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Charge and velocity dependence of the ratio of double to single ionization of H2

by Ar q1 and Xeq1
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Data and analysis for the ratio of double to single ionization of H2 in collisions with Arq1 and Xeq1 are
presented forq51 –6. Evidence is found for effects of electron screening in Ar11 and Xe11. The data are
analyzed in terms of both a Volkov-Keldysh approximation where the projectile field is strong compared to the
target and a Born expansion in the electron projectile interaction where the projectile field is weak. At small
q/v the H2 data are consistent with the Born expansion while at lower energies a Volkov-Keldysh calculation
is in agreement with observation if in both analyses correction for electron screening is included.
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I. INTRODUCTION

Two-electron transitions in fast atomic collisions provi
a direct way to study dynamics of electron correlation wh
multielectron effects are relatively strong@1–9#. It is clear,
for example, that electron correlation plays an important r
in double ionization of neutral atoms by fast charged p
ticles @10#. In very fast collisions with projectiles of low to
moderate chargeq more than one or two interactions wit
the charged projectile is unlikely. Then double ionizati
occurs predominately via either electron-electron interacti
following a single interaction with the projectile or two in
teractions with the projectile possibly in the presence of c
relation @2,6,10–12#. On the other hand, in collisions wit
projectiles of relatively largeq at moderate velocities, th
interaction with the field of the projectile is relatively stron
and the target charge may be considered perturbatively
electron correlation possibly significant.

Most studies of double ionization have been done for n
tral atomic targets@2,6–8,10,11#. These targets have mo
often been a rare gas, which is experimentally convenien
use. Most of these studies have been done on helium
which some theoretical analyses have been available. H2 is
of interest because it differs significantly from helium.
helium the two electrons occupy similar regions of space
it does not make much sense to distinguish between the
electrons in their initial state. In H2 the electrons have dif
ferent properties—i.e., the wave function for the tw
electron complex may be more sensibly regarded as
electrons with different properties. A simple classical pictu
would correspond to an inner hydrogenlike electron an
loosely bound satellite electron. Since H2 differs from he-
lium one may expect that electron correlation is different
H2 than in helium. This is expected to affect the cross s
tions for double ionization.
PRA 591050-2947/99/59~6!/4379~6!/$15.00
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In this paper data for single and double ionization of H2

in collisions with Arq1 and Xeq1 are presented forq
51 –6. These data are analyzed in two ways. The first an
sis is based on Volkov-Keldysh wave functions, which a
applicable when the interaction of the electron~s! with the
projectile is stronger than interaction with the target. T
second analysis is based on second Born expansion w
interaction with the projectile is assumed to be weaker th
the interaction of the electron~s! with the target. While the
Born analysis is expected to apply@10# when (q/v)2!1 ~i.e.,
the Massey criterion!, the Volkov-Keldysh approach is ap
plicable@1,13–16# whenv2@1/q. The Volkov-Keldysh pic-
ture corresponds to lowest order perturbation in the inter
tion of the electron~s! with the target chargeq. Both of these
pictures have been previously used@12,17# to analyze data
for ratios of double to single ionization for helium.

The collision partners for H2 here are Arq1 and Xeq1

ions which carry electrons. If the electron cloud is tight
formed around these ions, then one may expect that the
fective charge of the ion is simply the net ion charge, i.e.q.
However, in the case of smallq, it may be that the size of the
dressed ion is not small compared with the radius of
inner electron in H2. In this case the double ionization ra
may be enhanced by a larger effective charge for the Aq1

and Xeq1 ions. For q51 we find that such an electro
screening effect appears to occur, which gives an enha
ment of up to a factor of 4 to the cross section for dou
ionization of H2.

