], it can be inferred that the TS2 mechanism should dominate
for projectile charges Z and velocities v (in atomic units) such that Z/v > 0.2, while shakeoff
should dominate for Z/v < 0.05. Both TS and SO are likely to be important in the intermediate
range 0.2 < Z/v < 0.05 where interference effects may be important. The regions of validity for
the different double ionization mechanisms are displayed graphically in Fig. 6.
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Fig. 6. Plot showing the Z and v (in atomic units) regimes where the two-step and one-step
(shakeoff) mechanisms of double ionization are expected to be dominant as well as the intermedi-
ate region where both mechanisms are expected to be important. The values Z/v = 1.0, 0.2, and
0.05, represent the approximate maximum Z/v values corresponding to the perturbative TS2, in-
termediate (interference), and SO regimes, respectively. For Z/v > 1 the TS2 mechanism is also
dominant, but perturbation methods cannot be used. Z and v values for the following ions are in-
dicated: winged squares - N*7; open diamonds - 07+; starburst - Ne*10; X's - SI13+; crosses -
Ni*23 winged diamonds - Kr+36; fancy crosses U90+. |

The dashed line corresponding to Z/v = 1 indicates the approximate upper limit wheréper-
turbation methods may be used to treat the TS2 mechanism. The lower and upper limits for the
two-step and shakeoff regimes are chosen as Z/v = 0.2 and 0.05, respectively, by noting that at .
these points the competing process of shakeoff or two-step, respectively, is negligible [McGuire
1982, Knudsen et al. 1984, Anderson et al. 1987, DuBois and Toburen 1988]. These do not're‘p-
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resent absolute boundaries; they serve, however, to indicate where one process ceases to domi-
nate and the other becomes non-negligible. Of course, between these two limits, both the two-
step and shakeoff terms are important and interference between these two amplitudes can play a
significant role.

Since we are interested mainly in the mechanisms leading to the double ionization of helium,
we focus here on the ratio R of double-to-single ionization cross sections which can be written
(as shown in Sec.IV) as:

R:= (C; + CpaZ/v+ Cy(Z)?) | €

Extensive measurements of double-to-single 1onization ratios in the intermediate- to high-ve-
locity regimes are available only for H* [Knudsen et al. 1984, Andersen et al. 1987, Shah and
Gilbody 1985] and He2* [Knudsen et al. 1984, Andersen et al. 1987, Heber et al. 1990].
Additionally, there are published data for N7+ [Heber et al. 1990], 07* [Tanis et al. 1991a], S13+
[Tanis et al. 1991b], U0+ [Berg et al. 1992], several other highly-charged (not fully-stripped)
ions [McGuire et al. 1982]; and recent high velocity data for Nel0+ Ni28+ and Kr36* jons ob-
tained by Ullnch et al. [1993]. As mentioned above, the ratio of double-to-single ionization is the
parameter used most frequently to exhibit and test double ionization mechanisms. From Eq.(3), R
is mainly (except for a slowly varying In v dependence) a function of Z/v (or v/Z) [McGuire
1982], and thus a high degree of universality should be exhibited in a plot of R vs. v/Z.
Furthermore, in the perturbative two-step regime, i.e., v/Z = 1-5 (q/Z = 1.0-0.2), R is expected to
vary nearly as (Z/v)2 (see Eq.(3) above), and deviations from this dependence may be at-
tributable to the CI2 interference term.

Following Tanis et al. [1992], values of R for a diverse set of projectile ions with different
velocities and charges are shown in Fig. 7, plotted as a function of v/Z [Schlachter and Tanis
1994]. Most of the available data are seen to fall along a common curve with the "crossover" from
the TS2 to the SO regime being clearly evident. Furthermore, in the TS regime, i.e., v/Z = 1-5, the
data agree quite well with the predicted (v/Z)-2 dependence (solid line in figure 7); for v/Z > 10,
R approaches a constant value in agreement with the prediction of the SO mechanism.

- Available data for 07+ [Tanis et al. 1991a] and Sil3* Tanis et al. 1991b] lie entirely in the TS
regime as seen in Fig. 6. In fact, the Sil3* data are out of the perturbative two-step regime. In
Fig. 7 the 07+ data are seen mainly to follow the (v/Z)-2 dependence while the Sil3* data deviate
strongly from this behavior as might be expected. There is a continuity, however, from the 077
data to the S13* data as the value of v/Z decreases.

It is seen in Fig. 6 that the 10-40 MeV/u N7+ data fall well within the two-step perturbative
regime, just bordering on the region where interference effects may start to come into play.
Although there is scatter in the measured ratios, the trend of these data tend to decrease with in-
creasing v/Z as seen in Fig. 7. ‘
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10~3

Fig. 7. Double-to-single ionization ratios R of helium by several ions as a function of v/Z (in
atomic units). Data are as follows: open circles - H* (Knudsen et al. [1984], Andersen et al.
[1987], Shah and Gilbody [1985]); open squares - He2* (Knudsen et al. {1984], Andersen et al.
[1987] and Heber et al. [1990]); winged squares - N*1 (Herber et al. [1990]); open diamonds -
0+ 7 (Tanis et al. [1991a]; starburst - Ne+10 (Ullrich et al. [1993]); X - Si*13 (Tanis et al. [1991b]);
crosses -Ni*28 (Ullrich et al. [1993]); winged diamonds - Kr+36 (Ullrich et al. [1993]); fancy
crosses - U*90 (Berg et al. [1992]). The solid line indicates a (v/Z)-2 dependence (see text). The
dashed line indicates the shakeoff (SO) limit (Z/v = 0.0022) determined by Knudsen et al. [1984].
The two- step (TS2), shakeoff (SO), and intermediate (Int.) regions are also indicated.

