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Calculations of ionization cross sections have been performed for removing electrons from 2s and 2p
levels in hydrogenlike atoms by heavy-charged-particle impact using the binary-encounter approximation
(BEA). The ratio of o, /o, is predicted to peak when the projectile has a velocity equal to 0.3 times
the velocity of the atomic electron. Experimental values of o /o, in agreement with Born
predictions, peak at a velocity significantly lower than that predicted by BEA calculations. By
transforming to coordinate space in an approximate way, predictions for the impact-parameter
dependence are made. In the 2s case, the ionization probability has a pronounced local minimum for
impact parameters near half the atomic radius, corresponding to a node in the 2s wave function. The
ionization probabilities for arbitrary charged particles on arbitrary targets may be easily found by
applying scaling laws to values tabulated over a wide range of projectile velocities.

I. INTRODUCTION

There are many ways to predict cross sections
when a limited number of channels are open, and
when the process may be considered as a two-
body problem. Since neither of these criteria is
easily met in the case of atomic ionization by
heavy-charged-particle impact, it should not be
surprising that few practical solutions exist, and
that the existing solutions are rigorously valid
only in certain regions, i.e., at high energies.
Consequently, it is reasonable to develop and test
models, particularly in regions where rigorous
solutions do not exist, where data do exist, and
where the model is relatively simple to use.

The binary-encounter approximation'~® (BEA),
of course, is such a model, useful at low and
intermediate projectile velocities where it is not
clear that the Born* ® or Glauber® approximations
rigorously apply. The cross sections obtained in
the BEA model obey remarkably simple scaling
laws suggesting that vacancy-production data for
various projectiles and targets should have the
same velocity dependence. Experimental data
support this simple model to a remarkable degree,
i.e., the data for ionization of inner-shell elec-
trons by the impact of protons and « particles is
usually within a factor of 2 of the BEA predictions
(and Born predictions, as well) over a wide range
of projectile velocities.

Recently, the BEA model has been extended”* 8
to predict the impact-parameter dependence of the
ionization cross sections, i.e., to compute the
probability of ionization as a function of the impact
parameter of the projectile. In extending the mod-
el, at least two additional assumptions are intro-
duced, namely, that (i) there exists an algebraic
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relationship between the velocity of the atomic
electron and its distance from the nucleus; (ii)
ionization occurs when the projectile and electron
are separated by a distance small compared to
the atomic radius. The predictions themselves
are in good qualitative agreement with recent im-
pact-parameter measurements for K-shell elec-
trons. Furthermore, comparison with multiple
K- and L-shell ionization” ® data supports pre-
dictions for the L shell near zero impact parame-
ter.

While there has been considerable work done for
filled atomic shells, little attention has been given
to the subshell structure. Recently, Hansen’ has
computed cross sections for ionization in the 2s
and 2p subshells. However, there has been no
prediction of the impact-parameter dependence
of the ionization probabilities for atomic sub-
shells in either the BEA model nor any other mod-
el.

In Sec. II we formulate expressions for ioniza-
tion cross sections and probabilities in the 2s and
2p subshells. In Sec. III, we compare our results
to recent observations' ' of o, | /o, and oy, /
OLy -

In Sec. IV, we present predictions for the ioniza-
tion probability in the 2s and 2p subshells, each
of which differs significantly from the prediction
for filled shells. Applying the usual scaling laws
for these probabilities to tabulated values, pre-
dictions for arbitrary targets and projectiles are
easily found.