II. EXPERIMENTAL METHODS

By means of the crossed-beams technique, we
measured cross sectionss21 for the total H1 produc-
tion in H21Xq1 collisions for Xq1

5Ar11, . . . ,Ar61,Xe11, . . . ,Xe51, respectively. The prin-
cipal experimental arrangement@18# and the signal recovery
4379 ©1999 The American Physical Society
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technique@19# have been described in detail previously.
short, two well collimated and charge-analyzed beams of
justable energies are made to intersect at an angleu545° in
an ultrahigh vacuum of a few 10211 mbar. Both ion beams
are cleaned, shortly before intersection, from particles wh
originate from interactions of the ion beams with the resid
gas. The H1 ions formed in the hydrogen beam are separa
immediately after the interaction from the parent H2 ion
beam by electrostatic deflection and counted individually
a channeltron-based single-particle detector, while the pa
ion beam is measured in a biased Faraday cup. The
charge state of the projectile ionX(q2 i )1 ( i 50,1,2) remains
undetermined.

The signal of H1 produced in ion-ion collisions is distin
guished from the background of H1 produced in ion-residua
gas collisions by a beam modulation technique. Basica
the actual time spectrum of the H1-detector counts is re
corded while both the H2 ion beam and theXq1 ion beam
are chopped by fast electrostatic deflectors. If both ion be
are switched on, ion-ion events masked by different ba
ground contributions are recorded. If only one or none of
ion beams are switched on, various background contribut
are detected. Appropriate subtraction of count rates in dif
ent modulation periods isolates the true ion-ion signal. Si
the background contributions are about three orders of m
nitude more intense than the ion-ion signal, the main sta
tical errors in the determination ofs21 arise from counting
statistics. Experimental parameters which illustrate the p
formance of the apparatus are given in Table I for differ
CM energies and ion species. The geometrical form fac
which describes the overlap of the ion beams, is deri
from a measurement in which both ion beams are scanne
a direction perpendicular to the interaction plane by a nar
slit. The accuracy of this measurement is within 2% a
beam fluctuations are checked by measuring the form fa
before, after, and for long measurements also in bre
within a measurement. The ratios21 /s2o of double-to-
single-detachment was calculated using single detachm
cross sectionss2o measured earlier@20,3#. In Tables II and
III measured cross sections and calculated ratios are lis
The errors represent a 90% confidence limit of statist
uncertainty which is calculated from the independent sta
tical errors ofs21 ands2o .

TABLE I. Typical experimental parameters ofs21 cross-

section measurements for the reaction H21Xq1→H11••• for dif-
ferent ions, charge states, and CM-frame kinetic energiesECM .

EH2 is the lab-frame energy of the H2 ions while theXq1
ions

delivered by a 5 GHz ECR ion source have the energy 10 keV
I H2,I X2 denote the respective ion beam currents.N, time averaged
total H1 count rate;S, time averaged true H1 signal count rate;t,
actual measurement time.

ECM EH2 I H2 I Xq1 N S t
Ion ~keV! ~keV! ~nA! ~nA! (s21) (s21) ~s!

Ar11 100 110 93.1 150 6800 15.0 2251
Ar61 100 120 460 11.4 6000 7.5 5000
Xe11 50 55 86.5 39.7 2800 13.0 2089
Xe51 50 57 137 24.7 3500 8.0 5050
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III. RESULTS AND ANALYSIS

A. Volkov-Keldysh analysis

The Volkov-Keldysh analysis treats the target as a per
bation of the wave function of the electron in the field of t
projectile. The continuum wave function for an electron in
strong electromagnetic field is the Volkov-Keldysh sta
@15,16#. The Volkov-Keldysh states for an electron in a
electromagnetic field described by a vector potentialAW (t)
may be expressed@16#,

ck~rW,t !5~2p!23/2eikW•rW2 iAW •rW2~ i /2!*0
t [kW2AW (t)] 2dt, ~1!

.

TABLE II. Measured cross sectionss21 for double detachmen

in collisions H21Arq1→H11••• for charge statesq51 –6. For
completeness, cross sectionss20 for single detachment H2

1Arq1→H01••• are also included in the table. The rat
s21 /s20 is calculated. Errors indicate the 90% confidence limit
statistical uncertainty.