In the work of Berg et al. [1992] for very high charge-state and very high-velocity projectiles,
the ratios for double-to-single ionization of helium by 60-, 120-, and 420-MeV/u U90+ jons are at
Z/v values far removed from the one-step regime in which the asymptotic limit can be tested.
However, it is noted that the U9°+ data fall farthest from the common curve and below the (v/Z)-
2 dependence in Fig. 7. The deviation of the U9°+ data from universality may be, in part, due to:
(1) the fact that these data lie largely outside the perturbative regime (see Fig. 6), (2) the high
charge state of these ions, or (3) relativistic effects. In order to differentiate between these possi-
bilities, or, perhaps, to find an alternative explanation, more theoretical and experimental work
will be required for ions with very high velocities and charge states.

A summary of existing high energy measurements is given in Table 1. This table shows that,
to date, only for H*, He2* and Nel0* projectiles are there double ionization data in the asymp-
totic regime, i.e., Z/v < 0.05. It should be noted, however, that according to Fig. 6, if the theoreti-
cal formulations are correct, the asymptotic regime can never be reached for projectiles with
charge Z > 10. '

16



Z E (Mev/u) v (a.u.) Z/v R (%)

l 15 : 24 0.04 0.2

2 20 28 0.07 0.2

7 40 39 - 0.18 1.0

10 1500 127 0.08 0.25
90 420 99 0.91 3.0

Y S5-35

22 keV - - 1

Table 1. Measured values R of double-to-single ionization at high energies, where Z is the inci-
dent charge of the projectile, E is the maximum kinetic energy for which data are available for the
given charge state, v is the (relativistic) velocity in atomic units, and R is the ratio of double-to-
single ionization. The ratio for high-energy photons (> 2 keV) is also listed (Hino et al. [1993]

and Levin [1991}).
¢

The above results confirm that the charge state of the projectile ion is fully as important as’
the projectile velocity in determining the regime where double ionization due to the one-step
shakeoff mechanism dominates. In fact, by comparison with other data, it is apparent that the
asymptotic limit has been reached to date only for incident electrons, protons, alpha particles,
and Nel0+ By plotting ratios of double-to-single ionization for several ionic species at different
velocities and in different charge states it is seen that this ratio exhibits a high degree of universal-
ity as a function of v/Z (or Z/v) in agreement with the expectations of the perturbative treatment
of double ionization. In summary, the parameter of significance in analyzing double ionization
mechanisms is demonstrated to be Z/v as expected.

2. Target Ionization Accompanied by Projectile Capture or Loss

In addition to target double ionization in which the charge state of the projectile remains un-
changed, double ionization of helium can also occur in connection with single-electron capture or
loss by the projectile. While double ionizatond associated with no projectile charge change is un-
derstood quantitatively, both theoretically and experimentally, this same cannot be said for dou-
ble ionization associated with projectile electron capture or loss.

Compared to "pure" ionization in which the projectile does not change charge, target ioniza-
tion accompanied by projectile electron capture or loss is expected to occur at smaller average
impact parameters since electron capture or loss generally requires a "harder" collision, at least
when the projectile electron binding energy is greater than that of the target. Thus, the study of
double ionization of helium associated with electron capture, electron loss, or no charge change
can be useful in understanding qualitatively the dependence of this process on impact parameter.
Additionally, for incident projectiles which carry electrons into the collision, comparison of the
resulting double-to-single ionization ratios to those obtained for bare ions gives information on
the contribution of the projectile electrons to double ionization [Wanget al., 1990] In the case of
double ionization associated with projectile electron capture, the captured electron leaves the col-
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lision region with the speed of the projectile, and for high-velocity collisions, this condition sat-
isfies the requirement for shakeoff to occur [Knudsen et al. 1987].

In measurements of Tanis et al. [1991a,b], ionization of helium by 0.125-3.0 MeV/u He™,
0.7.5-2.5 MeV/u O77, and 0.44-1.6 MeV/u S13+ was investigated, thus-providing informatiea”
covering charge states and energies over the range Z/v = 0.1-3.0 (v/Z = 0.33—10). In this work,
target ionization was measured for projectiles undergoing electron capture, electron loss, or no
charge change. The resulting double-to-single ionization ratios were found to depend strongly on
the outgoing charge of the projectile as shown in Fig. 8.
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Fig. 8. Measured ratios of double-to-single ionization plotted as a function of v/Z. Symbols rep-
resent target ionization associated with outgoing projectile charge states as follows: no charge
change, black dots - He* , starburst - 07+, open dots - S/3+; electron capture, solid diamonds -
He+, winged diamonds - 07+, open diamonds - S/3*; electron loss, black squares - He*, winged
squares - 07+, open squares - S/3*. '

For target ionization accompanied by projectile electron capture or loss, the ratios are seen to
be significantly enhanced and their dependence on v is somewhat different from the case of no
charge change. The large enhancement is qualitatively understood from the fact that target ioniza-

‘tion accompanied by projectile capture.or loss is expected to occur at smaller average impact pa-
rameters than ionization without accompanying charge change, thereby giving rise to a higher
probability for double ionization in the former cases. It is also noted that the double-to-single
ionization ratios associated with projectile electron capture and loss are nearly identical for 07+
and for S/3* . The origin of these various behaviors for the double-to-single ionization ratio is not
undertood at present, indicating that double ionization accompanied by projectile capture or loss
is not simply described by Eq.(3). '

)
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These results show that, while the qualitative features of the double ionization of helium as-
sociated with projectile electron capture or loss are understood, the speciﬁc behavior of the data
are not explained within the framework of existing theories. Thus, these results point to the need
for further investigation of the mechanisms leading to the double ionization of helium (see Sec.
IV.A.4), especially when target ionization is associated with projectile electron capture or loss.
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B. Differential Cross Sections

