VoLUME 49, NUMBER 16

PHYSICAL REVIEW LETTERS

18 OCTOBER 1982

cally spectral width due to transit time and sec-
ond-order Doppler effects, We have also demon-
strated the use of laser deceleration as a highly
efficient means of producing a monoenergetic
atomic beam which should have important applica-
tions in spectroscopy, collision work, and other
areas which use atomic beams. Slow atoms
could be confined in optical traps by the sudden
turning on of a trapping laser when the atoms
were near the center of the trap. Alternatively,
the atoms could be further decelerated and fo-
cused’ into a continuously operating trap.® The
atoms could also be trapped by magnetic fields,
in much the same way that cold neutrons are
trapped.’® Such traps have been constructed with
well depths greater than the energy of our slow-
est atoms.

We are continuing to work on improving the
slow-atom density, which should allow the ob-
servation of still slower atoms. We are also
pursuing applications of slow atoms to trapping
and ultrahigh-resolution spectroscopy.
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Double ionization of helium at high projectile velocities, v, is considered in terms of
two mechanisms. In the shakeoff mechanism the ratio of double- to single-ionization cross
sections, o'* /o', is independent of v. In the two-step mechanism it is shown that o** /o

~@*1nw) 7!

. Combining amplitudes gives a reasonable fit to the observed velocity depend-

ence as well as an explanation of the observed factor-of-2 differences between double
ionization of helium by protons and electrons near v= 10vg,yp .

PACS numbers: 34.50.He, 34.80.Dp

At high velocities the physics of atomic colli-
sions becomes relatively simple. For example,
single ionization of atoms by charged particles is
fairly well understood" in terms of the Born ap-
proximation at high projectile velocities, v
>vorbite Here the total cross sections for single
ionization by protons and electrons are the same
and vary as v %?lnv. However, double ionization
at high velocities is not so well understood, even
for the simplest two-electron targets. Over the
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past twenty years double ionization of helium has
been observed by a number of independent groups®®
at v up to almost 40v 3 (where v 3 is the Bohr ve-

locity), or 20 times the electron orbit velocity in
helium. There has been no satisfactory explana-
tion of the velocity dependence of these data. And
there has been no explanation of the ~ 50% differ-
ences between double ionization by electrons and
protons.

In this Letter double ionization of helium is
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analyzed in terms of two mechanisms: shakeoff'°™*2
(SO) and two-step*® (TS). Both mechanisms are
found to be of comparable magnitude near v ~ 10v;.
Nevertheless, neither mechanism alone can ex-
plain the energy dependence observed. However,
combining amplitudes for both mechanisms not
only gives a reasonable energy dependence, but
also indicates that cross sections for double
ionization by protons and electrons differ.

Let us first consider briefly the SO mecha- l

nism.'°'? This corresponds to single ionization
followed by final-state rearrangement. The rear-
rangement, or shakeoff, is due to a change in
electronic screening of the nucleus when the first
electron is removed. Hence the initial (screened)
bound state of the second electron, ¢,', is not
orthogonal to the final (unscreened) continuum
state, ¢/, i.e., (¢, ¢,")#0. Thus (retaining the
notion of distinguishable electrons for the mo-
ment) the probability amplitude for double ioniza-
tion by shakeoff is given'®™? py

aso =Z.f0°° eXp[l'(Ef —'Ei)t]<(p1f| Vl ﬁl)ll)dt <(p2fi§02i> == ZPCI‘ (1)

In Eq. (1) it has been noted that aso~ — Z, (where Z, is the charge of the projectile) since aso is pro-
portional to V, the interaction potential between the projectile and the target electron (the minus sign

corresponding to the sign of V).

From Eq. (1) it is evident that the double-ionization cross section, ¢

ionization cross section, 0,‘, and for shakeoff,
R =5%/a* = (o, l¢,))I?,

which is independent of the projectile velocity, v.

