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Electron loss from heavy heliumlike projectiles in ultrarelativistic collisions
with many-electron atomic targets
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We study single- and double-electron loss from heavy heliumlike projectiles in ultrarelativistic collisions
with neutral many-electron target atoms. The simultaneous interaction of the target with two projectile elec-
trons is found to be the dominant process in the double-electron loss provided the atomic number of the
projectile, Z,, that of the targetZ;, and the collision velocityy, satisfy the conditiorZ,Z;/v>0.4. It is
shown that for a wide range of projectile and target atomic numbers the asymptotic double-to-single loss ratio
strongly depends on the target atomic number but is nearly independent of the nuclear charge of the projectile.
It is also demonstrated that many-photon exchange between the target and each of the projectile electrons
considerably influences the double loss in collisions with very heavy targets.
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[. INTRODUCTION recently the first-order plane-wave Bdm| and semiclassi-
cal [8] approximations were rigorously formulated for such
The double-to-single ionization rati®u.=o?*/o™", for processes and applied to calculate electron excitation and
helium atoms colliding with fast nonrelativistic charged par-10ss in collisions of hydrogenlike heavy ions with atomic
ticles was extensively discussed in atomic physics literaturéargets. _ _
(see, e.g., Refd.1,2] and references therginlt was estab- In some cases, a heavy projectile may carry several active
lished that for high-velocity collisions with low-charged pro- €léctrons and more than one projectile electron can be simul-
jectiles, when the projectile charge is much smaller than th&@neously excited and/or lost in a collision with a neutral
collision velocity and both single and double ionization of &omic target. During the last two decades some investiga-
helium occur via the single-virtual-photon exchange betweefhions were already devoted to the study of these processes. In

the helium target and the projectile, this ratio reaches a Corparticular, th_e p_roc_esses_o_f mu_ItipIe projecfcile-electron loss
stant value of~2.5x10 2. Taking i,nto account that colli- and loss excitation in collisions in the domain of lower rela-

. - . tivistic energiesE<1 GeV/u were considered in Refs.
sion velocities cannot exceed the speed of light g

. 9-11] (see also Ref.12]). One of the simplest and therefore
=137 a.u. it was suggested in R3] that the highest pro- L i ( 112) b

- . . : . fundamental examples of processes, where more than one
jectile charge, for which this limit may still be reached, is yiectile electron can be involved, is represented by relativ-

restricted to projectile charge states not exceeding 13. It wagtic collisions of heliumlike heavy ions with neutral atomic
pointed out, however, that the inclusion of relativistic eﬁeCtStargets. In the present paper, we want to address the topic of
into the consideration leads to the conclusion that in Ul'sing|e- and double-electron loss frofor single and double
trarelativistic collisions, when the Lorentz factpr-, this  jonization of a heavy heliumlike projectile which is initially
ratio can be reached, at least in principle, for any projectiléin the ground state and collides with a neutral many-electron
charge statg4]. Thus, the valudR,,,=2.5x 102 represents  atomic target at asymptotically high energies, where projec-
a true and unique high-energy limit for ionization of atomic tile ionization cross sections become practically independent
helium by charged projectiles. In addition, a simple analysi®f the collision Lorentz factofRef.[13], see also below
suggests that the corresponding high-energy limit for the The main goals we pursue here are twofold. First, we
double-to-single ionization ratio exists also for other targetsvish to obtain the asymptotic high-energy double-to-single
and that the value of this limit should depend only on targeionization ratio and to find out how it depends on the atomic
properties and be independent of the atomic number of aumbers of the projectile and the target. Second, although at
charged projectile. the collision energies of interest the so-called binding and
Collision physics becomes, in general, much richer wherpolarization effects[14] are negligible, the higher-order
not only the target but also the projectile haaetive) elec-  terms in the corresponding Born series in the interaction be-
trons. Nonrelativistic fast collisions of projectiles, carrying tween the projectile electrons and the tar@etcalled many-
initially one electron, with neutral targets have been studieghhoton exchangemay still considerably affect the loss pro-
during several decades and physics of such collisions isess. Therefore, we are also interested in the study of the
rather well understood at presefdt least those of them influence on the electron loss of the exchange of many vir-
which can be treated within first-order theories, see, e.gtual photons between the target and each of the projectile
Refs.[1,5] and references thergirAlthough the processes of electrons. It was shown in Rgf15] that the deviation from
projectile-electron excitation and loss in relativistic colli- predictions of the first-order consideration can be non-
sions have also been extensively studied during the last twoegligible for ionization of hydrogenlike projectiles colliding
decadessee, e.g., Ref6] and references thergironly very  with heavy atomic targets. In the case of the double-electron
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loss from projectiles such a deviation is expected to be muclko rearrangement in the projectile final state. These processes
more pronounced since the latter process occurs at projectilean be referred to as the two step(TS-1) and shake off
target distances that are substantially smaller than those typiSO), respectively.

