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stant. At the lower energy the results are com-
patible with the Faddeev calculation, but also with
a mixing parameter ~ =0. However, at the higher
energy, none of the conventional theories""
agrees even qualitatively with the structure of the
data. The oscillatory behavior is surprisingly
well reproduced by the predictions of Ref. 13 in
which effects of dibaryon resonances are explicit-
ly included (the experiment favors l, = 4). We con-
sider this as a strong indication for the presence
of at least one dibaryon resonance in the 7T-d

channel with a strength compatible with the pa-
rameters of Ref. 13. Independent of the details of
the model the very observation of strong oscilla-
tions is a direct indication of a strong contribu-
tion from a higher partial wave interfering with
the background.
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For highly asymmetric electron-capture collisions, the ratio of the small charge Zz,
here taken to be that of the projectile, to the large charge of the target Z~ forms the
natural expansion parameter. Previous treatments with use of &~/&& expansions obtain
the impulse approximation which is shown to err by unknowingly neglecting terms of
order (Z~/v); a simple correction factor in the limit of small &~/v is derived.

PACS numbers: 34.70.+ e

Electron capture in ion-atom collisions over a
broad range of energies has proven to be difficult
to treat theoretically. Fragmentary results,
mainly at low velocities in nearly symmetric col-
lisions where a molecular representation pro-
vides an adequate framework' and at asymptotical-
ly high velocities where the Thomas double-eolli-

sion mechanism dominates, ' exist but no compre-
hensive picture has emerged. Much recent re-
search" attempts to define closely the impor-
tance of second Born terms, which describe the
Thomas mechanism but may have broader signifi-
cance. For highly asymmetric collisions, such
as charge transfer from inner shells of atoms of
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nuclear charge Z~ to incident bare ions of charge
Z~, for which Z~»Z~, the theoretical descrip-
tion simplifies; only the dominant terms in an ex-
pansion in powers of Z~/Zr need be retained.
This leads to the impulse approximation" which
correctly reproduces the high-energy behavior,
but fails at low and not-so-low energies, for ex-
ample, for 2-MeV protons impinging on argon,
even though the usual derivations suggest that the
theory is correct to order (Z~/v)' 0-02.and hence
is applicable in this region. Here v is measured
in atomic units.

We have critically examined the impulse approx-
imation to identify the order of the errors. We
find that the approximation is fundamentally in-
correct in one crucial step and errors of the or-
der of (Zr/v)' are introduced. Such errors are
large compared to (Z ~/v)' when Zr»Z ~; for ex-
ample, (Zz/v)'=4 for 2-MeV protons impinging
on argon. A simple correction factor, derived
in this Letter, corrects the deficiency so that re-
maining errors are of order (Z~/v)'. With this
factor, we obtain agreement with measurements
in argon over a broad range of energies from be-
low the cross-section peak at 4 MeV to the asymp-
totic region. This represents the first indication
of a theoretical framework applicable over the
full energy range for highly asymmetric colli-
sions and realizes the previously unattained goal
of Z~/Z ~ expansions.

Our starting point is the second Born approxi-
mation with the Coulomb, rather than the free-
particle, Green's function to incorporate the
strong-interaction Zr/rr, where yr is the elec-
tron-target-nucleus distance, to all orders. Our
model therefore considers a bare charged parti-
cle of charge Z~ incident on a one-electron ion
with nuclear charge Z~ where Z ~»Z~. The nu-
cleus-nucleus potential is neglected in accord
with the arguments of Wick. ' Results of the cal-
culations relate to experiments with multielec-
tron targets via the independent-particle model.
Atomic units are used throughout.

Let p, (rr) represent the initial internal state of
the system comprising the electron and the tar-
get nucleus (e+T) with binding energy e;;yz(r~),
the final internal state of the system comprising

!

the electron and the projectile (e+P) with binding

energy e&, and K,. and K&, the initial and final mo-
mentum of P and (e+P), respectively. Then the
perturbation expansion for the scattering ampli-
tude to second order in the weak potential V~, is
A =A, +A„where

A, =A„=(goal v, G, 'v, l g;).

The initial and final functions are

(2)

q, = exp(iK, ~ Rr)q, (rr),

q» =exp(iK~ R„)cp~(r~),

where R~ is the coordinate of the projectile I' rel-
ative to the target (e+T) and R~ is the coordinate
of (e+P) relative to T.

The Green's function is approximated by

(4)

which includes the strong potential V~, to all or-
ders.

The impulse approximation is obtained by in-
serting a unit operator I f lk, K)d'k d'K(k, KI be-
tween gz and Vr, in Eq. (2), integrating over d'K

and approximating the off -energy-shell Coulomb
wave function

4g, ,"= lk) +& (5)

by its on-energy-shell version (y~'~ with e =-,'k'.
Since ~ is of the order of v'/2 and e —k'/2 is of
the order of Z~ /2, this approximation is implic-
itly assumed' to be of order (2e —k')/2e -O((Z p/
v)'). We point out that since gg,~' does not uni-
formly' approach gg '~, a key error of the order
of (Zr/v)' is introduced. One must correctly
evaluate A„, keeping track of the terms neglect-
ed. We do this by evaluating Eq. (2) using the ex-
pression given by Macek and Shakeshaft' for 1s-
&s charge transfer.

