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We calculate double-differential cross sections for the impact ionization of He targets by 1.5-MeV H*
and 28.5-MeV F°" ions using the distorted-wave strong-potential Born approximation. The theory is
compared with the experimental electron spectrum. Both theory and experiment show the low-energy
electron distribution, the electron capture to the continuum cusp, and the binary-encounter peak.

PACS number(s): 34.50.Fa

I. INTRODUCTION

The energy and angular distribution of electrons eject-
ed from atoms by ion impact [doubly differential cross
sections (DDCS)] have long been used to probe ionization
mechanism in ion-atom collisions [1,2]. Some of these
mechanisms, for example, autoionization, explicitly in-
volve multielectron interactions but important single-
electron mechanisms have also emerged. The simplest
mechanism is the direct ejection of an atomic electron by
a binary projectile-electron collision. This mechanism is
characterized by a vanishing value for the momentum
and energy of the recoiling target ion in the final state.
When the recoil momentum vanishes, the DDCS for the
ejected electron shows a peak, called the binary-
encounter (BE) peak, at a specific electron momentum
and energy. Because the electron is initially bound, this
peak is broadened by the Compton profile of the initial
state, but the details of target dynamics play no essential
role. This BE peak is readily identified and compared
with standard direction ionization theory.

A second mechanism, direct ejection of slow electrons,
is also well studied [3]. Here the field of the fast charged
particle at impact parameters outside of the range of the
initial 1s wave function perturbs the atom so that in the
final state the atom is excited or ionized. Here the low-
energy electron spectrum is seen as a continuation of ex-
citation across the ionization threshold. For initial 1s
states the ejected electron spectrum in the low-energy re-
gion decreases monotonically from a maximum value at
zero energy. The corresponding zero-energy peak is well
understood in terms of the first Born theory for direct
ionization [4] (DI).

The two peaks just mentioned have long been under-
stood for fast ions of low charge. In contrast, a third
peak due to the capture of electrons to continuum state
(ECC) mechanisms was identified much later [S—7]. This
mechanism is characterized by a cusp at an electron ve-
locity which matches the ion velocity in the final state.
Because the cusp represents a rearrangement process, the
theory of this effect requires a higher-order approxima-
tion for the amplitude. Initial computations employing
the lowest-order Brinkman-Kramers amplitude are quan-
titatively inaccurate [7] and a higher-order theory must
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be used [8].

The three mechanisms, binary encounter, direct ejec-
tion of slow electrons, and continuum electron capture,
are known experimentally even for collisions involving
highly charged ions. In this case, as emphasized by
Briggs [9] in connection with electron capture, it is natu-
ral to employ an expansion in powers of the smaller
charge of target Z rather than the charge of the projec-
tile Zp as done in standard first Born theories of ioniza-
tion. Then one obtains quite naturally the distorted-wave
strong-potential Born theory (DSPB) of ionization by
highly charged ions. With the formulation given by Ma-
cek [10] expansions in powers of charge are free of diver-
gences noted by Dewangan and Eichler [11]. Our objec-
tive in this paper is to apply the DSPB theory of
Taulbjerg, Barrachina, and Macek [12] to the ionization
of He by 1.5 MeV/amu H* and F°" impact, where mea-
surements are available [13].

It is clear that the DSPB theory includes the ECC
cusp, but it is less clear that the binary-encounter peak
and the slow electrons are well described in this theory.
For that reason we compute the DDCS for electrons
ejected at 0° and electron energies which include the slow
electrons, cusp electrons, and binary-encounter electrons.
The notation is described in Sec. II and the general
theory in Sec. III. Results are discussed in Sec. IV and
Sec. V presents some concluding remarks.

For more asymmetric collision systems Jakubassa-
Amundsen [14] uses the semiclassical impulse approxima-
tion (SCIA) and a peaking approximation to evaluate the
SCIA matrix element. This theory is similar to the
present DSPB theory. It uses a more restrictive peaking
approximation than is used in our DSPB calculations, but
less restrictive than used in the peaked-DSPB calcula-
tions.

Three other higher-order theories, namely, the exact
impulse approximation (IA) of Miraglia and Macek [15],
the continuum-distorted-wave (CDW-CDW) calculations
of Belkic ([16], and the continuum-distorted-
wave—cikonal-initial-state (CDW-EIS) theory of Fain-
stein, Ponce, and Rivarola [17], have been used to com-
pute ejected electron spectra for highly charged ions. We
show that these theories are all very similar and give ion-
ization amplitudes which are quite similar in form.
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There are important differences, however, in that the
CDW-CDW amplitude diverges while the CDW-EIS am-
plitude lacks the Thomas peak. The IA amplitude of
Miraglia and Macek [15] is convergent everywhere and
includes the Thomas peak. This theory differs from the
present theory in that our DSPB theory is much less
computer intensive. In addition, a peaked form of the
DSPB amplitude (PDSPB) is available which is readily
compared with other theories. The CDW-CDW theory
is described in Appendix C for comparison with the
DSPB amplitude, but because it is divergent no numeri-
cal results are given here. The form of the CDW-EIS am-
plitude is also compared with our peaked DSPB ampli-
tude in Sec. III. The reader is referred to the paper of
Crothers and McCann [18] for quantitative calculations
using the CDW-EIS theory.