Some calculations

i is proportional to the single-
()

10712 corresponding to Eq. (2) have

been reported. However, it has been found'?''* that R is sensitive to electron-electron correlation in
both the initial- and final-state wave functions. Although no definitive calculation of R in the SO mecha-

nism exists, a rough estimate is R~ 5x1073,

Now consider the TS mechanism,"® where both electrons are ejected via interaction with the projec-
tile during a single collision. Here, if the probability of ionizing electron 1 (2) is P, (P,), then the
probability for ionizing both electrons is P,P,. The probability amplitudes are also multiplicative so
that the probability amplitude for double ionization in the TS mechanism at high velocities, where first-

order pertubation theory is applicable, is given by

ars=aya, =i [, expli®, ~E ), IV] 9 hatti [ expli®, - B )10, 1VI0, ) dt} = 2,2, 3)

Here it has been noted that a s ~ V2~ Z,2, Like ¢, in Eq. (1), ¢, is a complex number whose phase and

exact magnitude depend on detailed calculation.

The v dependence of o't in the TS mechanism, which has not been previously given, is now deter-
mined. For two-electron atoms where both electrons are counted and |a112 =| azfz =|al? in Eq. (3), one

has

ot =211f0m(|al|2 +la,|?)bdb =4n fowlalzbdb
and

ot =2ﬂf;ial4bdb,

(4a)

(4p)

where b is the impact parameter. Now the probability amplitude, a (), is related"® to the scattering

amplitude f(¢), by
a=@m) Y/ Jy@.b)f@a.dq.,

(5)

where ¢ is the magnitude of the momentum transfer and ¢, is the magnitude of the component of q per-
pendicular to the beam direction. Here J; is a zeroth-order cylindrical Bessel function.

It is well known!''®'7 that the lnv behavior in o’ at high veloeity, v, comes from small ¢ (or large ).
Furthermore, for dipole-allowed transitions'® near 7 =0, f(¢) =cZ,¢™*, where c is a constant. Hence,

with g2 =92 +q*? one has'®
0

_icZ, (“Jdylgib)aidq, _cZ, q, N éexp(—q H)
—ZTTZ) A [q02+qL2J1/2 - ) [qob] 172 K1/2(L[OJ) =C v -——-——L-ZTb , (6)

where Z; is the nuclear charge of the target and C is a constant.
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Using Eq. (6) in Eq. (4a) one may obtain the high-energy behavior of the cross section for single ion-
ization. Contributions from small b [which have not been properly included in Eq. (6)] may be ignored
since bP(b) goes to zero at small b. Thus, with¢,~ Z*/v, b=Z;b, and 4,=9,/Z;, one has'®

cich

Zp exp(=4qoh)
bmin~Zp"! Zgb

v

2 2
bdb =czT*2<é> f
v 3 ~

- __db
exp(- 27,0) 2
1 0

—o(Z,\2 [ Mo _ db
~=CZ, 2<f>]: exp(- 2q0b)~b—
b~1

2
casi )

where A is the first Bethe constant.!

In(g,/Z,) =A <Z

2 Iz ), (1)

TZP)Z
v

The high-velocity dependence of the double-ionization cross section may be similarly®® obtained with

Eq. (6) in Eq. (4b), namely

o

C<§L>4 [
v bmin"‘ZT—l

©

4 4
bdb =c(£ﬁ)f
v B~1

4

(

exp(=q.b)
Zb

O_ii

—_—
v >0

where ¢,~ Z,2/v, and A and B are constants. It
is noted that P?=|al* peaks at smaller b than P.
Correspondingly, the logarithmic divergence in
o' as ¢,~ 0 does not occur in o*! since [b™*db
does not occur in Eq. (8).

In order to estimate R =0*!/o* with the TS mech-
anism, tabulated® values of the ionization proba-
bility for protons on helium were used. Atv =6vg,
this probability is about 10™ 2%, so that from Eqs.
(4a) and (4b) one finds R ~5x1073,

Now consider Fig. 1, where the data were taken
under single-collision conditions. In the SO mech-
anism R is independent of energy, and in the TS
mechanism R varies as (W*Inv)"!, as sketched in
Fig. 1. It is apparent that neither mechanism
alone fits the velocity dependence observed. How-
ever, at the lower velocities the data are consis-
tent with (v?Inv?)™ !, and at the higher velocities
the data are consistent with a constant energy de-
pendence (with a value lower than 5x107%). Com-
bining the SO and TS mechanisms gives a plausi-
ble fit through the data.

However, the SO and TS mechanisms do not
correspond to distinguishable processes. Conse-
quently it is appropriate to add the amplitudes,
i.e.,

2, 9)
Now it is evident for protons (Z, =+ 1) that |al|?
=|¢, - c,I?, while for electrons (Z,=-1), |al?

