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so that at high energies, the ratio of this cross section to that for electron ionization (see Ref. 4) is

cion(protons,Ey) 1 my

B ,
oion(electrons,Ey) N m,

or for the same velocity

Tion(v1, protons)/oion (v1, electrons)=1.
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The utility of Gryzinski’s classical procedure for estimating charge-transfer cross sections is examined.
The essential content of the method is that charge transfer occurs whenever the energy transferred in a
Coulomb collision between the incident ion and the transferring electron lies between specified limits. For
protons incident on noble-gas and alkali atoms, it is found that the procedure in its present form is not as
reliable for predicting charge-transfer cross sections as for jonization, though individual examples of re-
markable agreement are found. Nevertheless, it remains possible that a more sophisticated classical approach

can reasonably account for charge transfer.

I. INTRODUCTION

HE classical binary-encounter approximation has
been found to be remarkably successful at pre-
dicting atomic ionization cross sections due to electron!
and proton? impact. Its present form is due to Gryzin-
ski.? In later papers,* Gryzinski proposed a procedure
for applying this approximation to charge-transfer
processes. It is this procedure which we have examined.
Section II describes the procedure. In Sec. III we
present some results for charge transfer to incident
protons from noble gases and from alkali atoms.
Wherever possible, we have compared our results with
existing data. Our study indicates that Gryzinski’s
prescription does not provide a generally reliable
quantitative, or even qualitative, guide to the energy
dependence of these cross sections, though some ex-
ceptional agreements with experiment are found. For
the noble-gas series, where adequate data exist, it
appears that the theory is best: (a) when Us>Usg,
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where U4 and Up are the binding energies of the
electron before and after capture, respectively; (b) at
incident energies E> ~2FE4x, Where Emac~ (M/m)U 4
=1836 U, is the incident energy at which the cross
section peaks on the Gryzinski theory. Some possible
simple modifications of the Gryzinski procedure, which
do not notably improve the agreement with experiment,
however, are described in Sec. IV. Section IV also
discusses some formal aspects of the Gryzinski pro-
cedure; this discussion is concluded in Sec. V.

The failure of the Gryzinski theory at low incident
energies is understandable, because for slow collisions
the assumption (basic to the Gryzinski theory) that
the electron is deflected only by the incident ion is
untenable. There is evidence® for the viewpoint that a
different classical approximation can correctly predict
charge-transfer cross sections at low energies. Moreover,
the Gryzinski theory seems to quite successfully pre-
dict® the cross sections for capture into the 2s state
by protons impinging on H, H,, and He. Therefore,
though our results do indicate that Gryzinski’s approxi-
mations are too simple, it remains possible that charge
transfer can be understood on the basis of a classical
approach more sophisticated than Gryzinski’s.

®D. R. Bates and R. Mapleton, Proc. Phys. Soc. (L.
87, 687 (oo ) roc ys. Soc. (London)
(1;(')17.) D. Garcia and E. Gerjuoy, Phys. Rev. Letters 18, 944
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II. ENERGY-EXCHANGE METHOD

The classical binary-encounter approximation is
based upon a knowledge of the cross section for energy
transfer, oag®f(v1,02), in the laboratory frame, resulting
from a collision of two charged particles of masses m;,
and m. (in charge transfer the masses, respectively,
of the incident ion and of the electron), moving with
arbitrary velocities vy,ve in the laboratory system,
averaged over all orientations of v,, for fixed speeds
v1,92. As proposed by Gryzinski,* the charge-transfer
cross section is then calculated by integrating oag®!f
over the range of values of AE for which there is a
significant probability of electron capture;

AEy

Tg10= / aa E"“ (v1,v2)dAE . (1)
AE;

The resultant cross section should be averaged over
the speed distribution for the bound electron, f(v2)dvs,
and multiplied by the number of equivalent electrons
involved. Gryzinski* proposed that the limits in (1)

should be
AE1=%M,1)12+ UA-" UB, (23.)
AE,=ima2+Us+Us, (2b)

where U4, Up are as defined above, and m, is the
electron mass.

