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Charge and velocity dependence of the ratio of double to single ionization of H
by Ar9* and Xe*
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Data and analysis for the ratio of double to single ionization ofiHl collisions with A?* and Xé* are
presented fog=1-6. Evidence is found for effects of electron screening ifi*Aand Xe'!. 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
g/v the H™ 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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PACS numbeps): 34.70+e, 52.20.Hv

I. INTRODUCTION In this paper data for single and double ionization of H
in collisions with A" and Xé* are presented foq
Two-electron transitions in fast atomic collisions provide =1—6. These data are analyzed in two ways. The first analy-
a direct way to study dynamics of electron correlation whersis is based on Volkov-Keldysh wave functions, which are
multielectron effects are relatively strofg—9]. It is clear, ~applicable when the interaction of the elect®nwith the
for example, that electron correlation plays an important rolédrojectile is stronger than interaction with the target. The
in double ionization of neutral atoms by fast charged parsecond analysis is based on second Born expansion where
ticles [10]. In very fast collisions with projectiles of low to interaction with the projectile is assumed to be weaker than

moderate charge more than one or two interactions with the interaction of the electrés) with the target.ZWhilg the
the charged projectile is unlikely. Then double ionizationBOrn analysis is expected to apli0] when (@/v)°<1 (i.e.,

occurs predominately via either electron-electron interactionS'€ Massey criterion theZVoIkov-KeIdysh approach is_ap—
following a single interaction with the projectile or two in- plicable[1,13—1§ whenv“>1/g. The Volkov-Keldysh pic-

teractions with the projectile possibly in the presence of cor-t.ure corresponds to onvest order perturbation in the interac-
. . - ... tion of the electrofs) with the target chargg. Both of these

relation[2,6,10—12. On the other hand, in collisions with ictures have been previously usgi®.17 to analyze data

projectiles of relatively largey at moderate velocities, the b P y ' 4

: . . . R : for ratios of double to single ionization for helium.
interaction with the field of the projectile is relatively strong The collision partners for H here are A¥" and Xé*

and the target charge may be considered perturbatively Wity s \vhich carry electrons. If the electron cloud is tightly

electron correlation possibly significant. formed around these ions, then one may expect that the ef-
Most studies of double ionization have been done for neusgctive charge of the ion is simply the net ion charge, e.,

tral atomic target§2,6-8,10,11 These targets have most However, in the case of smal] it may be that the size of the

often been a rare gas, which is experimentally convenient tgressed ion is not small compared with the radius of the

use. Most of these studies have been done on helium fqaner electron in H. In this case the double ionization rate

which some theoretical analyses have been availableisH may be enhanced by a larger effective charge for tHE™ Ar

of interest because it differs significantly from helium. In and X&* ions. Forq=1 we find that such an electron

helium the two electrons occupy similar regions of space andcreening effect appears to occur, which gives an enhance-

it does not make much sense to distinguish between the twident of up to a factor of 4 to the cross section for double

electrons in their initial state. In Hthe electrons have dif- jonization of H ™.

ferent properties—i.e., the wave function for the two-

electron complex may be more sensibly regarded as two Il. EXPERIMENTAL METHODS

electrons with different properties. A simple classical picture

would correspond to an inner hydrogenlike electron and a By means of the crossed-beamstechnique, we

loosely bound satellite electron. Since Hiiffers from he- measured cross sections_, for the total H™ produc-

lium one may expect that electron correlation is different intion in H™+X9* collisions for Xt
H~ than in helium. This is expected to affect the cross sec=Arl", ... ABP* Xelt, ... ,Xe™", respectively. The prin-
tions for double ionization. cipal experimental arrangemdrit8] and the signal recovery
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TABLE |. Typical experimental parameters af_, cross- TABLE Il. Measured cross sectionrs_ , for double detachment
section measurements for the reaction4+X9" —H* + - . . for dif- in collisions H +Ard —H*+ ... for charge stateg=1-6. For
ferent ions, charge states, and CM-frame kinetic energigg. completeness, cross sections_, for single detachment H
Ey- is the lab-frame energy of the Hions while thexd" ions +Ar?" SHO+... are also included in the table. The ratio