II. FORMULATION

In the BEA model, one approximates the ioniza-
tion problem by considering a binary encounter
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between a projectile and a free electron. The ef-
fective two body cross section, averaged over
allowed energy transfers, I'? is then averaged
over the density distribution for an atomic elec-
tron. The expression for the differential cross
section, do.;/d(AE)dq, has been derived by Bates
and McDonough,'? namely

do e 4zt

d(AE) q= U% q4 f p(vz)vz d'Uz . (1)

Here q is the momentum transfer, AE is the ener-
gy transferred to the target electron, z is the
charge of the projectile, Z is the nuclear charge
seen by the atomic electron, e is the charge of
the electron, v; is the projectile velocity, v, is
the electron velocity, and p(v,) is the density dis-
tribution of the atomic electron. This expression
is valid for arbitrary density distributions p(v,)
in randomly oriented targets (e.g., no external
electric or magnetic fields). The density distri-
bution is normalized according to

[ ptesnzas,-1. (2)

The total cross section may then be found by
integrating Eq. (1) over allowed ranges'' 2 of energy
and momentum transfers. It is important to note
that the limits of integration depend on v,.

For filled hydrogenic shells, the density distri-
bution, corresponding to the square of the wave
function in momentum (or a microcononical
statistical distribution of classical particles) is
given by

2o
T (E+ 03’

p(vz)= (3)

where the binding energy —U=3mv%. In this case
the total cross section for ionization is given by

w E
o(V) = fo p(v,)2dv, fv ' %gd(w)
_NZo
X gv), @

where N is the number of electrons in the filled
shell, V=v;/v, is the scaled velocity, 0,=6.56
x107 ¢cm?eV?, and G(V) is a tabulated® function
of V. A closed form expression for do./d(AE)
is given® by Garcia.

For the 2s subshell, the density distribution is
given by

a0 =2 s 0~ o ®)
2s\Y2 T (Ui +vg)6 2 o/
Now the total cross section for removing electrons

from the 2s level may be computed using Garcia’s
result® for do./d(AE), giving

TABLE I. G(V) vs V for 2s and 2p electrons. The
cross section for ionization is given by o (V) =szo°G Vv)/
U?. Here N =2 (or 6) for 2s (or 2p), 0,=6.56x10"14 cm?
eVZ, U is the binding energy meV, and V = (mE/MU )2
=v;/v, is the scaled velocity where the projectile energy
E=4mv? and |U| =} mv}. Hansen’s tables (Ref. 7) of
U%0/N% correspond to 0,G (V) %10, In our notation,
0.729(—4) =0.729x 1074,

14 Gys¥) Gy V)
0.10 0.729(—4) 0.959(=5)
0.12 0.246(=3) 0.494 (—4)
0.14 0.601(-3) 0.171(=3)
0.16 0.124(~2) 0.510(=3)
0.18 0.211(-2) 0.125(~2)
0.20 0.327(-2) 0.278(2)
0.22 0.458(~2) 0.488(-2)
0.24 0.598(—2) 0.915(~2)
0.26 0.743(~2) 0.153(1)
0.28 0.890(-2) 0.227(-1)
0.30 0.118(~1) 0.325(~1)
0.32 0.170(-1) 0.458(~1)
0.34 0.238(~1) 0.614(~1)
0.36 0.317(~1) 0.785(~1)
0.38 0.446(-1) 0.975(~1)
0.40 0.645(~1) 0.118
0.42 0.896(~1) 0.141
0.44 0.118 0.164
0.46 0.153 0.187
0.48 0.193 0.211
0.50 0.236 0.236
0.52 0.283 0.260
0.54 0.331 0.285
0.56 0.381 0.309
0.58 0.432 0.334
0.60 0.479 0.358
0.62 0.523 0.381
0.64 0.565 0.405
0.66 0.605 0.429
0.68 0.643 0.452
0.70 0.679 0.475
0.72 0.708 0.496
0.74 0.730 0.516
0.76 0.746 0.535
0.78 0.757 0.553
0.80 0.765 0.570
0.85 0.773 0.611
0.90 0.773 0.650
0.95 0.758 0.673
1.00 0.731 0.684