A number of cases were calculated on the basis of
the above model by Gryzinski.* However, he used a
number of approximations in arriving at his results,
some of which are unnecessary. Because the classical
binary approximation provides a reasonable tool for
ionization cross-section prediction,!®7 we have under-
taken an examination of the usefulness of the above
model in providing general estimates for charge-transfer
cross sections. We list here the modifications to Gryzin-
ski’s procedure which we have used, and defer a critique
of this procedure until Sec. IV

(a) We use the correct expression, without any
approximation, for gag®!, which has been given recently
by Gerjuoy.® His expressions are readily integrated and
result in the following (for singly charged ions):

AE

oa®t'dAE
e 205 6vy/my

=__[____ ] if 0<AE<H
312wy ARE? AE
T e 2'1!1/ mi—vs/ma : (va3—2g%)— (1’1'3+1)13)]
3 vﬁvﬁ[” AE AE? ’

if <AE<a

T é 20,3

=— —(— ), if AE>a, mos> (mi—me)n
3020\ AE?

=0, if AE>a, mos<(mi—me)vr,

7 J. D. Garcia, Phys. Rev. 159, 39 (1967).
* E. Gerjuoy, Phys. Rev. 148, 54 (1966).
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where (3)

dmaym, L)
b= ——[El— Ey— —(my— m.)] ,
(ml+me)2 2
dmim, V102
a= —[El— Eot—(m1— mc)] )
(m1tm,)A 2

‘1)1’ = ('1)12-' 2AE/m1)”2 , ‘02’= (v22+2AE/m,)”’.

(b) We have not adopted Gryzinski’s use of ex-
ponential velocity distributions for the bound electron
because we could find no justification for this assump-
tion. However, this should have no major effect on the
results. All of our calculations were done by replacing
93 by (2U4/me)V?, corresponding to a é-function dis-
tribution consistent with the classical virial theorem
for Coulomb forces.

The calculations we report in Sec. III are then the
result of using (3) in (1) with limits as given by (2),
and with v,= (2U 4/m.)"%. It can be seen that (3) will
lead to divergent expressions for some v,>0if U, <U B}
if U= U, then the cross section diverges at v,=0. For
these cases, Gryzinski* proposed a geometrical upper
bound; it is not clear that this proposal is well founded
or generally useful. The procedures discussed in Sec. IV
avoid this difficulty of divergent cross sections.

Unlike the results for jonization cross sections, the
Gryzinski charge transfer cross sections—with the
limits as given by (2)—in general do not scale with the
bound electron energy. However, scalable expressions
are obtained at high incident energies. In particular,
consider the cross section for the case U,s>Ujp and
112205, in which events (letting meo/m1=AK1)(AE),
from Eq. (2) are <b, so that (per equivalent electron
in the target atom)

2U 42

AE?

010="——

met 1
3U4 )\E1[

3UA}AE=AE..

I “’

AB~sE;
Now, if in addition U p<K\E;+ U, then Eq. (4) yields
~21r et Usg
3 WU (Ey/Ua)

4 3
X[ : ] )
(ml/UA+ 1)8 ()\El/ UA+ 1)2

Equation (5) is scalable in the sense that for a given
impinging ion (fixed Ug) the resulting cross sections
per electron at high incident energies for different
target atoms 4,4’ are related by

¢T10(UA,E1)E(UAls/UA:’)am(UA:,El') ,
E)=Ua/UsE:. (6)

Another question which arises in the Gryzinski pro-
cedure is the convergence of the cross section when
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summed over all possible capture states. Our numerical
results indicate that the total capture cross section,
summed over all possible final states, does indeed re-
main finite when the ground state Up<U4. The con-
vergence readily can be demonstrated analytically for
protons incident on ground-state hydrogen atoms at
energies E; such that (5) is the cross section. For given
principal quantum number #g, Up/Us=1/2 in (5).
Thus the explicit sum over all np of the terms in (5)
is merely proportional to the sum of 1/#% over all
integers 7> 1. Hence we obtain

© [ NEYUat]
&_ ]1
0 NELU AL (\Ey/Ua+1)3

> a1 (7

np=1

where U, is the ionization energy of the ground-state
hydrogen atom.