delivered ly a 5 GHz ECR ion source have the energy 10 keV g.o0_, /o _g is calculated. Errors indicate the 90% confidence limit of
I4-,1x- denote the respective ion beam currehistime averaged statistical uncertainty.
total H* count rate;S, time averaged true Hsignal count ratet,

actual measurement time. Ecm o_g o, o_,lo_g
q (kev) (10716 cn) (10716 cn?) (%)
Ecv En-  lu- Ixa N S t
lon (keV) (keV) (nA) (nA) (s—l) (s—l) (S) 1 50 44.6:2.1 2.46+0.16 5,51 0.44
1 100 28.:1.2 1.15:0.3 4.10-1.08
Artt 100 110 93.1 150 6800 15.0 2251 1 200 18.4-1.0 0.44+0.23 2.39-1.25
Arf* 100 120 460 11.4 6000 75 5000 2 50 117 4.8 3.72:0.21 3.18-0.22
Xel® 50 55 86.5 39.7 2800 13.0 2089 2 100 71.4-2.4 1.64-0.33 2.29-0.46
Xe> S0 57 137 24.7 3500 8.0 5050 2 200 47.2:1.9 0.85-0.18 1.79-0.38
3 50 2078.9 6.20£0.6 2.990.31
3 100 132:8.6 3.58£0.65 2.710.52
technique[19] have been described in detail previously. In 3 200 81.715 1.29-0.33 1.57-0.49
short, two well collimated and charge-analyzed beams of ad- 4 50 285-13 12.8-1.7 4.49-0.63
justable energies are made to intersect at an af¥glé5° in 4 100 22312 5.71£1.3 2.56+0.59
an ultrahigh vacuum of a few 10* mbar. Both ion beams 4 200 14725 2.75£0.81 1.870.63
are cleaned, shortly before intersection, from particles which 5 50 38733 25.1+4.7 6.48+1.33
originate from interactions of the ion beams with the residual 5 100 23835 10.4-2.1 4.36-1.09
gas. The H ions formed in the hydrogen beam are separated 5 200 156r 23 3.61x1.2 2.31-0.84
immediately after the interaction from the parent Hbn 6 50 496+ 30 31.8:7.5 6.41-1.56

beam by electrostatic deflection and counted individually by
a channeltron-based single-particle detector, while the parent
ion beam is measured in a biased Faraday cup. The final
charge state of the projectile iof9~ )" (i=0,1,2) remains A. Volkov-Keldysh analysis
undetermined.

Ill. RESULTS AND ANALYSIS

. o - L The Volkov-Keldysh analysis treats the target as a pertur-
The signal of H produced in ion-ion collisions is distin- a4ion of the wave function of the electron in the field of the
guished from the background of Horoduced in ion-residual projectile. The continuum wave function for an electron in a
gas collisions by a beam modulation technique. Basicallygyong electromagnetic field is the Volkov-Keldysh state
the actual time spectrum of the Hdetector counts is re- [15,16. The Volkov-Keldysh states for an electron in an

corded while both the H ion beam and th&%* ion beam e . =

; . electromagnetic field described by a vector potentiél)
are chopped by fast electrostatic deflectors. If both ion beamrsn ay be expresse.6]
are switched on, ion-ion events masked by different back- y P '
ground contributions are recorded. If only one or none of the - 32 KT AT (112 [k— A()] 2
ion beams are switched on, various background contributions d(r.)y=(2m) %% oA (D)
are detected. Appropriate subtraction of count rates in differ- TABLE 111 Measured cross sections_. for double detach-
ent modulation periods isolates the true ion-ion signal. SiNC&,ant in collisions H +Xet —H*+- .. for charge statesq
the background contributions are about three orders of mag= 1 _5_For completeness, cross sections, for single detachment
nitude more intense than the ion-ion signal, the main statisy- o1 o1 ... are also included in the table. The ratio
t'ca! e_rrors in th? determination of _ . arfse from counting o_, lo_gis calculated. Errors indicate the 90% confidence limit of
statistics. Experimental parameters which illustrate the pefsasistical uncertainty.