1.2 0.598 0.684

14 0.495 0.607

1.6 0.419 0.526

1.8 0.358 0.443

2.0 0.312 0.376
2.25 0.264 0.308

2.5 0.225 0.255
2.75 0.192 0.213

3.0 0.166 0.180
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Ei dO’ eff

0,.(0) = f Pasvpiddv, | TR d(aE)
2% 6,0), (©)

where G,,(v) is tabulated in Table I. Hansen’s
tables” of U?0/Nz? correspond to 0,G(V)x10'®,

Similarly, for 2p electrons where the density
distribution is given by

5
V9 4

e (v2+v ¥ 3 vzvo, (7
()

Pzp (vz)
the total cross section is given by

05 (V) = _Z_Eg(%zzﬂ’_) (8)

where G,, (V) is also listed in Table I. We note
that

2G,,(V) +6C2,(V) =8G(V), 9)

corresponding™® to 20, +60,, =80,. These results
may be easily used to compute total cross sections
for ionization in the 2s and 2p levels.

In order to express the cross section in terms
of the ionization probability, i.e.,

o(V) = r 2mb P, V)db (10)

we must transform to coordinate space. This may
be done” ® by assuming that the electron velocity
v, is a function of its distance from the nucleus, o.
This may be done classically, using conserva-
tion of energy, namely

smi—(Zet/r)==smi, (11)

but this gives imaginary values of v, for »>2a
=2n/v,, where z is the principal quantum number.
Instead we prefer Hansen’s relation,’

r 02
f p(ry?dr + f p(v,)2dv, =1, (12)
0 0

in accordance with the uncertainty principle. Here
p(r) is the coordinate space density distribution,
and p(v,) is the velocity space distribution.

We may now express the cross section in the
form of Eq. (8). Since v, =v,(r), we may write
Eq. (4) as

o(v)=f: p(r)rzdrf&fl‘(i—?kE—v)zgﬁd(AE)

=(1/4n) J-m plr)d®r d(fg;;‘f) d(AE)

f 2mb db f P((b2+22)”z)dz

*[ dam dan). (13)

We now identify

2 2\1/2 d d
P(B)= f p((®?+ 22!/ dz +z) )dz zTZ%d(AE)-
(14)

Here we have chosen p(r) rather than p(v,(»))
since using the former gives a correspondence®
to the plane-wave Born approximation and better
represents data for K -shell ionization. We have
also assumed that b is the impact parameter of
both the projectile and the atomic electron.

It has been previously pointed out® that, in the
BEA model, the ionization probability satisfies
remarkably simple scaling properties, namely
that

P, V)=(2/2)?*P(b/a, V), (15)

where P(b/a, V) has been tabulated® for ionization
in the K shell. Here a is the radius of the atomic
electron. In Sec. IV we tabulate P, (b/a) and

Py (b/a, V).

III. CROSS-SECTION RATIOS

In order to compare the results of Sec. II to
experimental x-ray measurements, it is neces-
sary to transform from 2s, 2p notation to L, Ly,
Ly notation. The (n, I, n;, s,m,) wave functions
may be related to the (x, j, m,, s,m,) wave functions
using Clebsch-Gordan coefficients. Since the
density distributions are just the square of the
wave functions, it is straightforward to derive
the obvious relations,

Pr, =Pass Pry =Pr, =Pap - (16)

The binding energies for L;,, L;, and Ly differ
from one another. Consequently, at a fixed pro-
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FIG. 1. Ratio of o, /0, vs projectile energy for
»+Pb. The plane-wave Born-approximation (PWBA)
calculation is from Merzbacher et al. (Ref. 4). The data
were taken by Shafroth et al.
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FIG. 2. Ratio of oLm/aL" vs projectile energy for
p+Pb. At the same scaled velocity, the BEA model
predicts that the ratio is 2. At a fixed projectile energy,
deviations from two are due to differences in the binding
energies for Ly and Ly electrons.

jectile velocity, the scaled velocities are different
for each subshell. Therefore, O, and o, are
not identical at fixed projectile velocity. Further-
more, the subshell sum ruled defined by Eq. (9)
is broken. In most instances, the subshell bind-
ing energies are similar, and the differences
which we have just discussed are small.