In connection with the above result (7), we note that
the gaz°'f appearing in (3) has been integrated over all
final angular momenta consistent with given energy
transfer AE. For this reason, in performing the sum
over Ujp in (5), we do not multiply by the statistical
weight ns? of the capturing energy level U . Including
the statistical weight would cause the sum over final
capturing states to diverge. We also remark that the
Gryzinski theory predicts that the capture cross section
into the nth hydrogenic level is proportional to »~2 at
high incident energies, whereas the quantum mechanical
Born or Kramers-Brinkman approximations yield a
capture cross section having about an #=* dependence.®

III. RESULTS
A. Noble Gases

A large amount of datal®™* is available for total
charge-transfer cross sections of protons on the noble
gases. Figures 1-4 show comparisons with the Gryzinski
theory for He, Ne, Ar, and Kr. The theoretical curves
labeled G are the cross sections for capture into the
H(1s) state only, computed as described in Sec. II.
Plotting capture into just the H(1s) state facilitates
comparison between the Gryzinski prescription (curves
G) and possible alternatives (curves Gm and DB)
described in Sec. IV. In the energy range of the plots
in Figs. 1-4, inclusion of the sum over all excited states
has a negligible effect on the theoretical curves G at
low energies, but it increases them about 25%, at their
high-energy ends. In the very high-energy limit where

9 J. D. Jackson and H. Schiff, Phys. Rev. 89, 359 (1953).
WE, J.'De Heer, J. Schutten, and H. Moustafa, Physica 32,
1766 (1966).
u T B. H. Stedeford and J. B. Hasted, Proc. Roy. Soc. (London)
A227, 466 (1955).
2 p, M, Stier and C. F. Barnett, Phys. Rev. 103, 896 (1956).
13 C. F. Barnett and H. K. Reynolds, Phys. Rev. 109, 355
1958).
( 4 V) V. Afrosimov, R. N. Ilin, and E. S. Solovev, Zh. Techn.
Fiz. 30, 705 (1960) [English transl. Soviet Phys.—Tech. Phys.
5, 661 (1960)].
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F16. 1. Charge capture by protons in helium. Curves G, Gm,
and DB, present results. Experiment: Crosses, De Heer (Ref.
10); open circles, Stedeford and Hasted (Ref. 11); full circles,
Stier and Barnett (Ref. 12).

(5) holds, the H(1s) capture cross section is about 60%,
of the total capture cross section.

At energies past the peak in the curves G, the agree-
ment between theory and experiment is surprisingly
good, particularly in Ar. However, it is evident,
especially in Kr, that while the Gryzinski predictions
are adequate at some impact energies, large discrep-
ancies occur at energies near to and below the energies
at which the curves G peak. On the other hand, it is
likely that such very large discrepancies near the maxi-
mum mainly are a consequence of the particular choice
of (AE); [namely, Eq. (2a)] that Gryzinski prescribes,
and thus are not a necessary outcome of the binary-
encounter approximation. In case of Kr, for which
the discrepancy near the maximum is largest, the ioniza-
tion potential is almost equal to that of hydrogen,

10— —r
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H'+Ne — H+Ne* ]

a(mal)

P |
10*
Proton Energy (eV)

00l el
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F1G. 2. Charge capture by protons in neon
DB, present results. Experiment: Crosses,
open circles, Stedeford and Hasted (Ref. 11);
Barnett (Ref. 12).