formance of the apparatus are given in Table | for different

CM energies and ion species. The geometrical form factor, Ecm oo o, o_lo_g
which describes the overlap of the ion beams, is derivedq  (kev) (10716 cn?) (1071 cn?) (%)
from a measurement in which both ion beams are scanned in

a direction perpendicular to the interaction plane by a narrow 1 50 44.6:1.6 2.3%0.45 4.95:0.98
slit. The accuracy of this measurement is within 2% and 1 200 25.01.2 0.54:0.13 2.16-0.53
beam fluctuations are checked by measuring the form factor2 50 12310 3.44-0.86 2.88-0.73
before, after, and for long measurements also in breaks2 200 60.4-5.3 0.85-0.23 1.410.41
within a measurement. The rat®_, /o_, of double-to- 3 50 193+18 7.99:1.8 4.13£1.00
single-detachment was calculated using single detachment 200 115-11 1.50+0.42 1.36:0.38
cross sections _, measured earlid20,3]. In Tables Il and 4 50 28722 12.4-3.4 4.32£1.23
Il measured cross sections and calculated ratios are listed4 200 17114 2.62-0.88 1.53-0.52
The errors represent a 90% confidence limit of statistical 5 50 374-41 16.9+3.8 4511.13
uncertainty which is calculated from the independent statis- 5 200 241 25 7.04-15 2.92-0.60

tical errors ofo_, ando_,.
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Where,&(r)z—fE)VU(F, 7)dz. In dipole approximation we tain additional phase terms which lead to nonorthogonality
useU(F,t)=qI§(t) . F/Rs(t), Whereﬁ(t) is the internuclear with discrete states of hydrogenic systems.

, > ) When there are two electrons in the final continuum a
distance and is the momentum of the electron. This wave- ¢ e|ated two-electron wave function is udad], namely,
function has been usd@] for single ionization of H.

For single ionization of neutral targets, final state Cou- P S R P >
lomb interactions have been included by using a generalized Prr2, ) =Q(iwy, pa(1),r)QT (w2, pa(t).r2)
Coulomb wave functiof13], ><q>(Flz,&m)e*(”2>f5[pl<f>2+szzldf, 3
N . - - ’ t 2
Y(r,)=Q ) (iw,p(t),r)el~ (/2 op(n%a, ¥ . e

where®=e" "2 (1+i/d),F,(—i/d,1jd-r,—idry,) car-
where Q) is a Coulomb wave with incoming boundary ries the correlation andd=p + p,+q(p1 /p2—pa/p2).
conditions andp=k—A(t),v=qg/p, andq is the charge of Cross sections calculated with the above functions are valid
the target atomic core. ForH q=0 and Eq.(2) coincides  for medium and large velocities>q~ V2
with Eg. (1). We note that a wave function similar to E®) In our calculation we consider double ionization as a
has been used in multiphoton ionization by Kamin$Ry| product of single electron processes. Our probability is ex-
and by Mittleman22]. However, their wave functions con- pressed,

o1 . . N - _ .
W= [ [ a3 1A (KD AR) 20K Ko+ Ax(Ro) Aot (K K2 @

Here A; andA, are probability amplitudes for independent |R(t)—r|e ™!, whereH, is the unperturbed many-electron

single electron ionization processes, and the fa¢tdeter- target Hamiltonian ancﬂi(t)—? is the distance between the
mines the electron correlation effect associated with the cor:

. moving projectile and the target electron. If one uses a

related wave function above. In generélmay be separated ) . . - .
as a cofactor only when the wave function of the initial stateStraight line trajectory foR(t), thendt=dZz/v (whereZ is
also factorizes. Our method is more fully described in anthe direction of propagatigrand one has
earlier papef17] where the method was applied to double
ionization of helium.

