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Population of Rydberg states by electron capture in fast-ion—atom collisions
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The [, m-substate distribution in low-lying Rydberg manifolds (7 =~ 10) following electron capture

- H* + H(ls)—H(n) + H* is calculated at high velocities (v>1 a.u.) in the continuum-distorted-
wave (CDW) approximation. The standard CDW approximation is modified to account for final-
state Stark mixing of the Rydberg manifold in the exit channel using the post-collision-interaction
model. The influence of multiple-scattering contributions is analyzed and comparison is made with
o predicted by the Born approximation. We find that the double-scattering contribution, closely
connected with the classical Thomas process, becomes visible in the CDW approximation at surpris-

ingly low nonasymptotic velocities.

I. INTRODUCTION

The formation of Rydberg states in ion-atom and ion-
solid collisions has gained considerable interest in recent
years. From an experimental point of view this interest is
largely motivated by the observation that a considerable
fraction of the projectiles leave the target in highly excited
states! ~* and that these weakly bound electrons can be
strongly affected by even weak (laboratory) electric and
magnetic fields.>® The theoretical study has been stimu-
lated by Shakeshaft and Spruch, who pointed out, in a
series of papers,’ —° that capture into Rydberg states pro-
vides a possibility to isolate second-order Born effects in
the charge-transfer process.

It is now widely believed (although not proven) that at
asymptotically high velocities v >>vpr (With vp=Zp/n
and vr=Zr/n’ being the orbital velocities of the electron
in the projectile and target state, respectively) the second-
order Born term provides the leading contribution to the
cross section. The second Born (B2) amplitude is intimate-
ly connected with the classical double-scattering process
originally proposed by Thomas'® which describes electron
capture as a sequence of two binary collisions: a quasifree
electron is first scattered off the projectile through an an-
gle of 60° with respect to the projectile velocity V and
then scattered through 60° off the target in such a way as
to leave the electron with almost zero velocity in the rest
frame of the projectile. The quantum-mechanical double
scattering process as described by the second term in a
Born expansion is thought to dominate at asymptotically
high velocities because of its uniform velocity dependence
v~ irrespective of the initial and final states involved.
This contrasts with the faster falloff in the first Born
approximation (usually referred to as the Oppen-
heimer-Brinkman-Kramers (OBK) approximation)
o «v~ 272 =2 with a strong dependence on the angular
momenta of the initial (/') and final (/) states. The
single-scattering process described by the OBK approxi-
mation is an intrinsic quantum-mechanical process. Since
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capture of ‘a free electron in a single binary collision is
classically forbidden the charge transfer is mediated only
by the high-momentum components of the bound-state
wave functions, or equivalently in coordinate space, by the
portion of the wave function at small distances from the
nucleus.

The asymptotic regime where the B2 analysis is expect-
ed to be valid can be reached at moderate laboratory ve-
locities (v~1 a.u.) only for Rydberg-to-Rydberg charge
transfer”!! (or in a somewhat related process in ion-
molecule scattering!?) where both orbital velocities are
small; vpr<<1l. For processes involving ground-
state—to—ground-state capture, however, the asymptotic
regime is not reached unless the projectile energy exceeds
several MeV/nucleon. First evidence of the Thomas peak
in the differential capture cross section has recently been
found'? for H* +He at 7.4 MeV (v ~17.2 a.u.).

We consider in the following the ground- to Rydberg-
state charge-transfer process for the symmetric system
(Zp=Zr),

H*+H(1s)—>H(nlm)+H* (1)

at intermediate velocities v >1 where the asymptotic re-
gime has been reached with respect to the final state
(v >>vp) but not with respect to the target state and where
experimental investigations are most likely to be feasible.
We confine ourselves in this communication to “low”
Rydberg states (n ~ 10) relying on the fact that for n >>1
(or, more precisely, n>>Z,/v) cross sections are only
weakly dependent on the principal quantum number n ex-
cept for a common scaling factor ~n =3,

Previous results obtained with the exact'* or the peak-
ing!! B2 approximation do not provide a reliable estimate
of the capture cross sections at finite velocities. The only
available exact B2 calculation for 1s—1s charge
transfer'# has shown to fail completely at moderate veloci-
ties (in this energy region op,>oopk Where the latter al-
ready overestimates the experimental data) pointing out
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the slow convergence of a Born-type perturbation expan-
sion. Furthermore, the additional peaking approximation
is in strong disagreement with the exact result except for
asymptotic velocities.