cal for single-electron loss.

Atomic units (a.u) are applied throughout, except where
otherwise stated. We will use both “ionization” and “loss”
to term the processes in which a projectile loses eletsyon It seems to be reasonable to assume that double ionization
Further, we always denote &, andZ, the atomic numbers of heavy heliumlike projectiles colliding with heavy targets
of the projectile ion and the target atom, respectively. occurs mainly via the TS-2 mechanism. A similar assumption

was used for calculating cross sections for multiple-electron
loss[10] and loss excitatiohl1]. However, to the best of our
II. THEORETICAL FRAMEWORK knowledge, the collision parameter domain, where the TS-2
dominates multiple-electron loss from projectiles, has not
been generally established. Below, we attempt to estimate

At the first glance, a nonperturbative description of ion-such a domain for the double-electron loss from heliumlike
ization of heavy heliumlike projectiles in relativistic colli- projectiles by using known results for helium double ioniza-
sions with heavy many-electron targets seems to be prohibtion by ion impact and by applying scaling arguments.
tory difficult. However, by invoking some reasonable (1) We start this procedure with considering not too heavy
approximations, discussed in detail below, the treatment oprojectiles and nonrelativistic collision velocities where the
this problem can be substantially simplified. Schralinger equation obviously represents a very good ap-

According to first-order theories, ionization of a projectile proximation to treat the behavior of the two electrons that
in collisions with neutral atomic targets can occur either viamove in the projectile field and are subjected to the target
the interaction with the screened target nucleus, where thield. Using the semiclassical approximation and the projec-
state of target electrons remains unchan@aistic modg or  tile frame, where a target atom moves along a straight-line
via the direct electron-electron interaction where both projectrajectory with a velocity, the Schrdinger equation reads
tile and target electrons make transitighso-center electron  (in atomic unit$
correlation, TCECQ[1,5]. However, if both the projectile ion
and the target atom are heavy enough, it is well known that iillf:(H
the latter mechanism, which represents a rather soft interac- at
tion mode, is of minor importance for the projectile ioniza-
tion. Therefore, in such collisions the TCEC mode may bgp, gq. (2

. ; . a.(2
safely neglected and this neglect will certainly be a good
approximation also for nonperturbative collisidri$]. Then
the target effect on the projectile can be very well approxi- Ai 2 Z
mated as caused by a superposition of short-ranged Yukawa-
type potentials of the form

B. Where does the TS-2 dominate?

A. Preliminary remarks

1+H2+Vcorr)\lf- (2)

e*Kjr
r ’

X >, Ajexp(—«j|b+vt—ri)), (3)
=1

3
Vi =22 A, (1)
=
wherer; are the coordinates of thi¢h projectile electroni(
=1,2) with respect to the projectile nuclelsandt are the
collision impact parameter and time, respectively, Apdnd
k;j are the screening parameters. Further,

with certain target-specific parametets, «; (j=1,2,3),

which are tabulatefil7]. Thus, the problem of ionization of

a heavy heliumlike projectile in collisions with a many-

electron target can be reduced to the projectile ionization by

an external potential which is not affected by the collision. v :i (4)
In general, the process of double ionization is substan- L PP

tially more complicated compared to that of single ionization

Wh'Ch is usually considered as a baspally uncorrelatg(:\j/vhereru: [ri—r,|, is the “correlated” part of the projectile