Comparison of our Volkov-Keldysh calculations with

T e g
Art . data is given in Fig. 1. Except for thp=1, our resu_lts operators[10,2] that depend on the collision velocity,
are in decent agreement with the data. We have again CO%hrough thee'Mo! terms. For fast collisions we use the sudden
sidered the effect of screening fqe=1. In this case we use g_ ) L iht ~
the interaction of Brandt and Kitagay23] to recalculate our @Pproximation where the™o" terms are small. Then the
probability amplitudesA; and A,. As before, the effect of operators are independentgpéndu. Tr_ns Born expansion in
screening increases the cross section for double ionization tg/v has been usef,12 to characterize data for single and
a factor of about 6 ag=1, leaving the single ionization double ionization in helium.
cross section unchanged. The results of these calculations are

U=1+ig/oV+(iq/v)?TV2+- - .. (5)

In this expansion th&/,(t) and scaled/ are many-electron

shown in Fig. 1. If we ignore thg=1 data, then the remain- ST T
ing data for the ratio decrease to an asymptotic value at high 87 ]
v probably below 1%. This is consistent with the experimen- T 7] .
tal results of Yuet al. [24], who observe a ratio about 0.3%, = & i
and also with calculations by Belinget al. [25], who cal- b? 5 1
culate a consistent value. This is similar to the asymptotic ~
limit in helium of 0.26%. g 4] ’
E ° i """" bare charge
B. Born analysis 21 - é;:eriment argon ]
A Born expansion may be made in powers of the interac- 1 " _experiment xenon | |

tion V(t)'betv'veen the projectile ion and the targe't eledtspn 00 > 4. 6 8 10 12 14 18 18 20
[10]. This picture is complementary to the picture used charge state

above where the target field is considered weak and the pro- 9 q

jectile field strong. The effect of such a weak projectile in-  F|G. 1. Ratio of double to single ionization versyst 50 keV/
teraction is determined by the evolution operator,amu. Calculations are done in the lowest order Volkov-Keldysh
U=Te "9 whereT is the time-ordering operator which approximation. The solid line is the Volkov-Keldysh resuit for a
gives a direction in time to the sequence of interactionsare projectile charge of magnitudeq. The dashed line includes
V|(t). For Coulomb interactions, V,(t)=e'"olqg/ changes in electron screening of the projectile nucleus.
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FIG. 2. Ratio of double to single ionization versy& , whereq
andv are the charge and velocity of the projectile. Tqve 1 data
are anomalous, as is discussed in the text.

In this expansion iV the first term goes to zero since

nothing happens i¥=0. Consequently, following perturba-
tion theory, the quantum probability amplitudefor double
ionization may be in general expressed as a power series
g/v beginning with the term linear in/v, namely,

a=(f|Uli)=(q/v)c,+(q/v)’c+ ...,

azf |a2db. (©)
Here the cross sectian is equal to the transition probability

integrated over impact parameteﬁsof the collision. The
constantsc; andc, are in general complex numbers which

. MELCHERT et al.
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the A" and X&* ions. In Fig. 2 one sees that except for
the q=1 data, which appear to be anomalous, the data are
consistent with Eq(7) for small g/v. If we ignore theq

=1 data, then the remaining data appear to be consistent
with Fig. 1. The ratio decreases, below 1% at highcon-
sistent with the experimei24] and theory[25], and similar

to the asymptotic limit in helium of 0.26%.

A simple estimate of the total shake probability s
=3(s%/Z?), wheres is the change in electron screening and
Z is the nuclear charge of the tardd0]. While this simple
formula is too simple for accurate absolute values, it can give
a guide to the relative differences between He and kh
both cases a plausible average valus igf0.3. However, the
Z values differ by about a factor of 2 so that the shake for H
could be expected to be somewhat larger than for He. A
higher value of this ratio in H would indicate that dynamic
correlation is stronger in H than in helium. However, we
note that the ratio for photoionization at high energy has
been predicted27] to be similar in both H and He. The
error bars at intermediatg@'v are too large to yield a useful
value of Cq, in Eq. (7). At the largerg/v the data in Fig. 2
seem to rise more slowly thargfv)?, indicating that the
Born analysis may not be applicable in this regime, where
the Born series is not likely to converge in the first two
terms.