Our quantitative calculations employ the model of
Bates and Griffing for the two-electron helium atom. Be-
cause this model was initially employed only for first
Born calculations of direct ionization we show that the
model derives generally from the independent-particle
approximation with specific choices for independent-
particle wave functions. The form used in the present
work employs further approximation described in Appen-
dix B.

II. NOTATION

We consider ionization of a neutral atom (7,e) com-
posed of a nucleus 7" and an electron e by impact of a
projectile P;

P+(T,e)»P+T+e . (1)

Charges of the projectile and target nuclei are Zp, and
Z, respectively. Let rp and r; represent the position of
the electron with respect to P and T, respectively. The
position of the center of mass of the system (P,e) relative
to T is Rp and R describes the position of P relative to
the center of mass of (T,e) (Fig. 1). After the scattering
the momenta corresponding to rp, ry, Rp, and Ry are
kp, k1, Kp, and K. The masses of projectile, nucleus,
and electron are Mp, My, and m. Atomic units are used
throughout this work but m is retained in some equations
for clarity.

The momentum transfer vectors K and J of Shakeshaft
[19] are employed. They are defined as

K=pBK,—K, , 2)
J=aK,—K,, (3)

P

FIG. 1. The set of Jacobi coordinates.
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with
a=M;/(Mr+m); B=Mp/(Mp+m), (4)

K, is the relative momentum of P and (T,e) before the
scattering, and K =K. The total energy E is expressed
as

E=E,=E,, (5)
E,= Ki +e 6)
: 2.U'P,Te b
K? k3 K?
Ef: / P = J +£f N (7)
201 pe 2pp, 2u T, Pe

where ¢; is the binding energy (T,e) in the initial state
and the reduced masses
M, (M, +M,) M M,

Rk =3 M, +M," M M+ M, ®

are employed. The velocity vector v is defined according

to

v=—=m 9)
.u'P, Te

To order O(m /Mrp,m /M, ) we have
K+J+mv=0 (10)
and
K?+2e;=J%+2¢, . (11)
The differential cross section is given by

do
dkp

=(2w)“f P—;T—eITPS(Ef—E,- )dKp , (12)

which can be transformed into an integral over the
momentum transfer K =|K]|.

dO' _ (217)4 © 2 5
dE,dQ, o’ kaKmindKKfO deglTI*,  (13)
with
v:+Zi+kp
min:.—_L—P . (14)
2v

Here dQ, and E, are the solid angle and energy of the
ionized electron in the target frame and dgy is the az-
imuthal angle of K relative to a plane. For electrons
ejected in the forward direction |T|? is independent of ¢
and we use

do  _ (27)°
dE,dQ, v?

krf, dKKITI*. (15)

In general the T matrix is written as (postform)
T=(®\ |V, — U, ¥"") (16)
=(o\|(V,~U)[1+GV,—U]lo;™), a7

where G is the full Green’s operator, V; (V) the poten-
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tial in the initial (final) channel, and U; (Uy) are distor-
tion potentials used to compute ®{*’ 7. These later poten-
tials are chosen so that ¥V, — U, and V; — U, vanish faster
than 1/R as R — oo, but are otherwise arbitrary. They
ensure that all integrals in the definition T are well
defined.

III. THEORY

A. The DSPB theory for ionization

Briggs [9] has emphasized the utility of expansions of T
in powers of Z;. This expansion has been developed fur-
ther by many workers [20-23]. Following Taulbjerg,
Barrachina, and Macek [12] we expand Eq. (17) in
powers of Z, to obtain the distorted-wave strong-
potential Born amplitude

TDSPB=<(Df'( VT— UT)|¢PSPB(+)>
+zT<<1>}(”’l Vrl®i™)

where ® + and <I>” are the zeroth- and first-order terms
in the expansion of @}~ in powers of Z; and ®P5* ") is
given by

(18)

!¢PSPB(+))=GPVTI<I)£-+)) (19)
with

VA

Vp=—=-"L, (20)
Fr
Z

Vp=——-% 1)
rp

The potential U7(R ) goes to —Z1 /Ry as Ry— o but
is otherwise arbitrary. Note that the strong potential Vp
(Zp>>Zy) is retained to all orders in the Coulomb
Green function Gp.

The initial state ®; is the product of a hydrogenic 1s
state and a plane wave describing the motion of the pro-
jectile,

3/2e"K,~‘Rr

D, =(2m)" @i(re), (22)
172
23 —Z,r
@is(rp)= 7T e TT. (23)
|
TDSPB(+) — _

(2 )3 z, [ 2 T |2(¢kp (rp)le T ()L (s)
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For ionization of two-electron helium atoms we use the
Bates-Griffing independent-electron model [24] which
employs Z;=(—2¢;)!/2=1.345. Since this model was
initially proposed for first-order Born amplitudes and its
extension to higher-order theories is not obvious, we dis-
cuss the justification of this model for highly charged ions
in Appendix B.