. Curves G, Gm, and
De Heer (Ref. 10);
full circles, Stier and
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Fic. 3. Charge capture by protons in argon. Curves G, Gm,
and DB, present results. Experiment: Crosses, De Heer (Ref. 10);
open circles, Stedeford and Hasted (Ref. 11); full circles, Stier
and Barnett (Ref. 12) or Barnett and Reynolds (Ref. 13).

giving an almost divergent expression for oy (recall
Sec. IT). In Fig. 5, for protons incident on Xe, U, <Up
and the divergence is manifest. The cross-section curve
G becomes infinite at the velocity (v1)eric making
(AE);=0 in (2a), and remains infinite for incident
91 < (?1) erit. The horizontal dashed lines in Figs. 4 and 5
show the Gryzinski geometrical upper bounds (off scale
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Fi1G. 4. Charge capture by protons in krypton. Curves G, Gm,
and DB, present results. Experiment: Crosses, De Heer, (Ref.
10) ; open circles, Stedeford and Hasted (Ref. 11). The horizontal
dashed curve is the Gryzinski cutoff.

on Figs. 1-3). According to Gryzinski,
(0’1())ma,xg7l'aro2 (fA/do+ 272/UA)2 (8)

per equivalent electron, where 7, is the atomic radius
of the target atom. The values of r4 used are semi-
empirical values.!®

B. Alkali Atoms

There are relatively little data for charge transfer to
incident protons from alkali atoms. Figure 6 compares
theory and experiment!® for potassium target atoms;
as previously, the G curves are the Gryzinski pre-

T

F1c. 5. Charge capture by
protons in xenon. Curves G, Gm,
and DB, present results. Experi-
ment: Crosses, Afrosimov (Ref.
14); open circles, Stedeford and
Hasted (Ref. 11). The dashed
curve is the cutoff proposed by
Gryzinski.
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16 Handbook of Chemisiry and Physics (Chemical Rubber Publishing Company, Cleveland, Ohio, 1956), 35th ed., p. 3089.
16 The experimental total charge-transfer cross sections for protons on potassium were kindly furnished us by T. M. Donahue and

R. Nieman prior to publication.
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scriptions described in Sec. II. Again—as for all the
alkalis with incident protons—for capture into the
H(1s) level, Us<Up. Thus the Gryzinski prediction
[labeled G(1s)] diverges at incident velocities
< (v1)erit; as previously, the horizontal dashed line in
Fig. 6 is the Gryzinski upper bound (8).

The theoretical curves in Fig. 7 show the Gryzinski
predictions, including the upper bounds (8), for capture
into the H(1s) state using Li, Na, and Rb as targets;

10*
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F16. 7. Charge capture by protons into the n=1 state: (a)
lithium-atom cross section; (b) sodium-atom cross section;
(c) rubidium-atom cross section. Dashed curves represent the
Gryzinski cutoff.

in these cases no data could be found. In Fig. 8 are
shown the corresponding Gryzinski predictions for
capture into the n=2 levels of hydrogen. Although
these theoretical n=2 cross sections lie below the cor-
responding #=1 cross sections of Fig. 7, they are very
large at maximum. We note that the upper bound (8)
is independent of final Usp, i.e., (8) presumably is the
upper bound on the total capture cross section summed
over all final states. In Fig. 6, the line labeled G(2s,2p)
is the predicted oo for capture into the hydrogen n=2
levels.

We remark that so far we have made no mention of

1 charge transfer from inner shells of the target atom. We

H*%Rb—= H{1s) +Rb"

1 have computed the Gryzinski inner-shell charge transfer
1 in a few alkalis, and found it to be utterly negligible.

We would expect the inner-shell contribution to be
even more negligible in the rare gases, where the outer-
most shell contains many electrons, not merely one (as

1 in the alkalis). For these reasons, all the theoretical
1 curves we show, in Figs. 1-9, neglect charge transfer

from inner shells.

IV. AVOIDANCE OF DIVERGENCES

The results presented in Sec. III indicate that the
Gryzinski prescriptions are considerably less useful for
charge-transfer reactions than for ionization, whether
by incident heavy ions or by electrons. The circum-
stance that the Gryzinski procedure described in Sec. II
yields divergent cross sections for U4<Up and very
large cross sections for U4 only slightly greater than
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F1G. 8. Charge capture by protons into #=2 states: (a) protons on lithium; (b) protons on sodium; (c) protons on rubidium.