For both charged particle impact and photon impact, the ratio of double to single ion-
ization of He appears to reach a limiting value for high energy projectiles. The ratios are
quite different, however, near 0.27% for charged particles (see Sec. III.A) and near 1.7%
for photons (see Sec. II.A). It is thus immediately clear that a fast charged particle is in
no way similar to a high energy photon in its impact upon He. The basic reason for the
difference is that high energy photoionization deposits most of the photon energy in a single
target electron, whereas the total cross section for charged particle impact at high velocity
is dominated by large impact parameter collisions which eject soft electrons from the target
with continuum energies of the order of their original binding energies in the He. This point
was made in 1984 by McGuire, who used the relationship between the photoionization cross
section for producing a photoelectron of a certain energy and that for producing an electron
of the same continuum energy by a fast charged particle impact to show that the high ve-
locity charged particle value of R should be much less than that for photon impact (see Sec.
IV.B.2). It was suggested that to observe a large value for R for charged particle impact
would require a differential measurement which isolated events in which fast electrons were
produced. -

One mechanism which contributes to the double ionization of He for high energy pho-
toionization is shakeoff (SO) ( see Sec. IV.A.1). If one electron is removed from He suddenly,
the remaining electron finds itself moving in a modified potential, with the result that its
wave function immediately has non-zero overlap with the new continuum. In this approxi-
mation R is the square of this continuum amplitude squared, integrated over all continuum
states, and does not depend on how the electron was removed. Thus for this mechanism, one
might expect that any process which makes a fast enough primary electron would produce
the same value of R. There have been several experiments which have isolated fast primary
electrons and which have thus addressed this conjecture. These include experiments identi-
fying kinematically isolated binary ridge electrons, direct measurements in coincidence with
of fast electrons, and electron capture, and the results from each of these will be discussed
below. However, it is known that shakeoff, in the sense of an overlap of Hartree Fock Wave
functions, contributes only about 0.7% [Byron and Joachain 1967, Carlson 1966, Levinger
1953] of the 1.7% limiting value of R for photoionization. The remainder is commonly at-
~tributed to ground state correlations (a non-unique designation; see section IV.A.2-4 of this
report). Whether it is still to be expected that R should have a universal value for ANY
process producing a fast enough primary electron is not at all clear. The subject is discussed
by various authors [McGuire 1984, Cocke et al. 1989, Vegh and Burgdoerfer 1990, Aberg
1973]. Arguments have been given that the production of fast electrons via photoionization
requires probing of high momentum components of the He wave function, whereas the ejec-
tion of a fast electron by a charged particle probes all momentum components. Thus the
correlations in the initial wave function might not play identical roles in the two cases.

' 1. Large-angle charged particle scattering

The differential cross section for single ionization of He at large scattering angles (large
here means outside about 0.2 mrad) and at projectile velocities above about 6 a.u. shows
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a very clean binary ridge structure, characteristic scattering of the projectiles from a quasi-
free electron in the He Kamber et al. 1988]. If one ignores the Compton momentum
distribution of the target, this binary encounter scattering is kinematically limited to lie
inside an angle of 0.55 mrad (the electron/proton mass ratio) in the laboratory. The data
show a kinematic rainbow structure in the laboratory at this angle. Projectiles can also
be scattered from the He nucleus into this angular range, but above about 1 MeV the
projectile-electron scattering dominates in the single ionization channel in the vicinity of
the binary ridge (0.3 < 045 < .55mrad). Therefore for this mechanism a particular proton
scattering angle corresponds to a unique primary electron energy, and the latter is typically
quite fast. Kamber et al. [1988] measured R as a function of proton scattering angle for
protons between 3 and 9 MeV and plotted the result versus the energy of the calculated
primary electron energy (see Fig. 9), which lay between 1 and 5 keV. The resulting value of
R was found to be between 1.8 and 2.4%, much higher than that for total cross sections and
rather similar to the corresponding values of R found in photoionization for the same range
of photoelectron energies. However, at these projectile energies one has still to contend with
double ionization via two separate interactions of the proton with the He electrons, and
indeed, Kristensen and Horsdal-Pedersen [1991] found the average probability for ejecting
a He electron for small impact parameters to be near 6% at 3 MeV, enough to account for
all of the R measured by Kamber et al., and more. On the other hand , if this process
were really so important in the data of Kamber et al., the value of R would be expected to
vary substantially with proton energy, which was not observed to the the case. No charged
particle experiment has really been performed at sufficiently high velocity to avoid criticism
on this ground. '

The above experiment does not experimentally isolate fast primary electrons, but as-
sumes them. Doerner et al.[1993] have reported measurements of R for proton-electron
collisions which experimentally isolate fast electrons produced in collisions of He with 1 and
3 Mev protons. These velocities are not high enough to avoid double ionization by indepen-
dent interactions of the two electrons with the projectile. Nevertheless, the results show a
value of R near 2%, robustly independent of electron velocity above 200 €V and of proton
energy.

Many inelastic electron scattering experiments on He have been carried out over the years
[Wight et al. 1976, Schmidt 1976, Holland et al. 1979]. These experiments have focused on
transverse momentum transfer collisions for which the matrix element for electron scattering
in the first Born approximation is known to reduce exactly to that for photoionization for
the same primary electron energy. Indeed, before synchrotron sources made available the
high quality photoionization data in existence today, these data were generally taken as
equivalent to photoionization and filled the gap in the region of photoelectron energies up
to 200 eV. The large transverse momentum transfer e,e’ experiment corresponding to that
of Kamber et al. for proton scattering, does not appear to have been reported. Such an
experiment would be of great interest in connection with this problem.