single-electron process. There are essentially two poss'b'l'Hamiltonian Using the scaling transformatiorr’

ties to get projectile double ionization. The first is that the N , ) BN

target potential1) simultaneously influences the motion of =(Zp/2)ri, b'=(Z,/2)b, 1'=(Zp/2)%, the Schrdinger

both projectile electrons and this influence directly leads toequatlon in the scaled space time is rewritien as

their loss. Below, this process will be referred to as the two-

step-2(TS-2) procesq18]. The other possibility is that ef- J

fectively only one projectile electron interacts with the target i—W'=(Hi+Hy+ Vo)W, (5

via the single-photon exchange and is removed by this inter- at

action from the projectile, and the other one is lost either due

to electron-electron-correlations within the projectile or duewhere now
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Al 2 z! lisions with an unscreened charge, are essentially cut off be-
H=-—5-——"—"——— cause of the short-range nature of the screened potential of a
2 1 bVt =ty neutral target. Thus, the conclusion about the relative impor-
3 tance of the TS-1, SO, and TS-2 mechanisms, reached in the
‘ IR previous paragraph, is directly applicable for ionization of
ngl Ajexp = xj[b" vt =ri]), © projectiles with sayZ,<30-40 by neutral targets also in
collisions atv —-c.
with v/ = (21Z,)v, Z{ =(2/Z,)Z,, Kj'z(z/zp) xj, and 3 Fi_nally, it is quite obvious that the tend_ency of the
decreasing role of the electron-electron correlation in projec-
217 tile double ionization with increasing, will also hold for
Vf:on=—,p- (7)  very heavy ions colliding with many-electron targets at non-
12 relativistic and relativistic velocities where the scaling argu-
ments obtained with the use of the Saltirger equation are
According to Egs.(5)—(7), the relative importance of the not directly applicable. Thus, one can conclude that double
electron—electron interactiofY) in a collision-free Z,;=0) ionization of heliumlike heavy ions in both relativistic and
heliumlike ion with a nuclear chargg, is reduced by a nonrelativistic collisions with neutral atoms will occur pre-
factor of 2Z, compared to helium atom. If one assumes thatdominantly via the TS-2 mechanism provided the condition
the interaction(7) does not substantially influence the prop-
erties of the initial and final states of a heliumlike ipt9], ZZ,
then the scaling consideration of the collision suggests that,
in the case of a heliumlike ion, the relative importance of
both the TS-1 and SO contributions to double ionization isjs fylfilled.
reduced roughly by (Zj,)*> compared to the case of helium.  |n summary, we have argued that the TS-2 is mainly re-
At the same time the relative importance of the TS-2 contrisponsible for the double ionization of heavy projectiles col-
bution is not changed much, since it is approximately detertiding with heavy neutral atomic targets and established the
mined by the factoZ//v'=2Z;/v. collision parameter domain, defined by E§), where this is
For double ionization of helium in nonrelativistic colli- the case. As a consequence, in the dont@irthe projectile
sions with bare ions of chargg at velocity v the TS-2 ionization can be dealt with within the independent electron
mechanism is known to be the dominant ionization processnodel (IEM), which has been proved to be quite successful
if g/v>0.2 (see Refs[20,21]). Using the scaling arguments in describing cross sections in cases of strong external per-
one can conclude that in nonrelativistic collisions of heavyturbations(see, e.g., Ref$§1,12|, and references thergin
heliumlike ions with an atomic numbet, with pointlike
charges the TS-2 would predominate the double ionization of
the ions ifq/v>0.4/Z,. Roughly speaking, the TS-2 mecha- o ) o
nism dominates in double ionization if the effect of the ex-  Within the IEM the single and double ionization cross
ternal perturbation is stronger than that arising from theS€ctions, respectively, read
electron-electron correlation. Taking this into account it is
possible to use a similar criterio@, /v>0.4/Z,, for colli- g(l)zf d’b Pl(b)=2f d’b p(b)[1—p(b)], (9
sions with neutral atoms since in that case projectile ioniza-
tion at any collision velocity occurs at rather small impact
parameters vyhere the averaged act'lon exe(ted by thg short- U(z):J d2b Pz(b):J d2b[ p(b) 12 (10)
range potential of a neutral atom with atomic numBeiis
substantially stronger than that which would be produced by
the long-range Coulomb potential of an equivelocity point-Here,P:(b) andP,(b) are the impact parameter dependent
like chargez, [22]. probabilities for single- and double-electron loss, respec-
(2) The next step of the scaling argumentation is to noteively, and the one-electron transition probabilig(b) is
an interesting fact that in certain cases the application of thgiven by
nonrelativistic Schrdinger equation2) can be a very rea-
sonable approximation for considering projectile ionization
even in relativistic and ultrarelativistic collisions. Such a
situation, as was pointed out in R¢12], is realized for not
very heavy projectiles colliding witheutraltargets. Viewing  wherea,_, denotes the amplitude for the collision-induced
such collisions in the projectile frame it is not difficult to see transition from the ground statg, to a continuum state),
that the motion of projectile electrons in both initial and final of a hydrogenlike ion with an effective nuclear chaifig;.
projectile states is nonrelativisti@3]. Therefore, the mag- It is convenient to calculata,_,,, p(b) and the correspond-
netic component of the target electromagnetic field is of miing cross sections in the projectile reference frame and this
nor importance for the ionization process. In addition, in theframe will be used below.
case of not too heavy projectiles the retardation effects, The semiclassical first-order treatmd®i results in the
which may be of paramount importance for relativistic col- following transition amplitude:

>0.4 (8)

C. Transition amplitudes and cross sections

b(b)= f K |ag(b)[2, (11
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oy | 2iZ, TABLE I. Cross sectionéin kb) for single and double ionization
agirf((b)=<¢k(r)|(l—,8az)exy{ i —Z) —_— of heliumlike projectiles in ultrarelativistic collisions with neutral
v v targets. The projectiles are initially in their ground states. The fourth
3 and fifth columns display cross sections obtained within the pertur-
X 2 AKo(By | lb—r )| ¢o(r)). (12) bative treatment. The sixth, seventh, and eighth columns contain the
=1 nonperturbative results.

(1)

Target Z, Projectie o o3 o0

- . @) @),
Here v denotes the collision velocity,B=v/c, vy pert  Opert o) oulo

=1/J1- B% wy is the energy difference between the final K© 35 K" 625 115 624 1.13 1.8%
and initial electron state, arl ;= \(wZ/vZy)+ k7. Fur-  K© 36 X&' 201 0497 201 0495 1.7%
ther,r=(r, ,z) is the coordinate of the projectile electron kr© 36 PpPE>* 125 0.184 125 0.184 1.5%
with respect to the projectile nucleus wittbeing the coor- Xe® 54 KP4 125 529 123 4.77 3.9%
dinate along the collisioritarge} velocity, «, is the Dirac Xe® 54 X2t 596 242 589 219 3.7%
matrix, andKy is the modified Bessel function. xe® 54 PE 251 0903 249 0817  3.3%
The Dirac equation for an electron that is subjected to the 0 79 34+ 234 230 224 163 7.3%
fields of a bmdmg center and a pointlike charge that moves 0 79  yg2+ 113 106 110 7.63 6.9%
at the_ speeq of light can be solved exa@ﬂﬂ]. In the_ caseof A0 79  pE™ 492 398 489 294 6.0%
collisions with the short-ranged potentidl) at the light ve-
locity (y— ) it is also possible to determine analytically the

exact amp_litude for the_ transition from the ground stﬁ_(geo Il RESULTS AND DISCUSSION
some excited state,, induced by the target potentiél)
[15]. The result is In this section, we discuss some results of the application

of the approach described in the preceding section to single
O and double ionization of heliumlike ions in collisions at as-
ag . (b)y=((rn|(1— az)ex;:< i —z) ymptotically high+y. For definiteness we consider collisions
¢ of Kr3**, Xe®?", and PB°" with neutral Kr, Xe, and Au.
2iZ, These nine collision pairs cover all possible situations, where
xex%T E AjKO(Kj|b—rL|))|¢0(r)>. the projectile ion is “light heavy,” “intermediate heavy,” or
! “very heavy” and collides with “light heavy,” “intermediate
(13 heavy,” or “very heavy” target atom, and, thus, are quite
representative. A detailed description of how one can per-
form the calculation of the necessary one-electron transition
amplitudes(12) and(13) can be found in Refl15] and will
not be repeated here. We only note that we used relativistic
(Coulombj Dirac wave functions and took the “full” pro-
jectile nuclear charge, as the effective projectile charge
o¢f for calculating both single and double ionizatif#b|.