ECM s20 s21 s21 /s20

q ~keV! (10216 cm2) (10216 cm2) ~%!

1 50 44.662.1 2.4660.16 5.5160.44
1 100 28.061.2 1.1560.3 4.1061.08
1 200 18.461.0 0.4460.23 2.3961.25
2 50 11764.8 3.7260.21 3.1860.22
2 100 71.462.4 1.6460.33 2.2960.46
2 200 47.261.9 0.8560.18 1.7960.38
3 50 20768.9 6.2060.6 2.9960.31
3 100 13268.6 3.5960.65 2.7160.52
3 200 81.7615 1.2960.33 1.5760.49
4 50 285613 12.861.7 4.4960.63
4 100 223612 5.7161.3 2.5660.59
4 200 147625 2.7560.81 1.8760.63
5 50 387633 25.164.7 6.4861.33
5 100 238635 10.462.1 4.3661.09
5 200 156623 3.6161.2 2.3160.84
6 50 496630 31.867.5 6.4161.56

TABLE III. Measured cross sectionss21 for double detach-

ment in collisions H21Xeq1→H11••• for charge statesq
51 –5. For completeness, cross sectionss20 for single detachment

H21Xeq1→H01••• are also included in the table. The rat
s21 /s20 is calculated. Errors indicate the 90% confidence limit
statistical uncertainty.

ECM s20 s21 s21 /s20

q ~keV! (10216 cm2) (10216 cm2) ~%!

1 50 44.661.6 2.3160.45 4.9560.98
1 200 25.061.2 0.5460.13 2.1660.53
2 50 123610 3.4460.86 2.8860.73
2 200 60.465.3 0.8560.23 1.4160.41
3 50 193618 7.9961.8 4.1361.00
3 200 115611 1.5060.42 1.3060.38
4 50 287622 12.463.4 4.3261.23
4 200 171614 2.6260.88 1.5360.52
5 50 374641 16.963.8 4.5161.13
5 200 241625 7.0461.5 2.9260.60
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whereAW (t)52*0
t ¹U(rW,t)dt. In dipole approximation we

useU(rW,t)5qRW (t)•rW/R3(t), whereRW (t) is the internuclear
distance andkW is the momentum of the electron. This wav
function has been used@3# for single ionization of H2.

For single ionization of neutral targets, final state Co
lomb interactions have been included by using a general
Coulomb wave function@13#,

c~rW,t !5Q(2)
„in,pW ~ t !,rW…e[ 2( i /2)*0

t p(t)2dt] , ~2!

where Q(2) is a Coulomb wave with incoming boundar
conditions andpW 5kW2AW (t),n5q/p, and q is the charge of
the target atomic core. For H2, q50 and Eq.~2! coincides
with Eq. ~1!. We note that a wave function similar to Eq.~2!
has been used in multiphoton ionization by Kaminsky@21#
and by Mittleman@22#. However, their wave functions con
nt
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tain additional phase terms which lead to nonorthogona
with discrete states of hydrogenic systems.

When there are two electrons in the final continuum
correlated two-electron wave function is used@17#, namely,

c~rW1 ,rW2 ,t !5Q(2)
„in1 ,pW 1~ t !,rW1…Q

(2)
„in2 ,pW 2~ t !,rW2…

3F~rW12,dW 12!e
2( i /2)*0

t [ p1(t)21p2(t)2]dt, ~3!

whereF5e2p/2dG(11 i /d)1F1(2 i /d,1,idW •rW122 idr 12) car-
ries the correlation anddW 5pW 11pW 21q(pW 1 /p1

22pW 2 /p2
2).

Cross sections calculated with the above functions are v
for medium and large velocities,v@q21/2.