At somewhat lower projectile energies (200 to 500 keV) Giese and Horsdal {1988} pursued
R to angles extending beyond 0.55 mrad and found a peak at a scattering angle near 1 mrad.
Several theoretical attempts [Olson et al. 1989, Salin 1991, Meng et al. 1993, Fang and
Reading 1991, Reading et al. 1989] explain this behavior have been made, including both
double collision and shakeoff mechanisms. The most successful descriptions attribute the
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double ionization in this region to two independent hard scatterings of the projectile from the
target electrons. Each individual scattering can carry the projectile only to an angle of 0.55
~mrad maximum, but two such scatterings can carry it to a maximumof 1.1 mrad. Projectiles
can reach angles beyond this only by hard scattering from the He nucleus, which is much
less likely to ionize the He than the hard p-electron scatterings. Thus the differential cross
sections for single ionization show a rapid decrease near 0.55 mrad, and for double ionization
a similar decrease near 1 mrad, with the result that a rise in the ratio appears near 0.55
mrad, decreasing again near 1.1 mrad and producing a peak slightly inside.of 1 mrad. All
present calculation based on this mechanism, including CTMC [Olson et al. 1989], dCTMC
[Meng et al. 1993], PWBA [Salin 1991] give approximately the correct shape for R versus
theta, but the value of R is about a factor of two too large, for which no explanation has
been given. The calculation of Fang and Reading include shakeoff in R, but produce the
peak at too small theta. The dCTMC calculation of Meng et al. include radial correlation
in the He wave function, and thus should have some shakeoff-like mechanism included. It is
interesting and perhaps inconsistent that the higher energy results of Kamber et al. seem
to be interpretable in terms of a shakeoff-like picture, with no appeal to double hard hits,
while the lower energy collisions ignore the shakeoff and still produce too large a value of R.
The values of R from both sets of data seem to be too low to accommodate contributions
from shakeoff and also from two hard hits.

2. Electron Capture

Kristensen and Horsdal-Pedersen [1991] have measured R as a function of projectile
velocity for protons capturing electrons from He. Their results , shown in Fig. 9, when
‘plotted versus primary electron velocity (which is the projectile velocity in this case, since
the outgoing electron is captured) , lie remarkably near the photoionization data and a bit
above the binary encounter data for higher energy.
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R versus Electron Energy for Various Processes
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Fig. 9 The ratio R for various processes plotted versus outgoing primary electron energy.
The solid line is a curve drawn through the data of Figs. 1 and 2 and is labeled ‘photoion-
ization’. For this curve the electron energy is taken to be the photon energy minus the sum
of the two ionization potentials of helium. The filled symbols are electron capture: circles,
Kristensen and Horsdal-Pedersen [1990]; squares, Horsdal-Pedersen and Larsen [1979]. The
open symbols are from hard proton-electron scattering data: circles, Kamber et al. [1988];
triangle, Cocke et al. [1993].

The electron capture mechanism itself is a center of considerable interest in this velocity
range . It almost certainly involves both first and second Born processes. The former,
commonly described by an OBK amplitude [McDowell and Coleman-1970] is just an overlap
in momentum space of the initial and final state wave functions, and the matrix element is
somewhat similar to the photoionization matrix element in that no momentum is carried
by the transition operator itself. The second Born terms generally involve hard scatterings
-of the outgoing electron with the projectile , the target nucleus and/or the second electron
[McGuire 1995, and the process has similarities to the binary-encounter production of fast
electrons. It is interesting that the experimental R for capture lies so near the corresponding
values R, and Rj.

It has recently been pointed out that for sufficiently high photon energies, above about
6 keV, the major process whereby He is ionized by photons ceases to be photoionization
and becomes Compton scattering. For the former case, the momentum of the outgoing
electron is provided by the initial wave function of the He, whereas for the latter case it is
provided by the incident photon. Burgdoerfer et al. [1994] have pointed out that, in the
Born approximation, the operators for charged particle scattering and Compton scattering
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are very similar. They show that in this approximation, for a given momentum transfer Q to
the outgoing primary electron, the ratio R, for Compton scattering is expected to be equal
to Rz. The comparison shown in Fig. 9 is made under the implicit assumption that the
outgoing primary electron has an energy nearly equal to that of the incident photon. For
photon energies above about 6 keV, this is definitely not the case, since Compton scattering
dominates here and the outgoing primary electrons are low energy. Burgdoerfer et al. point
out that the comparison should therefore be made between very high iphoton energy data
and charged particle data for the same Q. For example, the data of Kamber et al., which
are differential in Q, extend up to Q=16 a.u., for which an R of 1.7% was obtained. The
corresponding photon energy which would produce a Compton electron with Q near 16 a.u.
would be around 30 keV. Existing photon data suggest that R, has saturated near 1.7%
well before this limit is reached, in good agreement with the charged particle data. The
comparison suggested by Burgdoerfer et al. seems thus to be consistent with experiment.
The principle of plotting a universal curve of R versus the energy € of the primary outgoing
electron (¢ &~ Q%/2m, where m is the electron mass) remains correct, but it is important to
interpret the parameters of the experiment correctly in identifying that energy.