The final-state wave function @ is the production of a
plane wave of relative motion and a Coulomb wave of the
projectile-electron system;

<1>f=(27r)—3/2e“‘f Ry r,) (24)
¢ =(27)" 3/Ze1rBP/2r(l+iBP )eikl,.rp
XlFl(_iBP;l;"i[kprp+kp'rp]) s (25)
with the Sommerfeld parameter
Zp
=7 26
Bp kp (26)

An approximate DSPB amplitude derives from Eq. (18)
using several peaking approximations [12]. We use

(2m) 732
xfds<¢;;’(rp>|e
X Vp(s+31)@,(s)y(s)

TDSPB(+
—i(J+s)r
Plwi(r,))

(27)

where y(s) is a modified off-shell factor given by
Taulbjerg, Barrachina, and Macek [12], @,,(s) is the
Fourier transform of ¢, ) is the Coulomb wave func-

tion
() =2m) 3% TP (1 —ivple * T
X Filivp; ;i[ls—v]|rp—(s—v)1p]),  (28)
with the Sommerfeld parameter
Zp
=, 9
Up v (2 )

and Vr is the fourier transform of V;. We also set
v(s)=1. With this approximation the DSPB amplitude
equals the IA amplitude of Briggs [9]. Equation (27) is
then written in the momentum representation for the ini-
tial state,

(30)

This expression is very similar to the semiclassical impulse approximation used by Jakubassa-Amundsen [14]. We write

@i(s) 27z 1 9 1
= lim

T+s2 7

and use the Feynman integral [25]

_l_z 1——#—'
ab  Jo [at +b(1—1)]
to obtain
7572
TDSPBH—):__T__ fl ‘32 [ dsCui, (xp)le

(27T )‘T_’ZT ak

hp—2Zp 2hg OAT (J+s)X(s2+A%)

(31)

—i(J,

TP (5p )Py (s,m) (33)
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with
wWr=A2+J%)(1—1), (34)
J,=1-1t, (35)
v,=v+Jt. (36)

Here @;(s,u) is the Fourier transform of a hydrogenic 1s
wave function for nuclear charge .
The matrix element

—i(J,

M=y rp)le ) (1)) (37)

is recognized as a Nordsieck integral with the expression
(26]

\ Civpﬂﬁ,,ﬂ

M=—Q2m) °N(vp)N(Bp) hi“,oaxo g

X, Fiivp,iBp; 1;2) , (38)

where

N(a)=e™T(1—ia), (39)
A=(Ay—ikp)?+K?, (40)
B(s)=A3—2iAyls—v,|+(J, +kp)?

—v2—2(K—kp)-s (41)
C=AM+(K—kp)?, (42)
D(s)=(Ag—ikp)*—2(irg+kp)ls—v,]

+JP—v}—2K's , 43)
z—1—% . (44)

Equation (33) involves a four-dimensional integral, but
with fairly weak approximations the integral over s may
be done in closed form. Details are given in Appendix A.

Substituting Eq. (A27) into Eq. (33) using Eq. (31) gives

5/2 5
TDSPB(+)— _ T N N ) 1i li
2373 VeIV (Bp) A‘Tm D2, angak,
ivp+iBp—
ideCc? P .
X F (ivp,iBp;1;2) ,
fo i A'BPB 8. . 21\vp,ipp

(45)

where A and C are given above but B and D now no
longer depend upon s;

B=(Ag—iv,*+(J, +k,)*—2iplir¥, +k,— K|, (46)

D =B —2kp |irg+kp+v, +kp-J,

ik0?,+kp-K ~ ~
+ip—————— @, —kp) | . 47)
lirg¥, +kp —K|

Equation (45) requires a single numerical integral and
its form is thus difficult to compare with closed-form ex-
pressions of other theories such as the CDW and Born
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approximations. For J large compared with Z; we may
employ the peaked-DSPB approximation which takes

L. 1 (48)
J+s2 J2+Z2
It is easy to show that now the T matrix is given by
TPDSPB Z—5/2 N(VP)N(BP - a Cltp+iﬁ1>*1
Vom JP4+ZE a—00kg 4 Bep'ive
X F(ivp,iBp; 152") (49)
where
=(Ao—ikp)*+K?, (50)
B'=(Ag—iv)?+(J+kp)?—2iZ;|ir9+kp,—K]|,  (51)
C'=M+(K—kp)?, (52)
D'=B'—2kp |irg+kp+v+kp-J
+iZy;——————(—kp) |, (53)
lirg¥+kp—K]|
iy CIDI
z B (54)

This closed form expression is compared with the CDW-
CDW amplitude in Sec. III B.

Near the binary-encounter peak where kp ~v, we must
have J ~0 and K=~ —v. Then the argument z’ of the hy-
pergeometric function in Eq. (49) is much larger than uni-
ty and an asymptotic form [see Eq. (C22)] can be used.
Upon taking the derivative with respect to A, and retain-
ing only terms of lowest order in Z /v we have

(2Z3)17? 1 1

7 [JP+ZE)? [ K—kp|?
(kp+0)? | PP P(1—ivp)
IK—kpl|? C(1+ivp)
=TRuh (g, K)p,,(—T), (55)

TPDSPB . _ 7.

where T®R"M(k, K) is the Rutherford scattering ampli-
tude for the collision of an electron of momentum
K = —v with a nucleus of charge Zp. This shows that
the DSPB amplitude approaches the intuitive binary col-
lision model near the binary-encounter peak, as one
would expect from a correct theory for sufficiently high v.
Note here that the DSPB amplitude approaches the
binary-encounter amplitude when Z; /v << 1. In contrast
the Brinkman-Kramers amplitude, discussed below, ap-
proaches the binary collision model only when
Zp /v << 1, a much more restrictive condition.