In our calculation we consider double ionization as
product of single electron processes. Our probability is
pressed,
W5E E dkW2dkW1

1

2
uA1~kW1!A2~kW2!z~kW1 ,kW2!1A1~kW2!A2~kW1!z~kW2 ,kW1!u2. ~4!
n
e
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en

d
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Here A1 and A2 are probability amplitudes for independe
single electron ionization processes, and the factorz deter-
mines the electron correlation effect associated with the
related wave function above. In general,z may be separated
as a cofactor only when the wave function of the initial st
also factorizes. Our method is more fully described in
earlier paper@17# where the method was applied to doub
ionization of helium.

Comparison of our Volkov-Keldysh calculations wit
Arq1 data is given in Fig. 1. Except for theq51, our results
are in decent agreement with the data. We have again
sidered the effect of screening forq51. In this case we use
the interaction of Brandt and Kitagave@23# to recalculate our
probability amplitudesA1 and A2. As before, the effect of
screening increases the cross section for double ionizatio
a factor of about 6 atq51, leaving the single ionization
cross section unchanged. The results of these calculation
shown in Fig. 1. If we ignore theq51 data, then the remain
ing data for the ratio decrease to an asymptotic value at h
v probably below 1%. This is consistent with the experime
tal results of Yuet al. @24#, who observe a ratio about 0.3%
and also with calculations by Belingeret al. @25#, who cal-
culate a consistent value. This is similar to the asympto
limit in helium of 0.26%.

B. Born analysis

A Born expansion may be made in powers of the inter
tion V(t) between the projectile ion and the target electron~s!
@10#. This picture is complementary to the picture us
above where the target field is considered weak and the
jectile field strong. The effect of such a weak projectile
teraction is determined by the evolution operat
U5Tei *VI (t)dt, whereT is the time-ordering operator whic
gives a direction in time to the sequence of interactio
VI(t). For Coulomb interactions, VI(t)5eiH 0tq/
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uRW (t)2rWue2iH0t, where H0 is the unperturbed many-electro
target Hamiltonian andRW (t)2rW is the distance between th
moving projectile and the target electron. If one uses
straight line trajectory forRW (t), thendt5dZ/v ~whereZ is
the direction of propagation! and one has

U511 iq/vṼ1~ iq/v !2TṼ21•••. ~5!

In this expansion theVI(t) and scaledṼ are many-electron
operators@10,2# that depend on the collision velocity,v,
through theeiH 0t terms. For fast collisions we use the sudd
approximation where theeiH 0t terms are small. Then theṼ
operators are independent ofq andv. This Born expansion in
q/v has been used@7,12# to characterize data for single an
double ionization in helium.

FIG. 1. Ratio of double to single ionization versusq at 50 keV/
amu. Calculations are done in the lowest order Volkov-Keldy
approximation. The solid line is the Volkov-Keldysh result for
bare projectile charge of magnitude1q. The dashed line includes
changes in electron screening of the projectile nucleus.
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In this expansion inṼ the first term goes to zero sinc
nothing happens ifṼ50. Consequently, following perturba
tion theory, the quantum probability amplitudea for double
ionization may be in general expressed as a power serie
q/v beginning with the term linear inq/v, namely,

a5^ f uUu i &5~q/v !c11~q/v !2c21 . . . ,

s5E uau2dbW . ~6!

Here the cross sections is equal to the transition probabilit
integrated over impact parametersbW of the collision. The
constantsc1 and c2 are in general complex numbers whic
arise from calculation of the first and second Born mat
elements. Such an analysis does not quite apply to si
ionization since a (q/v)2ln v term arises due to the long
range nature of the Coulomb interaction, which correspo
to quantum tunneling at large distances that are probed
the long range Coulomb potential. This term varies slowly
v.

The probability and cross section for double ionizati
vary as (q/v)2C181(q/v)3C128 1(q/v)4C28 . The q3 term
gives information about both time-ordering and the dynam
of electron correlation@12,26#. To a good approximation on
may consider single ionization to vary as (q/v)2. Then the
ratio of double to single ionization varies with the collisio
strength parameterq/v as

R5s11/s1.C11~q/v !C121~q/v !2C2 . ~7!