Recent measurements of R, by Levin et al. [1991,1993] and Bartlett et al. [1994] for
high energy photon ionization may show two limits. For photon energies below 4 keV,
R, seems to settle around 1.7%. For higher energy, where Compton scattering turns on,
R, takes a dip, then recovers to a value consistent with 1.7% once more. Recent many
body perturbation theory calculations of Hino et al. [1994] predict exactly this kind of
behavior. These calculations show that R approaches approximately 1.7% independent of
whether photoionization or Compton scattering dominates. This value is approached in
either case for outgoing primary electron energies above 1 keV or so. The two processes
require quite different photon energies, however. Although no physical explanation of this
result seems yet to have appeared in the literature, the observation that this occurs has
important implications for the comparison between charged particle and photon data. It
appears that the process whereby a fast primary electron is removed is really not important
in determine what R will be. This almost certainly is responsible for the result that hard
charged particle scattering and electron capture produce values of Rz and R¢ similar to
R, for the same Q. The remaining discrepancies are almost certainly due to the failure of
the experiments to exclude multiple interactions with the charged projectiles. One might
conclude that a fast moving beagle could gather one electron in its mouth and, provided it
moved at v >> 2 a.u. and treated the rest of the He gently, would probably elicit a value
of Rp around 1.7%. However, the calculations of Burgdoerfer et al. [1994] and Suric et
al. [1994] predict a high-energy value of Rc for Compton scattering well below either the
photoionization limit or that reached so far in differential charged particle experiments. No
universality of R(Q) would be predicted by these calculations, that is, not all processes are
expected to give the same value of R(Q).



IV. ANALYSIS
A. Collision Mechanisms

In fast collisions the reaction mechanisms are expected to be relatively simple because
there is not much time for complicated (e.g. multi-step) processes to occur. For example,
single ionization at high v is well described by first-order perturbation theory where the pro-
jectile (either a photon or a charged particle) simply knocks a target electron directly into
the continuum in a single step. It is widely agreed that in the high-energy limit double ion-
ization is caused by the electron-electron interaction in conjunction with a single interaction
with the projectile. In this case the dynamics of the electron correlation interaction which
determines the cross section for double ionization also determines ratio of double to single
ionization. Thus the high-energy limit of this ratio provides opportunity to understand a
relatively simple example of the dynamics of electron correlation.

1. Shake

Perhaps the easiest way to think about the ratio of double to single ionization is to
regard double ionization as occurring as a final-state rearrangement of the electron cloud
following single ionization [Aberg 1973]. If the electron cloud rearranges due to a change
in the screening of the target nucleus, then the final-state eigenfunctions, |s >, (without
screening) may be expressed as a linear combination of the initial-state eigenfunctions, |s' >
(with screening). In particular,

f>= I ><s|f> .

Here |s’ > is an eigenstate of the initial Hamiltonian with screening and |f > is an eigenstate
of the final Hamiltonian without screening. The probability amplitude for a state |s’ >,
produced before the initial state screening changes, to be in an eigenstate |f > of the
final state of the target ion is < f|s’ >. The so called shake probability [Aberg 1972] is
simply | < f|s’ > |* which is the probability that |s’ > is in the state |f > long after the
projectile has left the target. If |/ > is a state in the continuum the process is shakeoff; if
|f >= |nlm >4# |t >, then the process is shakeup (or possibly shakedown), and it has been
conjectured [McGuire et al. 1988] that if | f > corresponds to transfer of an electron from the
target to the projectile then shakeover may also occur. If the projectile leaves quickly, then
this probability is independent of the process involved. If shakeover occurs it is expected
that the ratio of transfer-ionization to single transfer (see Sec. III1.A.2) will increase linearly
with the projectile velocity in the high velocity limit non-relativistically.

2. Simple Shake

In simple shake the states |: > and |f > are products of single electron wavefunctions
without exchange. In this simple case the simple shake probability is

PSimpleSha.ke = l < f,iz > 12 . (4)
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All shakeoff process have the same ratio of double to single ionization. In helium, this
ratio is easily calculated and found to be about 0.7%. This value lies between the observed
photon limit of 1.7 % and the charged particle limit of 0.3 %. The simple shake limit agrees
with neither of these observed values. At best it may usefully serve as an order of magnitude
estimate of the ratio. Since other amplitudes contribute to the ratio, it is seldom., if ever,
the case that the double ionization cross section is simply a factor times the single ionization
cross section. At best simple shake usefully serves as an order of magnitude estimate of the
ratio. ) :

3. Generalized Shake

Simple shake, using simple product wavefunctions without exchange, depends entirely on
the electron-electron screening in the initial and final states. When more accurate wavefunc-
tions are used, the results are often sensitive to electron correlation in these wavefunctions.
The accuracy of the results is often significantly improved. Using exact wavefunctions Aberg
[1976] introduced the generalized shakeoff probability defined by

-

PGcncraltzedShake |Cll - I/ H@-k) ﬁ¢:(r2)r3’“'rN)Q(rl,r%r:%"'TN)Iza . (5)

Here &(ry, 72, ...7x) is the exact wavefunction for the initial state and ®7 is approximated by

etk ¢“‘(r2, .rn) for a fast outgoing electron of momentum, k. All multipoles are included in
the ‘@3 ' operator from the vector potential, A. The generalized shake probability depends
on Q - k the momentum transferred to the residual target ion. It is the variable Q k
that may be used to relate the generalized shake probability for different physical processes
including, for example, ionization by charged particles, photommzatlon and ionization by
Compton scattering. :

4. MBPT Mechanisms

There are various difficulties in discussing the question of mechanisms for double ioniza-
tion. i) It is not always easy to calculate cross sections for double ionization accurately, and
consequently it can be difficult to accurately test the influence of various mechanisms. ii)
Atomic collisions are quantum mechanical in nature and the amplitudes for the mechanisms
are often added before a square is taken to determine something which may be observed.
So it is not always easy to untangle the various amplitudes. iii) Mechanisms are sometimes
defined differently by different people so that it can be difficult to understand what is meant.
iv) The mechanisms can depend on the gauge used, as discussed in the next subsection.