In this paper we compute cross sections for electrons
ejected in the forward direction using Egs. (45) and (13)
multiplied by a factor of 2 (see Appendix B) to account
for the two electrons on He. These cross sections are
compared with the data of Lee et al.[13].
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B. Other theories

At high velocities the Coulomb wave ¥.')(rp) ap-

proaches a plane wave ¢,_,(rp). When ¥ )(rp) is re-
placed by ¢,_,(rp) the DSPB amplitude becomes the
first-order Brinkman-Kramers amplitude for electron
capture to the continuum. Note that this way of deriving
the first-order amplitude omits the potential U; as
correctly surmised by Brinkman and Kramers [4,27] and
by later authors. The omission of Uy occurs naturally
here owing to effects of higher-order terms in Zp, i.e.,

«*. is orthogonal to ¢’ but ¢,_(rp) is not. Standard
derivations omit Uy at the outset thus the omission of Uy
has been controversial. Here we have shown that such
omission derives from first principles.

The electron capture to the continuum amplitude in
the Brinkman-Kramers approximation is

TECC=(¢;P| Vel Y@, (—T) . (56)

Superficially, this expression appears to agree with the in-

tuitive binary-encounter model, since the matrix element

(¢ |Vpldg ) is often replaced by the Rutherford scatter-
P

ing amplitude [4]. This replacement is incorrect and

direct evaluation of the matrix element yields
|

TDI=<¢f|VP|q)i)

@z e —ivy)

TECC= _ 7 (2z7)' 1 N(Bp)
Pom U4 Z27 (K—k,)
K=k} |7
—_— , (57)
(K—kp)

which includes the additional factor

212 17 iBp

Bp /2 . K —kp
e F(1+iBp) |———
Br 4k2

This factor is recognized as the off-shell factor of
Taulbjerg, Barrachina, and Macek [12] and cannot sim-
ply be omitted as in some derivations (Mott and Massey
[4], p. 338) since then the ECC cusp is not represented.
We retain the form Eq. (57) in our calculations.

The standard first Born approximation for direct ion-
ization uses a target Coulomb eigenstate as a final state.
Since this a standard approximation widely employed in
theories of charged particle interactions with matter, we
compare our calculations with the Born approximation
for DI. The first Born approximation for DI of one-
electron ions [28] is well known. When written in terms
of the momentum transfer vectors J and K we have

J+kp P+ (Zp—ikp)? | 70T

P 4 Z2PIK—k,

J*+Z2
9 Zr(1—ivp) [ (T+kp 2 H(Zp—ikp P+ vk p+iZ [ T2+ Z 2]

(J+kp)AZr—iky)? ’ 8
where
Zr
VT:k—T (59)
Introducing the momentum vector q,
q=K—kp=—(J+ky) (60)
give the standard expression [4]
ITD’|2=—2—32—§ﬁ exp{ —(2Z;/kp)tan™[2Z k- /(g2 —kE:+Z2)])
7 q* kr [1—exp(—27Z;/kp)[(g*—k#+Z2)*+(2Z 1 ky)?]
X |(g*+q-ks )P+ —%% (q-kp)? | 1@ (q+kp)|?. (61)

Near the binary-encounter peak we have Z/k;<<1
and =K —kp=~—k; and Eq. (61) becomes

ZZ
p12__ <P 1 ~ T2
TP e e P
=|T®Ruth(k, K)|*[@,,(—T)|%. (62)
This expression agrees with the intuitive binary-

encounter model. It must be emphasized that only the
magnitude agrees, whereas for the PDSPB amplitude

I

both amplitude and phase agree with the intuitive model.
Belkic [16] employed the CDW-CDW theory for ion-

ization of atomic targets by ion impact. He gives

CDW—CDW _ _v .

T =(&/l Ve, V,T|§,~) , (63)
E=Q;N(vp) \F\livp;L;i[vorp+verp]), (64)
§,=@ N(ve)* \Fi(—ivp; L —ilvrp+verr]), (65)

where ®; and @, are given by Egs. (22) and (24), respec-
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tively. This T-matrix element is convergent and well
defined for bound-state capture, where it has been exten-
sively used, but for ionization (and excitation) the phase
of the matrix element diverges [29] for particular values
of kp and J. In some cases the magnitude also diverges.
Since a valid expression for the scattering amplitude must
converge in phase as well as magnitude [30] the CDW-
CDW theory is not applicable for ionization. These
divergencies are described in Appendix C.

Crothers and McCann [18] developed a continuum-
distorted-wave—eikonal-initial-state theory. Here the
final state is chosen as in the CDW-CDW theory whereas
the hypergeometric function (64) in the initial state is re-
placed by its asymptotic value. As discussed in Appendix
C the CDW-EIS theory is free of the divergences charac-
teristic of the CDW-CDW theory.