U, is especially troublesome. Evidently, the difficulty
arises from the fact® that the function gag®ff, which is
the integrand in (1), is proportional to (AE)~ for small
AE. Thus oy from (1) necessarily diverges whenever
(AE):<0, and is very large if (AE); only slightly ex-
ceeds zero.

A. Modified (AE),

One obvious way of avoiding divergent cross sections,
therefore, is to modify the Gryzinski prescription (2a)
so as to ensure that (AE); never is very small. The
possible modifications are myriad; the simplest try,
just to get some idea of the effect of altering (AE),
is to replace (2a) by

(AE)=¢mea’+Ua, )

leaving (AE), unchanged. Equation (9) is perhaps not
as well founded as (2a) when U,4>Upg, but has the
desired virtue that even when U, <Upg, (9) does not
permit charge transfer unless the transferring electron
gains energy in its binary Coulomb collision with the
incident ion.

The curves labeled Gm (Gryzinski modified) in Figs.
1-5 are the H(1s) capture cross sections using (AE),
from (9). As anticipated, the Gm curves remain finite
in Xe and reduce the discrepancies between theory and
experiment near the peak. At higher energies, how-
ever, the Gm curves in Figs. 1-5 are a poorer fit to the
data than the G curves. The fact that the Gm curves
lie a factor of about 2 below the G curves at higher
energies is obvious from Eq. (1). When U p<K\E;+U 4,
Eq. (1) is approximated by

o10=[(0a*")av JL(AE)— (AE){], (10a)
where (ocag°)ay is gag®f evaluated at
AE= (AE)nv':%me'UlLi' UA- (10b)

With Eq. (9) for (AE),, the difference (AE),— (AE);
is only half as large as when (AE); is given by Eq. (2a).

These comparisons between the G and Gm curves
suggest that a superior alternative to (2) would retain

(AE),— (AE);=2Up (11)

at high incident energies, though keeping (AE); positive
at low incident energies. Again, there are myriad means
of so modifying Egs. (2). Because we have no sound
theoretical basis for any such modifications, and because
it is understandable that the binary-encounter approxi-
mation fails at low incident energies (recall Sec. I),
we have not tried any other alternative [than (9)] to
Egs. (2). It seems likely, however, that one could find
empirical formulas for (AE);, (AE), yielding modified
Gryzinski charge-transfer predictions in agreement with
noble-gas data at both high and low energies. The
question whether or not such empirical formulas would
have any utility for targets other than noble gases is
not easily answerable a priori, and must be left up to
future studies.

B. Detailed Balance

Gryzinski’s prescription for computing ¢;0 has one
obvious fundamental theoretical defect: His prescrip-
tion is not generally consistent with detailed balancing.
This deficiency arises from the unsymmetric way in
which he treats the incident and target particles. The
unsymmetric treatment occurs at several points in
Gryzinski’s prescription, but is most apparent in his
formula for (AE);, Eq. (2a). In fact, Eq. (2a) implies
that when (AE); is negative in the reaction

Bt*4+4 — B4+4t, (12a)
then (AE),; remains positive in the reverse reaction
AY+B— A+ B+, (12b)

In particular, for the reaction (12b), at the same relative
velocity v; as in (12a), Eqgs. (2) are replaced by

(AE)i=3ma*+-Up—Uy, (13a)
(AE)u= %mavlz‘*' Up+Uya, (13b)