Several multiple-scattering approaches including
higher-order contributions have now been devised!® to
remedy this situation. We employ in our study a multiple
scattering approach, -the continuum-distorted wave
(CDW) approximation.'® Despite several deficiencies dis-
cussed by Taulbjerg,!” the CDW has some major advan-
tages:

(i) It treats distortion of the entrance and exit channel
on equal footing and therefore is well suited for nearly
symmetric collision systems.

(ii) It gives reasonable agreement with experimental
data for integrated cross sections.

(iii) The capture amplitude is available in analytic form
for arbitrary final states.!®!° By comparing with corre-
sponding results for the population of Rydberg levels in
first and second Born approximations (in peaking approx-
imation) we will study the influence of various higher-
order contributions over a wide range of final-state quan-
tum numbers.

In our investigation of Rydberg states special attention
has to be paid to the influence of long-range Stark mixing
in the exit channel. Hydrogenic manifolds with a large
number of different angular momentum states are ex-
tremely sensitive to final-state interactions with the resi-
dual target ion. We incorporate Stark mixing within a
modified CDW approximation, the CDW-PCI approxi-
mation in a nonperturbative albeit approximative form
with the help of the post collision interaction (PCI)
model.?° This allows a detailed analysis of the influence
of angular momentum mixing by an electric field in Ryd-
berg states. Atomic units are used throughout.

II. THEORY

For the sake of clarity we briefly review the major steps
 of our theoretical approach. A more detailed discussion
can be found elsewhere.!* =2

The cross section integrated over all scattering angles of
the projectile for capture into a hydrogenic nlm state is
given by

[ @k |t (K) | 28(K-V+02/2+A6) , (2)

Onlm = (27 )2
where t,,,,,,(k) denotes the transition matrix element from
" a 1s initial state to a final nlm state as a function of the
momentum transfer kK with Ae=€;—¢; being the reso-
nance defect. The quantization axis is chosen to coincide
with the direction of the projectile velocity (§=%2).

The transition amplitude in the CDW approximation
can be evaluated most conveniently by expanding (2) in
terms of parabolic states!® !

16

- n—|m|—1
tim (K)=" 3

ny=0

Co (L, m)ts o (K) 3)

with

C,,l(n,l,m)
:(_1)n1+(lm | —m)/2 T+ 1

n—1

2 2 !
“Amlamon m—mn
2 2
(4a)
and
n=n;+ny+|m|+1 (4b)

according to the unitary O(4) transformation between the
different representations of the hydrogenic wave func-
tions. The representation of the transition operator in the
parabolic basis is particularly convenient for incorporat-
ing final-state Stark mixing. The long-range Coulomb in-
teraction between the excited electron and the residual tar-
get ion leads to a strong mixing of the degenerate I states
within a Rydberg manifold: this occurs at large internu-
clear separations long after the primary charge transfer
has taken place. This process can be treated analytically
in a nonperturbative but still approximate way, through
the post-collision-interaction (PCI) model.?’ Restricting
to the leading dipole term in a multipole expansion of the
electron-target interaction the evolution operator is given
by

UPU o0, Ro) =exp [(i/v) [0 dRFR)d |, 5)
, AR F(

where F(R)=(Z;/R?)% is the electric field of the target
ion at large distances and d=—T the dipole operator.
The lower limit of the phase integral is chosen as the
smallest radius within the given manifold, namely,
Ro=(r)pi=n_1=(2n*4n)/2Zp. In Eq. (5) we allow for
the asymptotic charge Zr seen by the electron at large
distances to be different from the full nuclear charge Z;
for nonhydrogenic targets. In the present case we have
obviously Z;=Z7;=1 and no ambiguity occurs.