The three approximations for the 7T-matrix element,
namely, the CDW-CDW, CDW-EIS, and PDSPB, are
quite similar in form since the amplitudes can be written
in terms of identical hypergeometric functions; compare
Egs. (49) and (C4), for example. The main differences be-
tween them are the expressions for the argument z of the
hypegeometric functions

, CDW-CDW _ fz/a +OKBS) ’ 66)

, CDW-EIS By —ab , 67)
vB

,PDSPB _ A'B'—C'D’ , 68)
A'B’

where
2

az% , (69)

B=—1ki+Z7), (70)

y=1l(a+ky?+Z3)=1[J°+Z7], (71)

8=kp-v—k,v+B. (72)

The divergencies of the CDW-CDW theory occur
when the factor

a+B=4[K>—v +2kpJ—Z7]= [T +kp) —0’]

1
2
(73)

in the denominator of Eq. (66) vanishes. Because the cor-
responding factor of the CDW-EIS theory, Eq. (67),

B=1i[—v?—k}—2kpv—Z7]<0 (74)

never vanishes, the CDW-EIS theory is free of divergent
terms, but since B is independent of K the CDW-EIS
theory does not describe the Thomas double-collision
peak [31]. For comparison the factor in the denominator
of the peaked DSPB theory,

B'=(J+k,)—v*—2iZ;|kp—K]|, (75)

also never vanishes, although it becomes small near the
Thomas double-collision peak. Only the DSPB ampli-
tude in both finite everywhere and shows the Thomas

peak. While the presence of the Thomas peak is impor-
tant conceptually it is not great practical importance for
highly charged ions. Thus we will see that the DSPB and
the CDW-EIS theories agree moderately well.

The main difference of PDSPB theory and the CDW-
CDW theory is the appearance of the terms with the fac-
tors iZ; in B’ and D' [Egs. (51) and (53)]. These imagi-
nary terms prevent the PDSPB theory from diverging. If
we neglect these terms we are able to write

A'=2y , (76)
B'=~2(a+p), (77)
C'~2a, (78)
D'=2(B+y) . (79)

With this approximation it is easy to see that the variable
z of the CDW-CDW theory [Eq. (66)] and the PDSPB
theory [Eq. (68)] are identical for

kp-v—kpv=0. (80)

This is the case in the forward direction or in any direc-
tion at the ECC cusp (k,=0). Also when terms of order
v are neglected and Eq. (80) holds then the PDSPB and
CDW-CDW are identical. This shows the close relation
between CDW-CDW and PDSPB. The main difference
between the approximations is that the CDW neglects
2iZ ;v compared with a+ 3. This latter approximation is
invalid when a +f3 vanishes.

IV. RESULTS

Lee et al.[13] measured the electron spectra in the for-
ward direction ejected by 1.5 MeV/amu H™ and F°* im-
pact. The experimental results for H" and F°* are com-
pared with standard DI in Figs. 2(a) and 2(b), respective-
ly. The experimental electron spectra show an enhance-
ment of the cross section at low electron energies, the
ECC cusp at ky=v, and the binary-encounter peak at
k;=2v. The DI theory agrees with experiment only near
the binary-encounter peak. It lacks the ECC cusp and
greatly underestimates the number of low-energy elec-
trons, even for proton impact.

It is well known [7] that the cusp at v, =v is ascribed to
the Coulomb factor around the projectile

2mvp

IN (vp)|2= —2mvp— o as k,—0 .

1 —exp(—27v,)
(81)

The Brinkman-Kramers approximations (BK) contains
this factor and thus reproduces the cusp feature. Our BK
calculations [Figs. 3(a) and 3(b)] show that this approxi-
mation greatly overestimates the cross section, especially
for F°".

The PDSPB approximation also describes both the
ECC cusp and the binary peak. Figures 4(a) and 4(b)
compare the peaked DSPB theory Eq. (48) with experi-
ment. The PDSPB approximation overestimates the
binary-encounter peak, especially for F°*. This is ex-
pected since J ~0 near the binary-encounter peak and the
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peaking approximation Eq. (48) is not valid here.

The DSPB amplitude of Eq. (45) does not require
J>>Z,. Correspondingly, Figs. 5(a) and 5(b), which
compare the DSPB cross sections with experiment,
reproduce the region from kp=v to kr=2v quite well,
especially at the binary-encounter peak. Fainstein,
Ponce, and Rivarola [17] obtained results similar to the
DPSB curve using the CDW-EIS approximation. The
calculations are not directly comparable since Fainstein
Ponce, and Rivarola use a different wave function for the
He initial state than does the Bates Griffing model em-
ployed here. For that reason their DI calculations
disagree with experiment even at the binary-encounter
peak, while our DI agree with experiment at k;=2v.
Since experiment is normalized at the peak to a binary-
encounter calculation the data do not distinguish between
the DSPB and CDW-EIS theories.

Because of the uncertainties in the bound-state wave
functions for He we compute the cross sections for ion
impact on atomic hydrogen targets. Figure 6 compares
our DSPB calculations with the DI theory for F°*. We
see that the DI and DSPB calculations agree at the
binary-encounter peak. Because the binary-encounter
peak is used for normalization, we show an expanded
view of the binary-encounter region in Fig. 6(b). Note
that the present DSPB theory differs from the first Born
DI cross section by 8%. The DSPB peak is also shifted
to an electron energy slightly below 4(v2/2). This shift
appears to agree with experiment in the case of H, targets
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ions on He atoms. The points are the experimental data of Lee
et al. [13]. The solid line is the first Born theory for direct ion-
ization.
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et al. [13]. The solid line is the distorted strong-potential Born
approximation without peaking (DSPB).