Recently there have been observations of the
ratio of o, 1/0" in atoms near’® Z =80 and near!!
Z =60 over a range of projectile energies. In Fig.
1 we compare the BEA results to the observations
of the group'® in North Carolina, and to predictions
by Merzbacher.? Our BEA results (shown) differ
by 20% or so from those quoted by Madison et al.
(not shown). In any case, the Born results tend to

predict the position of the peak more accurately
than do the BEA results. In our calculations we
find that the position and magnitude of the peak is
a sensitive function of the scaled velocity, so that
these measurements tend to emphasize delicate
features of the total cross sections.

In Fig. 2 we compare the BEA prediction for
oL, /oLn to experiment and to the Born calcula-
tion. In the BEA prediction, the increase in Ly /
oLy at low energies reflects the sensitivity of
G,, (V) to small changes in V due to differences
in the subshell binding energies U, y and ULm . In
this case the BEA predictions seem closer to ex-
periment than the Born predictions.

In Fig. 3 we predict a universal curve for oL,/
oL, for fixed scaled velocity. Here, one must
vary the projectile velocity, so that the scaled
velocity, -V =(Em/UM)"? remains the same. This
curve has a sharp local maximum at V=0.30 and
a broad local minimum at V' =0.70. According to
our BEA predictions, the ratio L /O'L" =2 at
fixed scaled velocity.

IV. IONIZATION PROBABILITIES

Previous BEA calculations”® of the ionization
probability indicate that the probability is essen-
tially a monotonically decreasing function of im-
pact parameter for filled shells. Born calcula-
tions and observations for ionization in the K shell
agree with the BEA predictions and with each
other within ~50%.

In Fig. 4 we present the ionization probability
for 2s and 2p electrons at V=1. The dominant
feature in both cases is that the impact parameter
dependence is markedly different from the mono-
tonic dependence for filled shells. In the 2s cal-

50 BEA PREDICTION FOR
40}
Gop//3055
30 N FIG. 3. Ratio of 05,/07,
20k / AN vs projectile energy at
// \\ fixed scaled velocity. Ac-
/ \ cording to the BEA model,
Ol / N " cross-section ratios for
o 'or / AN - all targets and projectiles
L1 o8p / S~ taken at the same scaled
0.6} ,/ velocity should lie on this
I / curve. The maximum
04t / occurs at V =0.30 and the
L / minimum at V =0.70.
/
0.2t /
/
/
/
L L | L ! ! ] | ! [
0 ol 02 03 04 05 06 07 0.8 09 10 Il 1.2
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culations there is a local minimum near b =3a,
corresponding to a node in the 2s radial wave func-
tion at b =3a. In the 2p case, there is a maximum
near b =a, again due to a maximum in the 2p densi-
ty distribution. The sum of twice the 2s proba-
bility plus six times the 2p probability gives an
impact parameter dependence which monotonically
decreases. However, in coordinate space the
density distributions do not satisfy the sum rule
[Eq. (9)] for filled shells satisfied by velocity
space density distributions.

Comparing Fig. 4 and Fig. 5 we see that the
minor variations in the 2s values of P(b) corre-
spond to variations in the kinematics near b =3a.
Since such variations are not present for the 2p
shell in either P(b) or the kinematics, we attribute
these 2s minor variations to kinematics. Since
these fluctuations appear to be due to Hansen’s
kinematics, and since we have no correct kine-
matics in our classical approach, we find it dif-
ficult to state definitively whether or not the minor
fluctuations are correct. In our opinion they are
probably spurious. However, especially since a
quantum mechanical calculation®® is feasible, we
see little point in stating a definitive conclusion
in this matter. Furthermore, these minor fluctua-
tions seem to be comparable to experimental er-
ror with existing experimental technique. Con-
sequently, we leave the question somewhat open.