The evolution operator [Eq. (5)] is diagonal in the para-
bolic basis. Consequently, the modified CDW amplitude
tCPW—PCl 1aking into account final-state Stark mixing is
given by

tCDW PCI( K)=

i
iy 2" CDW () ©6)

nlnzm
with the Stark phase

3 Zrn(ny—ny)

- (7)
v 2R ozp

¢n|n2m =
Concurrently with our CDW calculation we have per-
formed a similar calculation with the modified OBK ap-
proximation,
¢,. ‘
172 ,OBK (k) (8)

OBK —-PCI
()= 108K,

tnlnzm
where tOBK denotes the standard OBK transition ampli-
tude.?
Comparing the perturbation expansion for the CDW
transition amplitude with the Born series for charge
transfer
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tim (K) =151, (K) £330, (K) -ty (K) + - - - ©)
one arrives at®
tPVE) =t () + 20 (K)+ 3 (K)+ -+, (10)

where ¢t denotes the nth order term in the perturbation
expansion. Correspondingly, the first- and second-order
Born approximations are given by

tOBK(K) =11} (X) (11)
and
12 (K) =ty (K) +17,(K) (12)

respectively. The primes in (10) indicate that all higher-
order terms (# =22) in the CDW amplitude are incomplete
with respect to the corresponding full Born series

[Eq. (9)]. The incompleteness of the double-scattering
term t\Z, in the CDW approximation has recently be-

come evident in the dip in the differential cross section at
the Thomas peak®* and in the deviations in the asymptotic
v~ 1! coefficient in the integrated cross section for non-s
states.!® This deficiency will become particularly impor-
tant for capture into states with large /. Despite this diffi-
culty the merits of the CDW approximation lie in the par-
tial inclusion of triple- and higher-order scattering contri-
butions (rn=3); at finite velocities, these multiple-
scattering contributions are responsible for bringing the
theoretical cross sections and experimental data in closer
agreement. Similarly, the PCI correction incorporates
higher-order terms which are effective in intrashell mix-
ing. The PCI introduces corrections of order (Zz /v) thus
leaving unaltered the asymptotically leading v ~!! term in
the cross section.

III. RESULTS AND DISCUSSION

In Figs. 1 and 2 we present the /m distributions o, in
n =10 for the capture process [Eq. (1)] at v =1 a.u. calcu-
lated in the OBK, OBK-PCI, CDW, and CDW-PCI ap-
proximations. Only positive m values are shown in view
of the symmetry relation oy, =0;_,. Although these
calculations have been performed at the matching velocity
(v =vr) and therefore should be taken with some caution,
the dramatic effect of multiple-scattering contributions is
clearly visible. For large angular momenta the CDW
cross sections are several orders of magnitude larger than
those in the OBK approximation. Moreover the relative
Im distribution is entirely different. The OBK distribu-
tions fall off monotonically with increasing / and m: this
is caused by the reduction of the high-momentum com-
ponents, or equivalently, by the reduction of the ampli-
tude of the wave function near the nucleus with increasing
angular momenta. The sensitivity to momentum match-
ing implies also a strong directional anisotropy: orbits
with high m lying in a plane perpendicular to V maximize
the momentum mismatch and, consequently, have exceed-
ingly small cross sections. The OBK approximation leads
to a highly aligned Rydberg manifold. The CDW approx-
imation, on the other hand, shows an ‘“oscillatory”
behavior of oy, for (fixed) large /. A similar trend has

H'+H —H (n=10) + H"
v=1

0BK - PCI

m 99 \

FIG. 1. o}, (a.u.) for HY +H(1ls)>H(n =10)4+H* at v =1
a.u. in OBK and OBK-PCI approximations. The maxima of
the cross section along the ! axis for a fixed value of m are
marked.

been observed previously by Crothers and McCann'® in
their study of the asymmetric system, C6+——>H, but an
explanation of the oscillatory structure has remained an
open question. As we will show below, the m oscillations
are related to the presence of the double scattering term,
2" which is expected in analogy with the B2 approxima-
tion to provide the dominant contribution to the full
scattering amplitude at high velocities.