where U4,Up have the same values as in Egs. (2) and
(12a), i.e., where U4, Up are the ionization potentials
of the neutral atoms 4,B, respectively. It follows that
Gryzinski’s prescription surely makes one or the other
of the charge-transfer cross sections (12a), (12b)
infinite, in obvous violation of detailed balance. ‘
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The foregoing remarks, taken together with the
results of Figs. 1-5 discussed above, suggest the follow-
ing hypothesis: within the confines of the classical
binary-encounter approximation, Gryzinski may have
hit on very nearly the right formulas for (AE);, (AE),
under the circumstance that the initial binding energy
of the electron exceeds its final binding energy. On this
basis, it is not necessarily a defect that his prescription
violates detailed balance and makes oy infinite when-
ever the final binding energy of the electron exceeds its
initial binding energy. Rather, one can postualte that
Gryzinski’s prescription is to be used only when the ini-
tial binding energy of the electron exceeds its final bind-
ing energy; if the initial binding energy is less than the
final binding energy, the desired cross section is to be cal-
culated via detailed balance from the Gryzinski pro-
cedure for the reverse reaction.

The curve marked DB in Fig. 5 is the theoretical
cross section for charge transfer into H(1s) from ground-
state Xe atoms, computed via this detailed balancing
modification of Gryzinski’s prescription. Specifically,
at each energy E in Fig. 5, the DB curve is computed
from

G’DB(E)=(710|:H+, XC(ISO) i H(IS), Xe+(2P) ’ E]
= (ws/w:)or[Xe+(*P), H(1s)

_ﬁxe(lSO)) H+; TE]: (14‘)

where 7=Mx./M =131, and o1 on the right side of
(14) is the Gryzinski theoretical cross section for the
reaction

Xet((P)+H(1s) > Xe(1So)+H+ (15)

at incident ion energy 7E, computed in accordance with

GARCIA, GERJUOY, AND WELKER
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Sec. II; note that the equivalent number of electrons
now is %, because for any given incident Xe* ion, half
the target H(1s) atoms will have their electron spins
wrongly aligned for capture. Ignoring nuclear spins,
ws=12 is the statistical weight of the reactants on the
left side of (15); w;=1 is the statistical weight of the
reactants on the right side of (15).

The agreement in Fig. 5 between curve DB and ex-
periment is not particularly good. However, the ioniza-
tion potentials of Xe and of H are very nearly equal,
so that the Gryzinski computed cross section for the
reaction (15) tends to be much too large at energies
near its peak, for reasons previously discussed. Cor-
respondingly, the opgp(E) computed via (14) will be
too large at energies near its peak. Charge transfer to
H(1s) from alkali atoms should offer a much better
opportunity for useful exploitation of this detailed-
balancing approach. The curve labeled DB(1s) in
Fig. 6 is the detailed-balancing prediction for capture
into H(1s) from potassium, using the appropriate
analog of Eq. (14). Figure 9, to be compared with
Fig. 7, shows the detailed-balancing predictions for
capture into H(1s) from other alkali targets. For all
alkali targets, the ratio ws;/w;=1 in the analog of (14).
The DB curves for He, Ne, Ar, and Kr diverge, as
shown in Figs. 1-4 and are explained following Egs. (13).

V. CONCLUDING REMARKS

Even at high energies, where the Gryzinski predic-
tions remain finite for both reactions (12a) and (12b),
Gryzinski’s theory is not formally consistent with de-
tailed balance. For example, consider again capture
into H(1s) from Xe(’S,). Then in the very-high-energy

10F —— —— YT ——— A T T
: T T T I
F
H%Li—=HOs)+Lit H*% Na — H(is)+Na* H*% Rb — H(1s)+Rb*
]
\ DB (1s) DB (1s) DB (1s)
~o
o
E
b
Ol
F
oot d
4
10 10 2x10° 10* 2x10° 10* 10

Proton Energy (eV)

F16. 9. Charge capture by protons into the =1 state computed by detailed balancing: (a) protons on

lithium; (b) protons on sodium; (c)

protons on rubidium.
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limit, Eq. (5) yields for charge transfer to protons from ‘“heavy’ atoms,
which should include all target atoms examined in this
+ 1 +(2P) - -
ol HY, Xe('So) — H(1s), Xe* (°P) ’4E] . paper, except perhaps He and Li. Thomas’s theory
=6[27e*/(\E)}*JUs (162) jnyolves an important statistical assumption concerning
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where A=1/1836, U=13.6, and U 4=12.13. The ratio
of (16a) to (16b) differs by the factor Up/U 4 from the
ratio ws/w;= 12 required by detailed balance, Eq. (14).
This result carries the further implication that modify-
ing Gryzinski’s procedure, so as to make (AE); posi-
tive at low energies while retaining (11) at high energies,
cannot yield results consistent with detailed balancing.