[13]. In contrast the calculations of Miraglia and Macek
[15] employing a CDW final state and exact evaluation of
the integral over s obtain a peak position that is shifted
forward of the peak given by the DI theory. Again the
calculations are not directly comparable because Ref. (14)
considers H, targets instead of helium.

None of the theories accurately describe the low-
energy electron cross sections. This may indicate an
inadequacy of the Bates-Griffing model for these elec-
trons, or it may indicate that two-electron processes play
a role.

V. CONCLUSIONS

We have formulated the DSPB theory of impact ion-
ization of atoms by highly charged projectiles. Compar-
ison of computed doubly differential cross sections at 0°
with the measurements of Lee et al. [13] indicates that
the DSPB theory gives a good account of the electron
spectra in the region between the binary-encounter peak
at electron energies of 4(v?/2) and the continuum cap-
ture cusp at v2/2. The cross section for electron energies
less than v?/2 lies below experiment by a factor of the or-
der of 4. This discrepancy may be due to our use of the
Bates-Griffing model. We therefore show how the Bates-
Griffing model derives from the independent-particle ap-
proximation. It is possible to employ slightly different
independent-particle models which may change the cross
sections perhaps giving better agreement with experi-

Laboratory electron energy (eV)

FIG. 6. (a) The double-differential cross section for ejection
of electrons of E;=28.5-MeV F°" ions on H atoms; solid line:
the distorted strong-potential Born approximation without
peaking (DSPB); broken line: first Born for direct ionization.
(b) Same as (a), but only the binary-encounter peak is shown.

ment. This is an aspect of the DSPB theory that war-
rants further investigation.

For H-atom targets the initial-state wave function is
known exactly and the independent-electron model is also
exact, thus we present calculation for H-atom targets
even though experimental data are not available. Com-
parison of the DSPB theory for H-atom targets with the
standard direct ionization theory shows good agreement
near the binary-encounter peak, but also indicates that
the peak shifts toward lower energy in the DSPB theory.

Finally, a peaked version of the DSPB theory is de-
rived which can be compared with the CDW-CDW
theory and the CDW-EIS theory. We find that, in the
forward direction, the CDW-CDW and PDSPB ampli-
tudes have almost the same form. The main difference
between the two amplitudes is a logarithmic divergence
of the CDW-CDW amplitude near the binary-encounter
peak which is absent from the PDSPB amplitude. The
CDW-EIS amplitude is also similar in form to our
PDSPB amplitude, but lacks the Thomas peak. In con-
trast to the CDW-CDW amplitude, the CDW-EIS ampli-
tude is convergent. CDW-EIS calculations [17] for
F°* +He collisions agree with the available data to the
same degree as our DSPB calculations. The calculations
are not directly comparable owing to the use of different
wave functions for the ground state of helium. For that
reason we compute the, as-yet-unobserved, cross sections
for F°*+H. A shift of the binary-encounter peak to an
energy below 4(v?/2) is a noteworthy feature of the
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DSPB calculations for this system.
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APPENDIX A: EVALUATION OF AN INTEGRAL

In this appendix we evaluate the integral over s of Eq.
(33) approximately. All of the approximations used are
consistent with the peaking approximations [32] used to
derive our starting Eq. (30). Together with Eq. (38) one
sees that Eq. (33) has the form

TDSPB(+)— _ 4725/2 N(vp)N(Bp)
(27)’
i, i, gy Jo gl A
with
1=fds¢,.(s,m—a:;%2ﬂ abil1=<2 |, (a2
B(s)=A3—2iAgls—v,|+(J, +kp)?
—v2—2(K—kp)'s (A3)
D(s)=(Ag—ikp)® —2(ik0+kp)|s—v,|
+J2—v2—2K's , (A4)
a=ivp, (AS)
b=iBp , (A6)
=(AL4+JH)1—1) . (A7)

Note that we retain the approximation that v, is indepen-
dent of s and t. We rewrite Eq. (A2) with the help of the
integral representation

I(c)
L'(b)I'(c —b)

X f Zdx x® T (14x)2"(1+zx)"
0

JFila,bic;1—2)=

(A8)

and use the substitution y =Cx / A. We obtain

Ca+b—‘1 CD
————,F, |la,b;1;
ape T |eblm Ty
= [ "dyy* " '[C+ Ay} "' [B+Dy]
[(b)L(1—b) Yo .
(A9)
This expression is substituted into Eq. (A2) to give
=_l_ *® b—1 a—1
=D fo dyy? l[C+ 4yl U,(»), (A0
I,(»)= [dsp,(s,u)[B(s)+D(s)y] . (A11)
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A Taylor-series expansion of |s—v,| for small s gives

ls—v,|~v,—9,s (A12)
so that s dependence of B (s) and D(s) is linear,

B=B,+B;s, (A13)

By=A3—2iAg, +(J, +kp)*—0v}, (A14)