C. Electron screening

For single ionization of H it is likely that the outer elec-
tron is ionized. This electron sits at a distance of about four
atomic units in a simple classical model. The electrons in
Ard* and Xé&* are confined to a region of abouigl/Thus,
for impact parameters of about four atomic unitsdArlnd

+ X .
arise from calculation of the first and second Born matrixxeq_ may be regarded as point charges to a good approxi-
elements. Such an analysis does not quite apply to singl@at'on- For double ionization, however, the inner electron in

ionization since a q/v)?Inv term arises due to the long-

H™ sits at about one atomic unit. Now A and Xe"* are no

range nature of the Coulomb interaction, which correspond¥®nger small compared to the inner electron in.Hhus it is

to quantum tunneling at large distances that are probed bio

ssible that one may probe regions of*‘Arand Xe'!

the long range Coulomb potential. This term varies slowly inWhere the effective charge29,28 is greater than 1. This

v.

effect of electron screenin@3] can increase the cross sec-

The probability and cross section for double ionizationtion for double ionization.

vary as (/v)?C;+(a/v)3Ci,+(g/v)*Cy. The g3 term

We tested this effect of electron screening in a simple

gives information about both time-ordering and the dynamicdn©del- In our simple model, we took

of electron correlatiof12,26. To a good approximation one
may consider single ionization to vary ag/¢)2. Then the
ratio of double to single ionization varies with the collision
strength parametay/v as

R=o""/o"=C1+(q/v)Cyt (q/v)3C,. (7)

Here C, is zero if there is no dynamic electron correlation.

C; gives the dominant contribution in the smallv limit.

C, is from the second Born term where the projectile inter-

acts twice with the targeC, includes the uncorrelated inde-

o= f P.(b)P,(b)db, (8)

whereP; is the probability of ionizing the outer electron and
P, is the probability of ionizing the inner electron in"HFor
single ionization we tookP,=1 and used a model fdP;
given by P, =Z2(b)(1/16)e”"*/[ (1/4)*+v?], correspond-
ing to a function that is exponentially decreasinghirand
falls off as 102 at largev with a value ofP;~1 when the
collision velocityv matches the orbit velocity of the outer

pendent electron approximation in which the projectile inter-electron in H', taken to be 1/4. For double ionization we

acts twice with the target. The,, term arises from the cross

usedP,=Z2«(b)e /[ (1)?+v?]. This model gave sensible

term between first and second Born. This term carries bothesults for single ionization cross sections of H andiH the

the charge asymmetry and effects of time ordefig.
In Fig. 2 the ratio of double to single ionization is shown
as a function of ¢/v), wherev is the collision velocity. This

velocity range considered here for bare chargeg-efl.
This model failed for double ionization of Hby Ard"
and Xé* for q=1 when we used an effective charge

parameter is a measure of the strength of the interaction witB.(b)=qg. The ratio was about an order of magnitude
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smaller than observation. We then used a screening chardields. It is not clear that observations of collisions in strong
based on the first Born approximatidi0,28, namely, laser fields can be simply related to observations for charged
Zeii(D)=(Zny—N®P)2+N(1—d)?, whereN is the number of  particles with strong fields, however. Recent data for the ra-
electrons andy, is the unscreened nuclear chardeis the  tio of double to single ionization of helium by fast'® ions
atomic form factor varying smoothly from 0 b=~ to unity ~ have been related to photoionization data using an indepen-
at b=0. The form of® was fit to the form found in first- dent electron approximation and the Williams-Weizsaecker
order perturbation theorf29] for simple atoms. TheiZ s  relation, based on smadj perturbation theory31]. Volkov
varies smoothly from a fully screened value zﬁﬁz g? at  analysis of these results may give more insight into the na-
b= to ZZ=2%+N at b=0. This form of Z begins to  fure of overlap of the _validity of the weak an_d _stroqg'm-
increase fromq at by=1/q. Since our model probability, its- Aberg[32] has pointed out that capture is important for
based on the first Born approximation, variesZg, the both photons and for charged particles. In the case of pho-
effect of screening can be dramatic for Ar with,=18 and tons, the electron oscillates with the electric field indepen-
Xe with Zy=54. With this model, single ionization cross dent of the nuclear target chargée Volkov-Keldysh state
sections for H did not change whe.; was replaced by, and the electron is thus effectively captured by the photon.