On the other hand, Up/Uy4 is close to unity for
H(1s) capture from Xe(*So), so that in effect Gryzinski’s
high energy predictions (16) do obey detailed balance.
Even when Up is not so close to Us—or when the
numbers of classically “equivalent” electrons on the
left sides of (12a) and (12b) are not as wonderfully
consistent with quantum-mechanical statistical weights
as in the case of H(1s) capture from ground-state Xe—
the high-energy Gryzinski predictions will deviate from
detailed balance merely by a constant factor, generally
of the order of unity. This remark may help make it
believable that the Gryzinski charge-transfer cross
sections turn out to have approximately the correct
high-energy behavior, in the noble gases at any rate
(Figs. 1-5).

As Egs. (16) show, the Gryzinski charge-transfer
cross sections are proportional to £-% at high incident
E. Bates and Mapleton® have pointed out that Thomas’s
classical theory' predicts a high energy a1(E)~E~1/4

17 L. H. Thomas, Proc. Roy. Soc. (London) Al14, 561 (1927).

to incident proton velocities which are very large com-
pared to all reasonably probable bound-electron
velocities. The essential distinction between the Thomas
and Gryzinski theories, however, is that Thomas assumes
that capture takes place as the result of not one but
rather two binary encounters: first between the on-
coming proton and a bound electron proton, and second
between the scattered electron and the nucleus of the
atom to which it originally was bound.

Certainly at high energies, Thomas’s double binary-
encounter model makes more sense than Gryzinski’s
single binary-encounter model. Moreover, Thomas
does not postulate an energy range (AE); to (AE), for
significant probability of electron capture; he computes
the probability of capture for all initial (first binary
encounter) energy transfers AE and scattering angles.
Indeed, it is clear that the probability of electron
capture can not depend only on AE; especially at high
incident energies, to have any chance of being captured,
the electron must end up moving almost parallel to the
incident proton. Now the energies past the peak dis-
played in Figs. 1-5 are not so high as to make Thomas’s
E-1% dependence questionable; moreover, an E-1/4
dependence is practically indistinguishable from E-3.
It is possible, therefore, that Gryzinski succeeds at the
higher energies in Figs. 1-5 because at those energies
his postulated limits on AE, Egs. (2), happen to nearly
coincide with the actually effective range of AE in
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Thomas’s double binary-encounter integrals. Explicit
verification of this possibility would considerably
elucidate the theoretical foundation of Gryzinski’s pre-
scriptions for predicting charge-transfer cross sections.

In much of this paper we have criticized Gryzinski’s
prescriptions, on both formal and pragmatic grounds.
Gryzinski’s prescriptions do have one very important
practical virtue, however: Compared with most other
theories, Gryzinski cross sections—in their original form
or modified as suggested in Sec. IV—are very easy to
compute. It is interesting, therefore, that at high
energies, using Eq. (5), Gryzinski predicts

F<%li—> 17)

o103\ 2met NE TH3NE/U4 :l
Us 3 UA2|:()\E/UA+ 1)?
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Equation (17), which asserts ¢10E®\3/Up is a function
of N\E/U 4, is surprisingly close to the scaling law in-
ferred by Bates and Mapleton® from their modification
of the Thomas theory. Therefore, in the spirit of their
paper, in Fig. 10, we have plotted the experimental
values of ¢10EN\ against AE/U 4, for the noble gases and
potasium from Figs. 1-6. (We have multiplied the
values for He and K by 3 and 6, respectively, to obtain
six equivalent electrons in each case.) It can be seen
that the heavy noble gases scale exceptionally well;
however, all points lie close together in the region
101<AE/U 4<10. The fact that potassium agrees so
well with a curve obtained from scaling only noble-gas
data may be construed to mean that this curve can be
used for predicting other charge-transfer reactions in
this range of values of AE/U 4.
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Alignment of the H,™ Molecular Ion by Selective Photodissociation.
II. Experiments on the Radio-Frequency Spectrum*