B,=2iApw, —2(K—kp) (A15)

D=D,+D;s, (A16)

Do=(Ag—ikp)?—2(iAg+kp)v, +J2—v} (A17)

D,=2(iAyt+kpV,—2K (A18)
Defining

€=2kp(¥V kp) (A19)
we may write

D,=B;t+e€. (A20)

We note that € is a small quantity when kp ~0 and when
~k p- The integral I,(y),

Il(y)=fds?pl(s,p)[(Bo+D0y)+(B1+D1y)-s]_" ,

(A21)
is readily evaluated to give
I,(y)=27)* %@, (r;r=0,p)
X[(B0+Doy)_l/_t|Bx+Dly|]_a ’ (A22)
1
I=027)" =0,u)————
@M (rr =0) T (1= p)
x ® b—1 a—1
fo dyy” '[C+ 4y]
X[(B0+D0y)_l’lt|Bl+D1y|]_a . (A23)

Our main concern here is to obtain an approximation val-
id when J =~0 where the peaking approximation of Eq.
(48) fails. When J =0 we have K= —v and kp ~v so that
B, and D, are parallel in the limit A,—0 and we have

|B,+D,y|=B,+D,y . (A24)

This equation is also valid when € is a small quantity in
which case we have

|B,+D,y|~B,+(B,+B,-e)y=B,+D,y  (A25
to order €2. Then we have
1
I=027) g, (rp=0,p)—————
e =0 T =)
X ® b—1 a—1
fo dyy” '[C+ A4y]
x[(Bo—l.‘u.Bl )+(D0_l‘ﬂD1)y]'a . (A26)

Because D, in Eq. (A26) is multiplied by u, we see that
the error in I due to the approximation (A25) is of order
ue’. This is smaller than the errors made in deriving Eq.
(30) from Eq. (18). Finally Eq. (A26) together with Eq.
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(A9) result in

3 Ca+b—l
I=(2m) srp=0,u)————
Pis\rr I 4bBe
CD
XF o 1——— |, A
1|4 AB (A27)
=(ho—iv)*+(J, +k,?—2iulir¥, +kp—K| , (A28)
D=Dy—iuD,=D,—iu(B,+B,-€)
=B —2kp |irg+kp+v, +kpJ,
iV, +kp—K ~
e P ¥, —kp) (A29)

tip—t =%
Hliag, +k,—K|

APPENDIX B: THE BATES-GRIFFING MODEL

We consider collisions of projectiles P with targets T.
The nucleus charges are Z, and Z; and the numbers of
electrons are Np and Nj. The internucleus distance
R(b,t) is a function of the impact parameter b and the
time ¢ Further rp (i=1,...,Np) and rp
(k =1, ..., Ny) are the electron coordinates with respect
to the projectile nucleus and the target nucleus, respec-
tively. The U-matrix element for inelastic collisions is

U,=(o/|Ul®;), (B1)
|
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where U is the time evolution operator.
As a first approximation we employ antisymmetrized
single-particle wave functions in the singlet state

@i(r, 1) =N (r,Zy J@1(10, Z 4 +)

—iE.t

T @i Zy gy (1, Z s )]e ', (B2)

He™
N=[2+2 ey (r,Zy )@y (r,Z, ) I*]7"2=1, (B3)

1
‘pf(rl’rl):7[¢)k(rl>¢)f2‘ﬂe*(r2)
—IiE t

To)g )y +(r))]e £ (B4)

Here ¢,(r) is a Coulomb wave function which describes
the ionized electron, and @, e+ (T) 1s a hydrogenic wave

function with nuclear charge Z_+ =2 for the He* ion.

The latter function may represent any final state f. The
function ¢,(r,Z) is a hydrogenic wave function with nu-
clear charge Z with the value

Zy.=1.345 (B5)
or

Z, +=2.000 . (B6)

The initial and final energies E; and E are the exact en-
ergies of the initial and final states. Using the wave func-
tions (B2)-(B4) and the symmetry of U under electron ex-
change we have

N
Usi= z’ﬁ<¢’k(r1)¢ﬂe+(f2)| Ulgy (1, Zy, Jpi5(r, Z o+ ))

N h ’
+2"—/7j*<¢k(r1)¢7l_le+(r2)|U|¢1s(r2,ZHe)q713(r1,ZHe+ )) exp[l(Eft —Eit)] . (B7)
As a second approximation we assume that the operator U is separable (independent-particle approximation)
u=u,U, (B8)
to write
Ufi:[‘/iN<(Pk(r1)|U1lq)ls(rl’zﬂe))<‘pf2’He+(r2>|U2|‘pls(r2’ZHe+ )
+\/§N<¢?k(r1)l Ul |¢1S(r1,ZHc+ )><¢)f2,He+(r2)i U2|§01S(r2,ZHe ) > ]exp[l(Eft'—E,t )] . (B9)
f
With the further approximations where
2
(@)U @1 (11, Z g ) = @1 | Uy gy (11, Z ) Ep=— ;’ , E,=E,—E,, (B13)
(B10) 2
T _ ki Bl4
Ep= 2 ST Ty (B14)

<(pf2,1-b:+(r2)1 Uylg (1, Zy,))

~ <¢’f2,He+(r2)|U2|‘P1S(I2,ZHE+ )
and the definitions
R (B11)