However, the double ionization cross sections fpe1l
changed by a factor of 6 or more depending on the value of
b, chosen. Thus, using a screened charge based on first orderwe have presented and analyzed data for single and
perturbation theory, they gave at least qualitative agreemenfouble ionization of H in collisions with Af™ and X&™.
with the observed data. If thg=1 data points are corrected The ratio of double to single ionization has been presented in
for this screening effect, then the data shown in Fig. 2 give awo complementary analyses. In the first analysis the ratio
shape im/v consistent with the shape of more extensive andyas plotted versug and compared to Volkov-Keldysh cal-
more exact data for ratios of single to double ionization ofculations. Data fogq=1 were anomalous, but could be ex-
helium [7]. plained in terms of variation of electron screening in"Ar
and Xe'!. The second analysis presented the ratio versus
IV. DISCUSSION g/v motivated by usual perturbation theory where the charge
g of the projectile is weak. In this case the high velocity limit

ser-:jczz igamoogoaoﬂg:ﬁeﬁasrm\?\)z 'Sor:]';?r:gn izf E?ti?bg':ieo-r?f the ratio appears to be below 1% or so, which is consis-
. p y Ways, ymnap tent with other experiments and predictions and similar to the
formalism whereg is assumed to be small and in a Volkov-

. . asymptotic ratio of 0.26% in helium. The data fpe= 1 were
Keldysh picture wherej is assumed to be large. These aP- ,qain anomalous The=1 anomaly was again explained b
proaches apparently both work in the case of heljd2,2]. g ' y g p y

. electron screening. In general, the Born analysis was satis-
It is noteworthy that these complementary approaches seefll orv for smalla/v while the Volkov-Keldvsh analvsis
to have some overlap for helium. In both cases electron- avezl reement fgrvaﬂ considered when elec)t/ron scre)énin
electron interactions appear to play a significant role ir]gorrect?on was included. We recommend further ex erimer?ts
double ionization. Also in the velocity range considered Per- - including bare .ro'ectiles witg=1 and hi hpcolli-
turbation theory is plausible in both cases since the interac-. ’ uding proj o ng
tions are fast. sion velocities, to clarify the similarities and differences of

In the weak field limit it is cleaf10,3 that the data for this ratio with other targets. We also recommend that obser-

charged particle impact may be related to data for phot0|¥"’m9nI sholulq be ;nade WE? plhotons to test photon—charged-
impact in helium. For H a prediction based on theoretical particle relations for weak fields.
values of photoionization gives an estimaig of the high
energy limit of double to single ionization in the range of
0.23-0.4 %, consistent with the trend of the data presented The experiment was supported by the BMFT under Con-
here. When data for single and double photoionization betract No. 06Gi333. This work was also supported by the
come available, it will be possible to test consistency of phoDivision of Chemical Sciences, Office of Basic Energy Sci-
ton and charged particle data as has been done in heliuences, Office of Energy Research, U.S. Department of En-
[30]. ergy. D.B.U. and L.P.P. acknowledge support from the Rus-
It is also interesting to note that the Volkov-Keldysh sian Foundation for Basic Resear(@rant No. 02-16090
states are used in interactions of atoms with strong lasesind the RF program “Integration.”

V. CONCLUSIONS
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