C. B. RicuARDSON,t K. B. JEFFERTS,} AND H. G. DEEMELT
Department of Physics, University of Washington, Seattle, W ashington
(Received 10 August 1967)

Magnetic resonance transitions have been observed among several Zeeman sublevels of the hyperfine
states of Hy* in magnetic fields from 50 to 115 mG. The following g-factor ratios g (KF.F)/g(K'Fs'F’) have
been determined: g(1 % 4)/g(14 $)=0.584(3); g(14 3)/g(13 §)=1.241(6); ¢(1 4 $)/¢(3 § $) =1.051(5). An
analysis using the ratios yields equations relating the hyperfine interaction constants b, ¢, and d in the
Hamiltonian H=3I-S+cI,S,+dK-S, such as (V2c/6—v2d/3)/(3b/2+23¢/30—d/6) = (8/+/5){[g(1 3 3)/
£(3 § $)1—1}. When nuclear contributions to the g factors are included and a weighted average of the mea-
sured ratios is used with theoretical values of b and ¢ from the literature, a value for d may be obtained. The
result is d=32.245.1 MHz. With this it is possible to predict the Hy* hfs spectrum in the 20-cm region with
an error estimate of a few MHz. (133)—(1%4)=14153 MHz; (1%3)—(1%%)=1400.9 MHz;(1% %)
—(1%%)=1398.1 MHz; (1%%)—(1%3$)=1322.4 MHz; (1 §3)— (1 44)=1308.2 MHz. The ion sample
is contained electrically in an rf quadrupole trap where production and analysis of alignment is by selective
optical excitation by linearly polarized light of the transition 1s0-2po leading to dissociation. The mecha-
nism is briefly reviewed. A description is given of the trap and apparatus for the detection of the trapped

ions and magnetic resonance.

INTRODUCTION

N an earlier paper,! herein called I, a discussion was
presented of the feasibility of alignment of a sample
of free hydrogen molecule ions by optical means to
permit observation of the rf spectrum of this simplest
of all molecules. The source of the level splittings are the
several magnetic interactions in the ion which depend
differently on the average positions of the electron and
protons, so that a measurement of the spectrum provides
a very exacting test of the ground-state molecular
* Work supported by an Office of Naval Research contract and
grants from The National Science Foundation and the Army
Research Office (Durham).
{ Present address: Deiartment of Physics, University of

Arkansas, Fayetteville, Ark.
I Present address: Bell Telephone Laboratories, Murray Hill,

N.T.
1 H. G. Dehmelt, K. B. Jefferts, Phys. Rev. 125, 1318 (1962).

wave function, which is believed known to very high pre-
cision.? Interesting small effects such as unknown elec-
tron-proton radiative corrections, centrifugal stretch-
ing, vibrational effects, rotational mixing of excited
states,® and electron slippage should be revealed.
Further, Hy* has been discussed as a possible inter-
stellar radio source.* A laboratory measurement of the
spectrum would aid in a search for this radiation.

The method discussed in I for detection of magnetic
resonance in Hy* is akin to the optical-pumping method

2D. R. Bates, K. Ledsham, A. L. Stewart, Phil. Trans. Roy.
Soc. London, Ser. A 246, 215 (1953).

3 J. H. Van Vleck, Phys. Rev. 33, 467 (1929).

¢ K. S. Stankevich, Astron. Zh. 37, 983 (1960) [English transl.:
Soviet Astron.—AJ 4, 917 (1961)]; D. R. Bates, Monthly
Notices Roy. Astron. Soc. 111, 303 (1951); G. B. Field, W. B.
Sommerville, and K. Dressler, Ann. Rev. Astron. Astrophys. 4,
207 (1966).