E;=Eq+Ep, (B12)

and n is the principal quantum number we get the result
Ufl’zz‘/ZN(q)k(rl)IUl |¢)13(r1’ZHe>>
Xexpl[i(Ept'—E;t)]
XC@y et (0N Usl@ys (10, Z )

Xexpli(Ept'—Ept)] . (B15)
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Because of unitarity, the sum over all unobserved final
states f, of the He™ ion gives

fzzl<¢>f2,He+(r2)|Uzl¢ls<r2,ZHe+)>|2=1 (B16)

so that the probability for emission of one electron in-
dependently of the state of the unobserved electron be-
comes

Pb)=S|U; P =2l @ (r)IU, @y (11, Zg N> . (B17)

fa

The factor 2 emerges automatically and represents the
fact that the helium atom consists of two electrons. The
cross section is given by the integral of P(b) over the im-
pact parameter b,

o= [P(b)db . (B18)

Following standard arguments we compute the cross sec-
tion using the time-independent version of the amplitude

(¢k(r1)| Ul |(pls(r1,ZHe))exp[i(Eflt'—Eilt)] .
]
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Thus we see that the Bates-Griffing model applies even
for highly charged ions.

APPENDIX C:
THE CDW-CDW AND CDW-EIS APPROXIMATIONS

In this appendix we examine the divergent behavior of
the CDW-CDW T matrix [16]. We set

Ae

q9=Kr—K;=q,——v (C1)
v

=K—kp, (C2)

where Ae=E, —¢; and E, and ¢; are the electron energy
in the target frame and the binding energy of the (T,e)
system, respectively. The transverse component of the

momentum transfer is q, (q,-v=0). The double-
differential cross section is given by
do
m:kadqllRCDw(ql){z , (C3)

where we have

IR cpw(q))1?= 4(q,k7)IN(v;IN(vpIN(Bp) 2RI |,F  (ivp,iBp;1;2)—ivpw,F i (1+ivp, 1+iBp; 2;2)|? (C4)
_a B8+Cy
© y Blatp)’ (C5)
1 for g2>>k2+2Z2
A(q,kp)=1 —om (C6)
T e ™" for g’ <ki+Z%,
B=q¢*+(1+ivy)qky, (€7
C=—ki);[q-kT+k%(l+ivT)]— [1+;"; [qv+kpv(l+ivy)], (C8)
RI= 27 ZEZ3 exp{—2vstan” [2k;Z; /(g2 —ki+Z2)}[(¢*+q-ks)+(q-k)2Z2) )
m vl [(kr+q?+Z7)*[(q —kp)+Z7][(q +kr)*+2Z7] ’
2
a=-q2— : (C10)
B=— Lk} +Z}), (C11)
r=slla+kp?+Z3]=1[J°+Z7], (C12)
8=kp‘v_‘kPU +B N (C13)
_Br—ad
——Y(a+3) . (C14)
Note that B and C of this appendix are not related to the parameters B and C used elsewhere in this paper.
In Eq. (C4) the expression for @ and z becomes infinite where (¢ +3)=0. We set
—_“
with
a+B=4[K>+k}—2kp K—kj—Z}]
=1 +k,?—v?] . (C17)
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The analytical continuation [33] of the hypergeometric functions

L'(e)I'(b —a) - 1
F biciz)=——— Z7(— a __ o1 — L2
2Fila,b;c;z) F(b)F(c—a)( z) %F, |a,1—c +a;l b+a,2]
I(c)['(a —b) b 1
+_—____, o —_ . —_ .
Moo —p) (2) 2F1 b 1me +b51 a+b,z] (C18)
gives
iv. T()T(iBp—ivp) —ivy—1
F(1+ivp, 1+iBp;2;z)= +p)"" - 4
@ F(1+ivp, 14iBp;252) =00 (@ +B) g Sy, (720
X ,F, 1+iv,,,iv,,;1+iv,,—iﬁ,,;ﬂiﬁ
Zp
iB F(Z)F(I'VP—‘IBP) —ifp—1
+(a+p)"" - P
(@t B R v —ig, 20
X ,F, 1+i/3P,i/3P;1—iVP+i/3P;——az+B (C19)
0

provided z,70. Near a+B=0 the expression (C19) has a divergent phase and oscillates rapidly in magnitude for

BP$VP.
When
vp=Bp (C20)
which implies
kp=|kp—v|=v (C21)
we use [33]
I'(c) -
Fila,a;c;2)=—~=———~(—z)"°
Filaaie = rre =g (7
© (a),(1—c+a), _
——(—‘)2—2 "[n(—z)+2¢(n +1)—¢la +n)—yP(c —a —n)] (C22)
n=0 n
[
for a+B—0 and |z| — . Equation (C22) shows that the d=e ™ (C24)
T matrix diverges logarithmically when |J+kp|=v and ’
kp=v. This occurs near the binary-encounter peak for
electron ejection angles greater than v /2. _ By—ad
The CDW-EIS [18] amplitude differs from the CDW- v (C25)

CDW amplitude only in the expression for o, 4, and z,

a B6+Cy
0=————", (C23)
v BB

Because 3 is negative definite » and z never become
infinite.
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