Below we refer to calculations that are performed using
the IEM with the first-order one-electron transition amplitude
(12) and, thus, take into account only the one-photon ex-

5 ol change between the target and each of the projectile elec-
Y>> (14 trons, as toperturbative calculations(treatment, consider-
i ation) and to results, obtained in this way, asprturbative

results. Thenonperturbativecalculations, which for the as-

It is natural to define the region, where the conditi@d) is  ymptotically high collision energie$l4) fully account for
fulfilled, as the region of asymptotically high collision ener- the many-photon exchange between the target and the pro-
gies or of asymptotically high valueg. In this region the jectile electrons, are based on the IEM and 8@). Results
amplitude(12) can be considered as a first-order approxima-of the latter calculations will be termed asnperturbative
tion of the “exact” amplitude (13). In general, different Table | shows the resulting single and double ionization
projectile-target pairs enter the asymptotic region at differentross sections.
values ofy since the criterion(14) depends on the atomic
number of the projectile and target via the transition energies
wyo and the screening parametass Simple estimates show
that for projectiles withZ,~20-30 the asymptotic regionis (1) We observe the interesting fact that the calculated ra-
reached already ag~10-20. Clearly, for high enough val- tios are very weakly dependent on the atomic number of the
ues ofvy, collisions of any projectile-target pair will be in the projectile ion and, thus, are essentially determined only by
asymptotic region. Estimates show that this situation is esthe target atom. An additional calculation usin§f'Sas a
sentially reached ay>~150-200, i.e., starting with colli- projectile confirms this result: here we found ratios of 1.8%,
sion energies of 150-200 GeV/u. 3.7%, and 7.1% for collisions with Kr, Xe, and Au, respec-

Using this expression for calculating® and o(®) one ob-
tains “exact” single and double ionization cross sections for
collisions with y—oo,

As it follows from Eq.(12) in ultrarelativistic collisions
(B~=1) the first-order amplitude becomes independent of th
collision energy(per nucleoi for high enough values of
whenB, ;=x;, i.e., when

A. High-energy limit for the double-to-single loss ratio
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FIG. 1. Nonperturbative asymptotic high-energy probabilities
P,(b) andP,(b) for single and double ionization of heliumlike Pb,
Xe, and Kr ions by impact on neutral Kr atoms. Solid lines, resultsgre of the same order as the values found experimentally in
for P : dashed lines, results for X&; dotted lines, results for Refs.[20,21] for the ionization of He by fast highly charged
Kr4. ions. There, ratios of 1.5% and 3% were measured for ion-

. . -~ . ization of helium by 1 GeV/u K¥* impact and 420 MeV/u
tively. Figures 1 and 2 offer some insight why the ratios areugo+ impact, respectivelj26]. It may appear surprising that

nearly independent of the projectile atomic numBgr They . . S )
show the ionization probabilities as a function of the impactthe calculated asymptotic double-to-single ionization ratios

; + 52+ O+
parameter, which i given n unis ofz. Surprisingly, the (o I FCh e2ver P XC L BN FEL R A =0
curves for different projectiles look rather similar. This : '

means that both the single and double ionization cross Seg_ne'sho'uld keep in mind that the Iatt'er' are due to charged-
tions scale approximately likg> 2. Thus, as Figs. 1 and 2 particle impact whereas the former originate from collisions
- , .