In Tables II and III we present tabulated values
of P(b, V) for the 2s and 2p subshells. The ion-
ization probability for projectiles of charge z

incident on an atomic electron bound by a nuclear
charge Z=n(U/13.6)"2, is given by (z/Z)?P(V, b).

V. DISCUSSION

In the BEA model, cross sections are computed
using a single parameter, namely the binding en-
ergy U which may be determined experimentally
in most cases. In the Born approximation, two
parameters are adjusted to correspond to experi-
mental values, namely the binding energy U and
the effective nuclear charge Z. Furthermore,
the less rigorous BEA model corresponds to the
Born approximation in the limit of high velocities
of the ejected electron. Consequently, it should
come as no surprise that the Born approximation
gives somewhat better agreement with the OLy /
0z, experimental data than does the BEA model.
If there is any surprise, it is that these approxi-
mations work at all in this low energy region. In
the same vein, one should view with caution pre-
dictions of universal curves such as Fig. 3, since
many simplifying assumptions have been made in.
order to produce such a curve. At best such re-
sults can be expected to reflect a general trend
to be looked for in experimental data.

In Sec. II we pointed out that to compute total
cross sections in coordinate space required more
assumptions than are required in velocity space.
In our calculations we have chosen the density
distribution equal to the square of the wave func-
tion, i.e.,

2

p",<f)=lwn,(f>|2=fdﬁe"*’"w",@)

Z .
e Such a choice preserves the correspondence® to
2
@ 4 2s
g —— Classical
> ——— Hansen
5
Foel 3
3_os
)
fa
a —_
z = 2%
S = \
\
3 | S N
= TN DN SN N TN RN W [NSNN SRU NN SN SO TS NN S R T N " ~N
02 04 06 08 10 12 14 16 18 20 \
N~ — —
% 0 1 | 1 — =
0 | 2

FIG. 4. Probability for ionization in the 2s and 2p
subshells as a function of impact parameter at V=1. r /
The minimum in the 2s curve occurs at b =3a, corre- a

sponding to the node in the radial wave function for 2s
electrons. The solid curves employ Eq. (11) while the
dashed curves use Eq. (12) due to Hansen. The two
approximations give similar results except at large
impact parameters.

FIG. 5. Velocity-distance diagram for the 2s sub-
shell; the solid curve is classical [Eq. (11)] and the
broken curve is due to Hansen [Eq. (12)]. For the 2p
subshell, Hansen’s result is very close to the classical
result.
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the Born approximation. Hansen, on the other
hand, chooses’ a different density distribution
corresponding to

p..,(F)=fdr’)e“’"l\l'nx(x’n)lz.

In this way Hansen preserves Fock’s'* sum rule,
namely that )}, p,, is independent of », which our
choice fails to satisfy. However, Hansen’s choice
leads to wave functions in coordinate space which
are not hydrogenic. Fortunately the differences
in the ionization probabilities and cross sections
are usually small compared to the over-all accu-
racy of the BEA model itself. Unless one is
searching for a fine detail, or is at low velocities,
it makes little difference which method is used.
Except when one is forced to work in coordinate
space (e.g., computation of ionization probabil -
ities), it is preferable to work in velocity space
(e.g., total cross sections) where these ambigu-
ities do not arise.

Since we have seen that the local minimum in
P(b) for 2s electrons corresponds to a node in the
radial wave function, it seems reasonable to ex-
pect that the BEA model will predict n—1-1 local
minima in general corresponding to the n—1-1
nodes in ¥,,(r) for higher shells.

Finally, we should like to point out that there
exist no data on the impact parameter dependence
of L-subshell ionization cross sections. Nor have
there been calculations done in the Born approxi-
mation, although appropriate expressions!® exist.
Such measurements and calculations will provide
a further test of the atomic ionization cross sec-
tions.
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