If one wishes to discuss mechanisms for quantum processes, then there ‘are some reasons
for using many body perturbation theory (MBPT) to define mechanisms for collision reac-
tions. First, MBPT is well defined. While there is not always agreement on which diagrams
(or mechanisms) are necessary, there is agreement on what the diagrams mean. The rules
of computing an amplitude from a given MBPT diagram are well defined. Second, MBPT
is widely used. Not only has MBPT been used for over 20 years in atomic physics, but is it

used in most other fields of physics as well. On the other hand MBPT provides expansions
' )

26



in both the interaction potential and the correlation interaction for atomic collisions. It is
not always the case that a perturbation expansion is applicable, especially in the case of
correlation. _ ' :

Despite the limitations of MBPT, it has been used to describe collision processes for both
photon and charged particle impact. If we constrain our attention to first-order terms in
the interaction of the projectile, then there are three possible diagrams for double ionization
which contribute to first order in the correlation interaction. These are shown in Fig. 10.

is ky 1s Ky is ky 1s Ko

SO : ‘TSt
1s K 1s ko
GSC

Fig. 10. Lowest order MBPT contributions to double ionization. Time increases in the
upward direction and the ground state is not shown. The wavy line represents the interaction
with the projectile and the dashed line is the electron-electron interaction. The electrons
propagate upward and the holes propagate downward. SO denotes first-order shakeoff, GSC
denotes ground-state correlation and TS1 denotes two step 1, meaning the there are two
collisions of which 1 is with the projectile (the second is an electron-electron interaction on
the way out of the collision).

Since two electrons are involved in double ionization, the simplest description is in terms of
a second order (or two step) process. The TS1 corresponds to a collision with the projectile
followed by an electron-electron interaction. GSC corresponds to interaction in the ground
state followed by a collision with the projectile. SO corresponds to a particle-hole interaction
(i.e. the electron is missing in the final state) following an interaction of the target with the
projectile. TS1 and SO are sometimes called [Carter and Kelly 1981] final state correlation
(FSC). .

Many of the calculations for double ionization by photon impact have been done directly
using MBPT diagrams for both single and double ionization [Carter and Kelly 1981, Ishihara
et al. 1991, Hino et al. 1993, Pan and Kelly 1994]. In the case of charged particle impact
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no MBPT calculations have yet been completed. In the case of charged particle total cross
sections, the outgoing electrons tend to leave slowly for the most part and a MBPT expansion
in the electron-electron interaction may not be appropriate (see Sec. IV.A.1.

5. Gauge Dependence of Mechanisms

Over the past few years a dispute has developed over the importance of the TS1 mecha-

nism for double photoionization of helium in the high-energy limit. Some theorists [Carter
and Kelly 1981, Ishihara et al. 1991] argued that TS1 was the largest contribution, while
others [Byron and Joachain 1967, Aberg 1972] argued that TS1 was negligible. Dalgarno
and Sadeghpour [1992] resolved this conflict by pointing out that the TS1 amplitude has
a different dependence on photon energy in the length, velocity and acceleration forms
of the dipole matrix element. Grant [1974] had earlier noted that each form corresponds
to a different gauge, and that the velocity form corresponds to the Coulomb gauge, i.e.
V- AV = 0, where A" is the vector potential in the velocity gauge. It easily confirmed
that the quantum gauge transformations from the velocity to the length and accelera-
tion gauges in the dipole limit are n = 7 - AY (t) and n = 1 f dt'AV( '} - p respectively
[Wang 1994]. Ishihara [Hino et al. 1993] confirmed this result and was further able to
show that the sum of all first-order MBPT amplitudes is gauge invariant. Amusia and
McGuire [1994] have conjectured that when all MBPT terms are summed, the summed
amplitude is gauge invariant in each order of the interaction potential V. The argument
is as follows. In an exact calculation gauge invariance requires that the full quantum
amplitude is the same (including an overall phase, ¢, which may be specified) so that
one may write a’ = for example. Expanding in the strength,Z, of the interaction,
AV(Z)=aY +aYZ + agZ2 +.ota)Zi 4. = AYZ) = df +afZ +alZ?+ ... +afZ' 4.
. Since Z may vary arbitrarily, the coefﬁc1ents are equal, i.e. a = aL This gauge 1nvar1ance
is expected to hold in each order in the interaction potential In any case it is clear that
the MBPT amplitudes are gauge dependent. And it was noted that [Hino et al. 1993] ‘the
MBPT terms have no consistent meaning as mechanisms of double ionization unless one
defines the form of the dipole interaction’.

We note that there are two types of gauge transformations: electrodynamic and quan-
tum. In an electrodynamic gauge transformation V. — V —d\/dt together with A— A+VA
In a quantum gauge transformation ¥ — 3’ = ¢™p. The form of the Schroedinger equa-
tion is unchanged if both transformations are done simultaneously [Schiff 1968]. Physical
observables are invariant under both gauge transformations. Gauge dependence in any ap-
proximate theory is to be expected. All interaction potentials, V, vary with gauge. If V is
changed the corresponding force changes and effects resulting from this force can change.
Any first-order perturbation theory in V is likely to be gauge dependent.

This issue has not arisen in the case of the interaction of charged particles because 1t
1s conventional to use the Coulomb gauge in atomic physics. In this gauge the interaction
between two electrons is €?/r12. In another gauge the correlation interaction will differ from
e’/ri;. 1f one wishes to be consistent in questions relating to gauge, it may be sensible to
think in a conventional gauge, i.e. to recognize the Coulomb gauge as the gauge in which to
discuss physical mechanisms. The issue of the gauge dependence of interaction mechanisms
deserves further discussion.