T . S with neutral atoms. In our case the interaction poterfials
clearly _|nd_|cat_e, the |nfluer_1ce of t_he projectile nucleus Chargeshort ranged, whereby the contribution from larger impact
on the ionization process is, basically, to set the length scal '

This. h d + affect h the rati %arameters is cut off. Since in the case of ionization by a
"Z’ _F)r\]/vevgr, 0es 39 t'a ec tfr1nLtICth g rabIIOIt inale | charged particle larger values lbfwould be much more im-
.( ). € above predictions, that Ineé double-lo-single OSSportant for single ionization than for double ionization, this
ratio is strongly dependent on the atomic numBeof the

e ¢ and | Y ind dent of th egSut off reducesr!) relatively much stronger tham®. This
|ohn|zmg a%e;: aln IS nearly independent oh € nuc ea{explains, why in collisions with neutral targets the double-
¢ argeZp of the electron bmd_mg center, are in sharp Contras'io-single ionization ratio is greatly enhanced compared to
to what is expected in the high-energy limit for the doubIe-CoIIiSionS with charged particles

to-single ionization ratio in the case of ionization of helium
and heliumlike positive ions in collisions with charged par-
ticles. In the latter case the expected features of the ratio are:
(i) the strong dependence on the atomic number of the bind- (1) One usually assumes that theories of the first order in
ing center(helium, heliumlike ion, and (ii) the indepen- the projectile-target interaction give a good description of the
dence of the charge of the ionizing agéafpointlike charged collision dynamics at high enough collision energies. How-
particlg. It is the fundamental difference between the influ-ever, in collisions with neutral atomic targets mainly small
ence of a short-range potential in the case of ionization by ampact parameters contribute to the ionization cross section.
neutral atom and that of the long-range Coulomb potential irAt those small distances the interaction can be strong even at
the case of ionization by a charged particle which is mainlyv —c, which may lead to the failure of the first-order ap-
responsible for this contrast. proach.

To emphasize some consequences of this difference we Considering electron loss from hydrogenlike Pb ions we
note that our asymptotic double-to-single ionization ratiosfound in Ref.[15] that the inclusion of the many-photon

FIG. 2. Same as Fig. 1, but for impact on neutral Au atoms.

B. Nonperturbative behavior of the loss process
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exchange into the consideration changes the loss cross se 0.4 — T T T
tion by about 5% in collisions with neutral Au at the asymp-
totically high energies. Correspondingly, for hydrogenlike Kr
projectiles in collisions with neutral Au we get roughly 10%,
which still is small but non-negligible.

The results of the present work now clearly display,
that—even for collision velocities practically equal to the
speed of light—strong deviations from first-order results can
take place. We have already seen that the TS-2 mechanisi
dominates, provided the conditid®) is fulfilled, which is
the case for all projectile-target pairs given in Table I. The
TS-2, however, involves the exchange of at least two photon<g 0.2
(one photon per one electrpand, thus, is not a first-order IN
mechanism. Moreover, the influence of many-photon pro-
cesses, where the target exchanges with each of the projectil
electrons more than one virtual photon, can also be substar
tial.

According to the definition of “perturbative” and “non-
perturbative,” given in the beginning of this section, one can
generally refer to the difference between results, obtainec
with the first order(12) and “exact” (13) transition ampli-
tudes as to theonperturbative behavioof the loss process.

(2) The double ionization cross sections foPh Xe>?*, 0.0 e i R A
and KP** ions impinging on Au atoms, calculated within the 0.001 0.01 0.1
IEM with the first-order transition amplitudél2), are by b (a.u.)