Figure 1 and 2 reveal also some spectacular changes of
the Im distribution caused by post collisional Stark mix-
ing. The PCI induces a probability flux along the ! axis
with Am =0 from higher to lower / values. In effect, the
alignment of the primary OBK distribution is almost
completely removed (Fig. 1). A different picture emerges
from the CDW-PCI model (Fig. 2). The PCI effect is
generally less pronounced and in some cases tends to in-
crease the nonstatistical population by enhancing the m

H'+H—=H (n=10)+ H"

v=1
1t 1
CDW-PCI
10°5F 107}
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FIG. 2. oy, (a.u.) for HY* +H(1ls)—>H(n =10)+H* at v =1
a.u. in CDW and CDW-PCI approximations. The maxima of
the cross section along the ! axis for a fixed value of m are
marked.
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oscillations. The changes in the oy, distribution at v =2
a.u. are shown in more detail in Fig. 3. The redistribu-
tion to lower ! values by the PCI can clearly be seen, in
particular  along the line (I/=3,m=0)—(2,0)
—(1,0)—(0.0). Furthermore, the local minima at [=9;
m =1,3, and 5 become more pronounced due to the cou-
pling to neighboring / =8 states with the same azimuthal
quantum number.

Although a detailed analysis of PCI effects requires in
general the knowledge of the complete density matrix of
an n manifold?? (including the offdiagonal coherence ma-
trix elements entering the present calculation) a few gen-
eral trends may be readily extracted as follows: At high
velocities the sign of the coherence matrix elements in the
OBK and CDW approximations are such that the flux is
directed towards lower angular momenta in the case of an
attractive final-state interaction. We remark parentheti-
cally that a repulsive image-force on the electron of a
highly charged ion near metal surfaces would favor a
probability flux in the opposite direction to higher I
values. This could have some relevance in studies of Ryd-
berg states formed in beam-foil interaction.* The PCI ef-
fects are reduced with increasing projectile velocities be-
cause of the shorter interaction times ~1/v in the field.
The PCI mixing is enhanced at low m values because the
mixing angle given by the Stark phase ¢, ,,» increases as

m decreases [Eqgs. (4b) and (7)]. Finally, the PCI couples
predominantly neighboring states (l,m<>I+1,m) corre-
sponding to optically allowed transitions. The redistribu-
tion is therefore most effective whenever the primary
cross section distribution provides a large “gradient”
along the [ axis; i.e., large population differences between
neighboring states. Remark that these qualitative features
are independent of the actual choice of the lower limit in
the phase integral [Eq. (7)].

Let us now return to a more detailed analysis of the os-
cillatory structures in the CDW distributions. We observe
that the (almost) regular oscillations at v =1 (Fig. 2) have
evolved for />5 into an irregular oscillation pattern at
v =2 (Fig. 3). Further calculations at higher velocities re-
veal that this pattern develops into a converged structure,
as, for example, shown in Fig. 4 for v =20. The per-
sistence of this oscillatory behavior as v is further in-
creased suggests that an explanation of the oscillations in
the m distributions (for fixed /) may be obtained by exam-

H* +H —H (n=10) +H"
v=2

] cobw-PCl

G la.u)

a.u. in CDW and CDW-PCI approximations.

H'+H—H (n=10)+H"
v=20, CDW-PCI

10

107

¢ la.ul

10—19

FIG. 4. om (aw) following electron  capture
H*+H(1s)>H(n =10)4+H* in CDW-PCI approximation at
v=20a.u.

ining the predictions of the asymptotic B2 approximation.
This idea is substantiated by the observation that the dou-
ble scattering term (such as ¢?”” for CDW) of a number of
multiple scattering approaches has been shown? to give
rise to the dominant contribution to the asymptotic cross
section.