928



6. Mechanisms for Z° Effects

As the velocity,v, is reduced from its asymptotically large limit, it is possible for a
projectile of charge Z to interact more than once with the target before it leaves the collision.
It is then appropriate [McGuire and Straton 1994] to expand the probability amplitude for
double ionization, a, in a Born series in Z/v ~ [ Vdt, namely,

¢ =aZlv+ca(Z/v)}
with the observable probability,

= la|* = |c;|* Z2/v? + 2Re(cicy) Z3)v® + |eof® 27 J0* (6)
Cig groting Q,S(oo.rpvj Uy g 2.V \va)

and resulting ratio for total cross sections;
N

Rz =0 /ot = (lCﬂz +2Re(C1C2)Z /v + ]CglzZz/vz) . | : (7)

Here the C coefficients differ somewhat from the ¢ coeflicients due to the integration over
impact parameters required to obtain cross sections from transition probabilities. If Z/v is
small enough there is a term linear in Z in the ratio, Rz, of double to smgle lonization since
the double ionization probability contains a (Z/v)® term.

If there is no correlation, then ¢; = 0. This is obvious on physical grounds because
without correlation the projectile (constrained to interact only once in first-order) could only
ionize one electron which could not interact with the second electron. Thus the observable
Z? terms depend on the dynamics of the electron correlation interaction.

In the limit of weak correlation the coefficient ¢; may be calculated in terms of SO, GSC
and TS1 MBPT diagrams and ¢; will correspond to a MBPT diagram where the projectile
interacts with each of the two electrons once and there is no further interaction. This is called
TS2 and corresponds to the lowest order term in the independent electron approximation
[McGuire 1992]. It has been shown [McGuire and Straton 1994, Stolterfoht 1994] that in

this limit there is no Z3 term in Eq.(6) because ¢; and ¢, are a factor of ¢ = /(—1) out
of phase. It is necessary to include time ordering (which corresponds to time correlation,
or energy-non-conserving intermediate states in a second-order theory) to produce the Z3
terms. The meaning of the mechanisms here is the same as in the case of photon impact.

B. Relation of photon impact and impact by charged particles

Now let us consider the relation between interactions of helium with photons and in-
teractions with charged particles. A photon interacts with an atom via its electromagnetic
field. A charged particle also interacts via an electromagnetic field. In principle, interactions
of photons and charged particles are related. We shall soon make explicit this relationship
within the framework of first-order perturbation of the interaction, V, with the projectile.
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1. Photoionization and Compton Scaltering

Photoionization and ionization by Compton scattering are different processes. In pho-
toionization (i.e. the photo effect first described by Einstein), the photon is annihilated,
while in Compton scattering the photon is inelastically scattered (and not annihilated). At
present there is some disagreement as to what the high-energy limit is for the ratio R¢,
of double to single ionization for Compton scattering. Some theorists [Hino et al. 1994,
Amusia 1994] have suggested that Rc = R, since the final wavefunctions are similar in
the high-energy limit. Others [Burgdoerfer and Andersen 1994, Suric et al. 1994] disagree.
As in Aberg’s generalized shake description described above, Suric et al. [1994] have used

®; = ¢*7g(ry, ...rn) and predicted for ionization via Compton scattering that,
RC = ]. — Z /d3T1I/¢ 7‘2 T'l,Tz)dSTgl (8)
bound states

This may be compared to the expression from Dalgarno and Sadeghpour [1992] for pho-
tolonization that, . .

_ Ebound states '¢:(r2)®(r2srl = O)d31‘2I2 )
R’Y a 1 f I@(T‘g, r = 0)I2d37‘2 ) (9)

In the simple shake limit & = ¢;¢, (without exchange), then both ratios reduce to the
same simple shake ratio, which for ionization (not including bound states) gives 7.1% if s
= 5/16, corresponding to a variational hydrogenic wavefunction with s chosen to minimize
the binding energy. For more complete wavefunctions, however, (8) and (9) differ because
photoionization depends on the value of ® at r; = 0 while for Compton scattering there are
contributions from all values of r;. At present the value of R¢ in the high-energy limit is
not known experimentally. '

It is widely agreed that total ionization cross sections for photoionization are well de-
scribed by the dipole approximation for the interaction operator with the photon even at
high photon energies where k;r > 1. In Compton scattering, on the other hand, the contri-
butions are mostly non-dipole.

2. Non-dipole limit

For Compton scattering the cross section for inelastic scattering from an arbitrary initial
state |z >, to an arbitrary final state, |f >, may be expressed [Burgdoerfer et al. 1994] in
first order (in both the fine structure constant, a, and 1/c?) as

dO’C "
@, " & k L% X |2|<f|/42|1>|2
. o
=z Ll | e (10)

where 7o is the classical radius of the electron, k; 4 is the initial or final photon momentum,
X; s 1s the polarization vector of the initial or final photon, A is the vector potential and
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(Q)2 = (k; —k;)? = k? + k% — 2k;kycos 8y ~ 2k?(1 — cos fy). The expression in the second
line above is for unpolarized light.

For the impact of a high velocity particle of charge Z the cross section in the plane-wave
Born approximation [McDowell and Coleman 1970} is given by,

doz _ , Ky ¢

et el 2
de Qq 1{‘4 2 flIR———_‘II >i
| , 4222 5. '
= a2 “Q4 | < fle9 > P (11)

where ag is the radius of the gxound state of hydrogen, K;; is the initial or final photon
momentum, now Q = K; - Isf is again the momentum transfer of the projectile and u
is the reduced mass of the system. We note that in this approximation no momentum is
transferred to the projectile by the target nucleus, so that the momentum transfer, @, here
is the momentum transferred to the electron(s).