=| ¢, +¢,/?. In other words, a difference between
the cross sections for protons and electrons is
apparent due to interference between amplitudes

lalz:laSO+aTSlzzl—chl+Zl>2€2

4
—P-> ZT'z{A +

4bdb
ZT2

exp(=4gb)
b

I,

J v > O

Z,Z:\* .
tof == (B72) 227,
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FIG. 1. Ratio, R, of double- to single-ionization
cross sections in helium vs projectile velocity (in units
of vg=2.2X 10° cm/sec). The proton data are due to
Haugen ef dal. (Ref. 2), closed circles; Wexler (Ref. 4),
open circles; and Puckett and Martin (Ref. 3), half-
open circles. The electronic data are due to Schram,
Boerboom, and Kistemaker (Ref. 5), open squares;
Nagy, Skutlartz, and Schmidt (Ref. 9), closed squares;
Adameczyk et al. (Ref. 6), squares divided into horizon-
tal halves; and Harrison (Ref. 7), squares divided into
vertical halves. The curve TS denotes the (v?1nv) !
velocity dependence of the two-step mechanism, and
curve SO represents the constant velocity dependence
of the shakeoff mechanism. Amplitudes for these
mechanisms interfere.
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of the SO and TS mechanisms. The coefficients

¢, and ¢, are complex numbers whose phases and
exact magnitudes are not given here. Neverthe-
less, it is clear that the magnitudes of both mech-
anisms are comparable, and that the relative

sign is opposite for protons and electrons.

In order to obtain total cross sections one in-
tergrates |a|? over the momentum of each ejected
electron, k, and k,, as well as the momentum
transfer, ¢ (or equivalently the impact parame-
ter, b), of the projectile. Differences in the dif-
ferential cross sections for ionization by protons
and electrons can be no smaller than differences
in the total integrated cross section. In particu-
lar, the greatest differences in the differential
cross sections are expected in between regions
where the SO and TS mechanisms are dominant.
This suggests further experimental observations
of interference between the SO and TS mecha-
nisms at v >~ 10v g.

At large impact parameters (corresponding to
small ¢ or small-angle scattering) the SO mecha-
nism, proportional to ci, is expected to dominate
over the TS mechanism which, as noted, peaks
at smaller impact parameters, b ~ Z;" !, Hence
in helium one may expect to find the largest inter-
ference at scattering angles corresponding to im-
pact parameters between ~ $a, and several q,
(where a,=5.3x10"° cm is the Bohr radius). Of
course the corresponding scattering angles for
protons and electrons are quite different.

In terms of the momenta of the ejected elec-
trons, most electrons are ejected with a momen-
tum % ~ £Z, for direct ionization by projectile
impact. Hence in the TS mechanism both elec-
trons are most often ejected from the target with
k,~k,~ 5Z,. Inthe SO amplitude, the overlap
of the continuum wave function ¢, with the ini-
tial-state wave function ¢,' will be greatest when
k, is small, since </)k2f oscillates slowly® for
small k,. Hence the SO mechanism is expected to
dominate when #, ~ $Z; and k,< $Z,. Consequent-
ly, the interference is expected to be maximum
when one electron is ejected with momentum
~ % Z;, and the other electron is emitted with mo-
mentum less than $Z,.

Finally, it is pointed out that there may also be
differences in the double ionization of helium by
positrons and electrons, with an equivalence be-
tween positrons and proton cross sections in this
velocity regime.

In summary, the observed energy dependence
of the cross section for the double ionization of
helium near » =~ 10v 3 and observed differences in

1156

this cross section for ionization by proton and
electron impact have been explained in terms of
a combination of amplitudes for a shakeoff mech-
anism and a two-step mechanism. This explana-
tion suggests that effects due to the interference
of these two mechanisms may be better defined by
further studies of differential cross sections, as
well as studies of single and double ionization
by positron impact, leading to an understanding
of simple two-step scattering mechanisms at
high velocities.

Discussions with T. Aberg, C. P. Bhalla,
M. Day, H. Haugen, and C. D. Lin are gratefully
acknowledged. This work has been supported by
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Chemical Sciences.
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