HereC1 is zero if there is no dynamic electron correlatio
C1 gives the dominant contribution in the smallq/v limit.
C2 is from the second Born term where the projectile int
acts twice with the target.C2 includes the uncorrelated inde
pendent electron approximation in which the projectile int
acts twice with the target. TheC12 term arises from the cros
term between first and second Born. This term carries b
the charge asymmetry and effects of time ordering@26#.

In Fig. 2 the ratio of double to single ionization is show
as a function of (q/v), wherev is the collision velocity. This
parameter is a measure of the strength of the interaction

FIG. 2. Ratio of double to single ionization versusq/v, whereq
andv are the charge and velocity of the projectile. Theq51 data
are anomalous, as is discussed in the text.
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the Arq1 and Xeq1 ions. In Fig. 2 one sees that except f
the q51 data, which appear to be anomalous, the data
consistent with Eq.~7! for small q/v. If we ignore theq
51 data, then the remaining data appear to be consis
with Fig. 1. The ratio decreases, below 1% at highv, con-
sistent with the experiment@24# and theory@25#, and similar
to the asymptotic limit in helium of 0.26%.

A simple estimate of the total shake probability isP
5 3

4 (s2/Z2), wheres is the change in electron screening a
Z is the nuclear charge of the target@10#. While this simple
formula is too simple for accurate absolute values, it can g
a guide to the relative differences between He and H2. In
both cases a plausible average value ofs is 0.3. However, the
Z values differ by about a factor of 2 so that the shake for H2

could be expected to be somewhat larger than for He
higher value of this ratio in H2 would indicate that dynamic
correlation is stronger in H2 than in helium. However, we
note that the ratio for photoionization at high energy h
been predicted@27# to be similar in both H2 and He. The
error bars at intermediateq/v are too large to yield a usefu
value ofC12 in Eq. ~7!. At the largerq/v the data in Fig. 2
seem to rise more slowly than (q/v)2, indicating that the
Born analysis may not be applicable in this regime, wh
the Born series is not likely to converge in the first tw
terms.

C. Electron screening

For single ionization of H2 it is likely that the outer elec-
tron is ionized. This electron sits at a distance of about f
atomic units in a simple classical model. The electrons
Arq1 and Xeq1 are confined to a region of about 1/q. Thus,
for impact parameters of about four atomic units, Arq1 and
Xeq1 may be regarded as point charges to a good appr
mation. For double ionization, however, the inner electron
H2 sits at about one atomic unit. Now Ar11 and Xe11 are no
longer small compared to the inner electron in H2. Thus it is
possible that one may probe regions of Ar11 and Xe11

where the effective charge@29,28# is greater than 1. This
effect of electron screening@23# can increase the cross se
tion for double ionization.

We tested this effect of electron screening in a sim
model. In our simple model, we took

s5E P1~bW !P2~bW !dbW , ~8!

whereP1 is the probability of ionizing the outer electron an
P2 is the probability of ionizing the inner electron in H2. For
single ionization we tookP251 and used a model forP1

given by P15Zeff
2 (b)(1/16)e2b/4/@(1/4)21v2#, correspond-

ing to a function that is exponentially decreasing inb and
falls off as 1/v2 at largev with a value ofP1;1 when the
collision velocity v matches the orbit velocity of the oute
electron in H2, taken to be 1/4. For double ionization w
usedP15Zeff

2 (b)e2b/@(1)21v2#. This model gave sensible
results for single ionization cross sections of H and H2 in the
velocity range considered here for bare charges ofq51.