This conjecture is confirmed by comparing the OBK
and CDW distributions with the relative Im cross sections
predicted by the B2 approximation’ at asymptotically high
velocity

o« | YVim(6=60%0) | % . (13)

This simple dependence on the quantum numbers / and m
originates solely, as v— o0, from the double-scattering
term, ¢, and is identical with that predicted by the clas-
sical Thomas scattering. For more details we refer the
reader to Ref. 7 and 8. The comparison of ob2 with the
OBK and CDW cross sections (without PCI) is presented
in Fig. 5 for the n =7 manifold and for velocities ranging
from v =1 to 6. The evolution of of,>" into the Thomas
scattering distribution is clearly observed: the larger the /
value concerned, the faster the convergence. One notices
also that the onset of this development appears at surpris-
ingly low velocities, just above the target matching veloci-
ty. This contrasts strongly with the predictions of the B2
approximationg’” where the velocities necessary to reach
the limiting distribution (13) are appreciably larger. In
other words, in the velocity range presented in Fig. 5 the
single-scattering term, tOPK | still dominates over the
double-scattering term, t?,

Insight into the relative importance of different terms
in the CDW amplitude [Eq. (10)] may also be obtained by
a look at the OBK distributions (shown in Fig. 5 only in
cases where the cross sections are of comparable magni-
tude). For lower / and m where momentum mismatch is
not too severe, a?,),?K exceed aff,‘,)w at all velocities con-
sidered. One expects this reduction to be due to the in-
terference between ¢’ (and higher order) and ¢!’ such as
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FIG. 5. o5, (1=2,3,4) following electron capture

H*4+H(ls)>H(n =7)+H* at different velocities v=1—6
au.; — — — OBK; CDW; . - . . asymptotic Im distribu-
tion op’ « | ¥/™(Or)|? (arbitrarily scaled). Only a few OBK
cross sections are plotted; all others are small compared with the
CDW results.

to enhance the relative importance of ¢'?"" and thereby to
promote the appearance of the Thomas scattering distri-
bution even at moderate velocities (e.g., above v =3 for
1 =2). For higher I, and m, the amplitudes ¢*”, 3 .

are entlrely responsible for the magnitude of ag,,D since
oOBK s alread negligibly small at v=1. The fast con-
vergence of 01 WV to the Thomas scattering distribution is

108}
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FIG. 6. Differential cross section o0,,,(0) for
HY*+H(ls)>H(n =7, =5,m =0)+H* at v=10 a.u. as a
function of the center-of-mass scattering angle . — — —
OBK; CDW; . . . . (peaking) B2.

N
Wk
~

wnE

a clear indication, however, of the rapid dominance of
2" over all other multiple scattering terms.

Further evidence for the importance of the double
scattering term can be found in the differential capture
cross section

Tnim (0) = taim (K) |2 (14)

e |
)?
[k,=—(Ae+v2/2)/v, k,=pBv; u denotes the reduced
mass] shown in Fig. 6 for n =7, =5, and m =0 at
v=10 a.u. A unique signature of the double-scattering
contribution is the peak in 0,,,(0) at the characteristic
Thomas angle 6;=0.054" in the center-of-mass frame.
The OBK approximation shows a second peak at zero de-
gree. In the second Born approximation (with peaking ap-
proximation) the two peaks due to ¢! and t*® give con-
tributions of comparable magnitude to the integrated
cross section. By contrast, a strong enhancement of the
Thomas peak relative to the ¢! peak and, in addition, a
narrow dip precisely at the top of the Thomas peak can be

observed in the CDW approximation.

To complete the picture of the relative importance of
the single and multiple scattering contributions to the
CDW amplitude we examine next the velocity dependence
of the subshell cross section

O1=2, Opm - (15)

The results are displayed in Fig. 7. For the s state the
(destructive) interference between the s1nPgle- and the
multiple-scattering terms reduces oioy to values
below a?Bg_PCI over the whole range of velocities.
With mcreasmg I quantum numbers, the of >V P and

curves cross each other at decreasing velocities.

These crossing points lie for the p state at v~10, for the d
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FIG. 7. Velocity dependence of subshell cross sections o; fol-
lowing H* +H(1s)—»>H(n =7)+H*; — — — OBK-PCI;
CDW-PCI.
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state at v~3.2 and already for the f,g,... states is

oPBX P oDV P for w2 1.