From Eqs.(10) and (11) it is apparent that both the Compton and the charged particle
cross sections above are proportional to the generalized oscillator strength [McDowell and
Coleman 1970], f;(Q) = AE;/Q? < fle®97|i > |2 Consequently, the cross section for

Compton scattering may be expressed in terms of the first Born cross section for scattering

by charged particles. Using 1 + cos®6; = 1 + (k—;—fki) and K?/u? = v? where v is the

velocity of the incident charged particle, we obtain'from Eq(10) and Eq(11) a useful relation
[Burgdoerfer et al. 1994], namely,

2

doc _1g v (1, KHEK =) g doz (12)
dQ — a2 8k?Z2 \© 2k; ks dQ -

This relation is valid for arbitrary final states, |f >, including both single and double ioniza-
tion. This relation could be tested experimentally by observing differential cross sections for
Compton scattering and comparing them to existing data for differential cross sections by
charged particle impact weighted by the factors in the above relation. This relation may also
be used to evaluate cross sections for Compton scattering by modifying existing computer
codes for single and double ionization by charged-particle impact.

Let us now use the above relation to express the ratio of double to single ionization
cross sections by Compton scattering in terms of a corresponding cross section ratio by
charged particles. We now assume that the Compton scattering cross section at sufficiently
high (but non-relativistic) photon energies is dominated by contributions from large Q, i.e.,
Q >> r{alrget, where 744-4¢¢ 1s the radius of the target electron. We also assume that the ratio

of double to single ionization, RZ(Q) /dQ , tends to a constant value for charged
particles at large values of Q. Then from the above relation we have,
PO (Gl
°7 o " [(dog/dQ) dQ
A6 -Q% 0\ ma (g 4+
F(1+ GRS @ (do3*/aQ) dQ
k2 4k

f(1+EHETY) @t (do3/dQ) dQ
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£ {1+ (BEDR) @f Ra(Q ~ ) (do3/dQ) d
P14 (5T @ dot/d) dg -
_ N _ da 3t daz _
= Rz(Q~ )= ( 40 40 )Q~w (13)

Note that the Rz(Q) used above differs from the Rz = o3 /0% for the ratio of total
cross sections used in section III.A, and that the Rz(Q) of Eq.(13) is discussed in section
II1.B. Here Q is the momentum transferred by the target electron(s) with no internuclear
momentum transfer. The status of related experimerts is discussed in Sec. I1I.B above. We
encourage further experiments of this type.

3. Dipole limit

If the momentum transfer, Q, is small, then < fle? i >x i < f[@ -7}t >, and the
generalized escillator strength reduces to the standard dipole optical oscillator strength. In
this limit the matrix elements reduce to the dipole matrix elements used for for photo-
excitation and ionization. For charged particle impact, if the Born cross section is expanded
in inverse powers of the projectile energy, E, then oz(E) ~ Al—"Eﬁ + B/E. The leading
I“TE (or 1‘:};’2) contribution to the cross section for charged particles (which is absent both
in doz/dQ used above and classically) may be expressed in terms of the cross section for

photo-excitation or ionization [Byron and Joachain 1967}, namely,

dog  Z* Inv® o4(e)

de 27a v? €

(14)

where v is the velocity of the projectile, € is the energy of the (faster) ejected electron, and
a is the fine structure constant. If Q is near Qin, then @ = Qmin = K;i — Ky = AE;;/2v =
(I + €)/2v, where I is the atomic binding energy. Using this limit, it is straightforward to
express the ratio for double to single ionization by charged-particle impact as an integral
over the cross section ratio for photoionization [McGuire 1984, Manson and McGuire 1994],
namely,

Ry = [ R(pilde s

de

This relation has been recently used by Manson Manson and McGuire 1994 to obtain the
observed ratio of double to single ionization in helium by charged particle impact, Rz =
0.26%, from the observed ratios for photoionization. Manson has noted two discrepancies.
Using the values quoted in the literature for R,, the asymptotic value obtained for Rz using
the above relation is 0.32% somewhat above the observed value of 0.26% =+ 0.03%. Also the
high-energy shape of Rz(E) given by Eq.(15) differs somewhat both from experiment and
the Forced Impulse Method calculation of Reading and Ford [1989]. Thus, confirmation of
the predicted relation between charged particle impact and impact of photons is not quite
complete

where pt(e) = L 42 s the den31ty of states for single ionization by a charged particle.
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V. SUMMARY

We have reviewed recent observations of the ratio of cross sections, R = ¢**/o*, for
single to double ionization of helium interacting with high-energy photons and charged
particles. For photon impact at energies below 6 keV the predominant means of ionization is
photoionization (i.e., the Einstein photo-effect) in which the incident photon is annihilated.
The high energy limit of this ratio is 1.7% =+ 0.1% in agreement with theory. At photon
energies above 6 keV ionization is dominated by Compton scattering, where the incident
photon is inelastically scattered. The high-energy limit of this ratio has not been obhserved
and various calculations give values between the 1.7% limit for photoionization and 0.7%.
For impact of charged particles and anti-particles the ratio R of total cross sections has
been established by observation as 0.26% =+ 0.03%. If the energy transfer of the collision is
fixed, values of R in the neighborhood of 2% have been observed for large energy transfer.
Theoretically cross section ratios for photons and charged particles have been related. In the
dipole limit photoionization has been related to charged particle impact at a fixed energy
transfer. In the limit in which many multipole terms contribute, the ratio in first order
theory for charged particles has been related to the ratio for Compton scattering at a fixed
momentum transfer. Experimental confirmation of the predicted relations between charged
particle impact and impact of photons is not complete even for helium.
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