This model failed for double ionization of H2 by Arq1

and Xeq1 for q51 when we used an effective charg
Zeff(b)5q. The ratio was about an order of magnitud
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smaller than observation. We then used a screening ch
based on the first Born approximation@10,28#, namely,
Zeff(b)5(ZN2NF)21N(12F)2, whereN is the number of
electrons andZN is the unscreened nuclear charge.F is the
atomic form factor varying smoothly from 0 atb5` to unity
at b50. The form ofF was fit to the form found in first-
order perturbation theory@29# for simple atoms. ThenZeff

varies smoothly from a fully screened value ofZeff
2 5q2 at

b5` to Zeff
2 5ZN

2 1N at b50. This form of Zeff begins to
increase fromq at bc.1/q. Since our model probability
based on the first Born approximation, varies asZeff

2 , the
effect of screening can be dramatic for Ar withZN518 and
Xe with ZN554. With this model, single ionization cros
sections for H2 did not change whenZeff was replaced byq.
However, the double ionization cross sections forq51
changed by a factor of 6 or more depending on the value
bc chosen. Thus, using a screened charge based on first
perturbation theory, they gave at least qualitative agreem
with the observed data. If theq51 data points are correcte
for this screening effect, then the data shown in Fig. 2 giv
shape inq/v consistent with the shape of more extensive a
more exact data for ratios of single to double ionization
helium @7#.

IV. DISCUSSION

The ratio of double to single ionization has been p
sented in two complementary ways, namely in a perturba
formalism whereq is assumed to be small and in a Volko
Keldysh picture whereq is assumed to be large. These a
proaches apparently both work in the case of helium@12,2#.
It is noteworthy that these complementary approaches s
to have some overlap for helium. In both cases electr
electron interactions appear to play a significant role
double ionization. Also in the velocity range considered p
turbation theory is plausible in both cases since the inte
tions are fast.

In the weak field limit it is clear@10,30# that the data for
charged particle impact may be related to data for pho
impact in helium. For H2 a prediction based on theoretic
values of photoionization gives an estimate@1# of the high
energy limit of double to single ionization in the range
0.23–0.4 %, consistent with the trend of the data presen
here. When data for single and double photoionization
come available, it will be possible to test consistency of p
ton and charged particle data as has been done in he
@30#.

It is also interesting to note that the Volkov-Keldys
states are used in interactions of atoms with strong la
se
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fields. It is not clear that observations of collisions in stro
laser fields can be simply related to observations for char
particles with strong fields, however. Recent data for the
tio of double to single ionization of helium by fast U192 ions
have been related to photoionization data using an indep
dent electron approximation and the Williams-Weizsaec
relation, based on smallq perturbation theory@31#. Volkov
analysis of these results may give more insight into the
ture of overlap of the validity of the weak and strongq lim-
its. Aberg@32# has pointed out that capture is important f
both photons and for charged particles. In the case of p
tons, the electron oscillates with the electric field indepe
dent of the nuclear target charge~the Volkov-Keldysh state!,
and the electron is thus effectively captured by the photo

V. CONCLUSIONS

We have presented and analyzed data for single
double ionization of H2 in collisions with Arq1 and Xeq1.
The ratio of double to single ionization has been presente
two complementary analyses. In the first analysis the ra
was plotted versusq and compared to Volkov-Keldysh ca
culations. Data forq51 were anomalous, but could be e
plained in terms of variation of electron screening in Ar11

and Xe11. The second analysis presented the ratio ver
q/v motivated by usual perturbation theory where the cha
q of the projectile is weak. In this case the high velocity lim
of the ratio appears to be below 1% or so, which is cons
tent with other experiments and predictions and similar to
asymptotic ratio of 0.26% in helium. The data forq51 were
again anomalous. Theq51 anomaly was again explained b
electron screening. In general, the Born analysis was s
factory for small q/v while the Volkov-Keldysh analysis
gave agreement for allq considered when electron screenin
correction was included. We recommend further experime
in H2, including bare projectiles withq51 and high colli-
sion velocities, to clarify the similarities and differences
this ratio with other targets. We also recommend that obs
vation should be made with photons to test photon–charg
particle relations for weak fields.
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