As mentioned earlier, it is important to realize that the
velocities at which higher-order terms (in particular, )
included in the CDW approximation start to dominate lie
considerably lower than previous estimates obtained from
the B2 approximation.®!! A major cause of these features
in the differential and integrated cross section may be at-
tributed to the incorrect form of t?”. Indeed we find it to
give asymptotic v ~!! coefficients which for all non-s
states overestimate the correct double-scattering contribu-
tion. The correction factors!® are Rop(v— o)
“‘O’ZPD W/azp =3, R34(v— 0 )=32. Numerical results in-
dicate further that R,;(v— «) is weakly dependent on n
but rapidly increasing with I. For example, at v =50, one
has R7p_"3 95 R7d_29 35 R7f_..286 7 R7g—3 766
X 10% etc. We therefore expect the incorrect double-
scattering contribution to magnify the cross sections espe-
cially near the Thomas peak also at lower velocities.
Clearly more theoretical work is needed to develop a mul-
tiple scattering approach containing the complete double-
scattering amplitude and which would merge with the B2
approx1matlon at high velocities. The impulse approx1ma-
tion26 and the strong potential Born approximation?’ valid
for asymmetric systems belong to this category but im-
plementation over a large range of quantum numbers is
still lacking.

IV. CONCLUDING REMARKS

In the present exploratory study, we have examined the
population of Rydberg states produced by electron cap-
ture in a symmetric collision system. The theoretical
treatment based on a single-scattering approach (OBK)
and a multiple-scattering method (CDW) has attempted to
isolate two distinct effects, namely, the influence (i) of the
post collisional Stark interaction, and (ii) of the inclusion
of multiple scattering contributions on a description of
the final-state distributions.

Our findings are as follows. The post collisional Stark
interaction which we introduce analytically (although ap-
proximately) to modify the primary capture amplitude,
leads to dramatic changes in the substate cross sections
within a Rydberg manifold. The Stark mixing due to the
residual electric field of the target induces a shift of the
capture probability to lower I values. The OBK and
CDW approximations respond differently to the Stark

mixing, the effects being more pronounced in the first-
order theory. Also since the residence time of the projec-
tile in the interaction region is «1/v, these effects de-
crease with increasing projectile velocity. For capture into
high / states, the CDW cross sections are orders of magni-
tude larger than those of the OBK approximation. This
indicates the importance of higher-order terms in mediat-
ing the electron transfer into large / values. Moreover, the
signature of the double-scattering term shows up in the
CDW approximation in a magnetic substate population
which rapidly converges to a substate distribution
o« | Y3y (0=60°¢) | % in accord with the Thomas scatter-
ing (or equivalently the asymptotic B2) distribution. The
onset of this convergence, however, happens at remark-
ably low velocities and appears to be an intrinsic property
of the CDW Ansatz, due, in particular, to the specific
form of the double-scattering term incorporated (implicit-
ly) in the approximation.

These results suggest an experimental investigation of
the magnetic substate population as a sensitive testing
ground for charge transfer theories. Several possibilities
may be considered: for low n values the substate distribu-
tion may be extracted from a polarization experiment. In
this case a non-hydrogenic projectile may be more favor-
able to achieve sufficient spectral resolution in order to
sort out the- different angular momentum components.
This, in turn, would introduce some ambiguities in com-
paring with theory. Alternatively, microwave resonance
techniques®® have recently proven to be very successful in
determining substate cross sections. For higher n values
recent progress in field-ionization>?° may facilitate an ex-
traction of the spatial anisotropies in high Rydberg states.
This would require an extension of the theoretical analysis
to much higher n (and /) values (n > 30) where field ioni-
zation can be expected to be most efficient.

Finally we point out that conclusions are not restricted
to symmetric collision partners (Z, ~Zr) but also apply
to asymmetric systems (Zp > Z7). In view of the feasibil-
ity of observation®® of charge transfer from Rydberg-to-
Rydberg state, we expect in subsequent work to eliminate
the restriction of an initial ground state to consider cap-
ture from an arbitrary excited state.
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