35-42 % larger than the corresponding nonperturbative re- o

sults. Figure 3 shows the corresponding ionization probabili- - £ 3. perturbative vs nonperturbative probabilitieg(b) for
ties as a function of the impact parameter. Clearly, the regiogouple ionization of heliumlike Pb and Kr ions by ultrarelativistic
of very small impact parameters is responsible for the projmpact on neutral Au atoms. Thick solid line, nonperturbative result
nounced nonperturbative behavior. for PE%*; thin solid line, perturbative result for B ; thick dotted
(3) Regarding single ionization of heliumlike Kr, Xe, and line, nonperturbative result for R¥; thin dotted line, perturbative
Pb ions by impact on neutral Au, the influence of the many-esult for Ki4*.
photon exchange on the cross section is much weaker, of
course. In particular, this influence turned out to be evenarget electrons does not affect much the double ionization
smaller than that we found for the electron loss from theeven for not very heavy projectile ions. This suggests that the
corresponding hydrogenlike projectiles. This observation camlouble ionization mainly occurs at impact parameters where
easily be explained if one notes that within the IEM thethe projectile-electrons interact, in essence, with the un-
identity o"=2(07,5s— 0?) holds, where|,s denotes the screened target nucleus. In the nonperturbative treatment the
cross section for the electron loss from the correspondingcalingZ; gets lost and the double ionization cross sections
hydrogenlike projectile. Hence the weaker signs of the nonincrease slower wittz, than it would follow from the per-
perturbative behavior in single ionization are due to a partiaturbative consideration. It is very likely, however, that this
compensation of the contributions of the many-photon exslower increase is a signature of the many-photon exchange,
changes to the electron loss and double ionization. As thehich for strong interactions are known to reduce ionization
collision system P#Au shows, by accident this compensa- cross sections compared to perturbative results, rather then
tion can be almost complete. some indications to a greater role played by the screening
(4) In the set of neutral targets, presented in the Table leffects in the nonperturbative treatment. Such a conclusion is
Kr is the lightest one. At the asymptotically high energies thedirectly supported by the curves plotted in Fig. 3 where the
field of Kr represents already a quite weak perturbationmain difference between the perturbative and “exact” results
(since the ratiZ; /v is rather smallZ;/v~0.26). Therefore appears at very small impact parameters where the screening
in this case, as the results for both single and double losgffects are of minor importance.
indicate, the application of first-order perturbation theory to  In the conclusion of this section, we would like to point
calculate the one-electron transition amplitualg . (b) is  out the following. It is rather obvious that, within the IEM,
justified. cross sections for multiple-electron loss from heavy projec-
(5) The perturbative calculations predict that fors3B, tiles, having several electrons, may be even more sensitive to
=90 the double ionization cross sections should approxithe form of the single-electron transition probabilityfb)
mately scale according tzf‘ dependence. Such a depen-than the cross section for double-electron loss from heavy
dence would be the exact scaling law within the IEM for heliumlike projectiles. Therefore, as the results of the present
collisions with bare target nuclei. Thus, according to the perpaper show and contrary to usual statemésee e.g. Ref.
turbative treatment, the screening of the target nucleus by the 2], p. 204, the application of perturbation theory for ob-

0.3
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taining the one-electron transition probabilfigh) might re-  ionization by heavy targets. Second, the double ionization of
sult in considerable errors in calculated cross sections fovery heavy and even not very heavy heliumlike projectiles
multiple-electron loss from projectiles. occurs mainly in collisions at so small impact parameters,
where the screening effects of the target nucleus by the target
electrons are already rather weak. Third, the double-to-single
ionization ratio is strongly dependent on the atomic number

We have considered single and double ionization of heavy, of the target. Fourth, this ratio was found to be nearly
heliumlike ions in ultrarelativistic collisions with heavy neu- independent of the nuclear chargg of the projectile.
tral atomic targets. Our consideration was based on the as- The last two predictions can be directly tested in an ex-
sumption that the two-center electron-electron correlationgeriment. In particular, after upgrading the accelerator facili-
are of minor importance for the projectile-electron loss. Thisties at the GSIDarmstadt, Germanythat will allow to ac-
assumption seems to be well justified if both the projectilecelerate ions to collision energies corresponding to the
and the target are heavy enough. In addition, for such collit grentz factory= 20, these predictions could be experimen-
sion pairs the TS-2 mechanism was shown, by invoking scakally verified for heavy heliumlike projectiles witd,= 30.
ing arguments, to be the dominant one in the projectile
double ionization.

Four main conclusions can be drawn from the present
study. First, even in the asymptotic regign-~ the many- One of the authoréA.B.V.) acknowledges with thanks the
photon exchange between the target and each of the projesupport of the Deutsche Forschungsgemeinsdb#G) and
tile electrons plays an important role in the projectile doublethe Max-Planck-Gesellschatt.

IV. CONCLUSION
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