Macek and Shakeshaft' give the result, valid to
order (Z~/v)',

~~'Z 'Z(2Z ) Z Z I, „) ()
where

&(P) =
2 2 f'dpp '"(l —Zp) 'X'-v'+ p. ,' —2ip, ,v) ',
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4v'(J'+ p, ,')
(K'-v'+p, ' —2iq,v)(Z, '+P') '

and p, , is set equal to ZT after differentiation. M» M» and ~ represent the masses of the target nu-

cleus, the incident nucleus, and the electron, respectively.
One also has

K +2E] = J +2Eg ~

where
1 1 2

&g = —pZP and c. = — Z T

Since the Fourier transform of the final-state wave function pz*(p) restricts p to values of the order
of Z~ and since K = v, we have Z = v'/Z„'» l. Accordingly, we evaluate the integral over p by recog-
nizing that it represents a hypergeometric function of large argument, p, (l, 1-iv; 2 —iv; Z), and
use the appropriate analytic continuation of P, for this case:

+,(I, 1 —iv; 2 —iv; Z) =(ivZ) 'P, (l, i v; 1+iv; 1/Z)+I"(2 —iv)I'(iv)(-Z) "'".
The +, on the right-hand side of Eq. (11) is unity to order (Z~/v)' and one can show that the corre-

sponding term 1/(ivZ), when used in the expression for A =A, +A„, exactly cancels A, . The remaining
term relates to, but does not equal, the impulse-approximation expression.

Upon substituting Eq. (11) into Eqs. ((5) and (7) and using the Fourier transform of the final-state
wave function,

2~i' Z 5/ ]
Py(P)=

(Z 2+F2)2 2

one has

2 Z Z 9 1T P
K7t Bp, p, +J

+K —v - 2jgp
4v'(p, '+ J') e"F(1 —i v) I'(1+i v) t d'p (Z ~' + p') " '.

(12)

(13)

The approximate amplitude Eq. (13) represents the key result of this note. It is identical to the im-
pulse-approximation result' except for the factor e""I'(1+iv)[(Z~'+p')/4v'] '". Now p relates to k
of Eq. (5) by k =p+v, and ~ is given by' c = —,'v'+v' ~ p ——',Z~' so that (c ——,'k')/4m= —(Z~'+ p')/4v'. As
shown by Mapleton, ' we have

gy, ' =e'" I'(1+iv)[iE —2u'i/4e] "(I)y')2 e( —,k';

thus the amplitude in Eq. (13) differs from the impulse-approximation amplitude only by the inclusion
of the correct off-energy-shell wave function.

The integral over p is easily evaluated:

f d'p(Z '+ p') " '=27)r( —,'-iv)r( —,')Z ' ""/r(2+iv).
Substituting Eq. (14) into Eq. (13) and the result into the electron-capture cross section v,

o=(2&v') 'f iAi'K, dK„

(14)

(15)

with Ki' =K' —[&v —(Z~' —Z r')/e]', defining x =Ki'/v', and neglecting terms of order (Z~/v)', we have
for g the result

2'rrZr, 'Z '
( ( )(,

( ( )(,
" 1+r 1+rr 2(1 —r )(r: —x„)—8r

)v" „1(„,z)z x' x'[(x -x,)'+4]' x'[(x -x,)'+4v']

2v
xexp —2vtan '

X X 0 )
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FIG. l. The cross sections for capture of argon &-
shell electrons by protons. Experimental data are from
MacDonald, Cocke, and Eidson (Ref. 10), the dashed
curve is the impulse-approximation result of Kocbach
(Ref. 12), and the solid curve incorporates the correc-
tion factor of Eq. (18).

where

lM(v)l'=2/[(1+v')(1+e "")]. (16)

Except for the correction factor lM(v)l', Eq.
(16) is identical to the impulse-approximation ex-
pression of Briggs. ' This factor stems from the
nonuniform approach of gy, '& to gg" as e- 2k'.
For v&1, lM(v)l' never differs from unity by a
factor greater than 2, but for v» 1 it can be
much smaller than unity; for example, when v

=Z~, Z~=1, and ZAN=18, corresponding to 25-
keV protons impinging on argon, the factor is of
the order of 0.005. Low-energy cross sections
are thus greatly reduced by this factor, but high-
energy ones are altered by less than a factor of 2.

Figure 1 shows the K-shell charge-transfer
cross section for protons in argon. The dashed
curve is without lM(v)l', the solid curve is with
the correction, and the points are the experimen-
tal data of Ref. 10. The comparison strongly sup-
ports the correction factor lM(v)l', although the
lowest-energy point deviates from theory by 1(P/&,

an amount slightly greater than O((Z~/v)'). Since

we have carefully kept track of the order of the
errors in the evaluation and have verified that
they are indeed negligible, the overall good a,gree-
ment is expected, although a remeasurement at
2.5 MeV is indicated. The main remaining uncer-
tainty is the use of unscreened Coulomb wave
functions to treat inner shells. Experience with

ionization calculations indicates" that this could
be the source of errors of the order of 30%.

These results agree with the equivalent numer-
ical calculations of Macek and Shakeshaft' at 5

and 10 MeV, but their 2.5-MeV point is a factor
of 2 below that given by Eq. (16). We have no ex-
planation for this disagreement but are currently
investigating the discrepancy. Cancellations be-
tween first and second Born terms, noted here in

Eq. (11), could make the numerical integrations
of Ref. 9 somewhat uncertain.

The factor lM(v)l' has been derived only in the
limit that Z~/v «1 and Zz/Z r «1 but the nonuni-

form convergence of off-energy-shell Coulomb
functions to on-energy-shell ones has broad im-
plications for all second-Born-type calculations
in atomic collisions. Virtually all high-energy
approximations which employ Coulomb Green's
functions must be reexamined in light of the dem-
onstrated physical consequences of the nonuniform
convergence of (g, ~'~ to gg~'~.

Experimental data relevant to this factor are
desirable. The low-energy region, in particular,
is important. In this connection, we note that
since lM(v)l' is independent of proton scattering
angle, the impact-parameter dependence is cor-
rectly given by the impulse approximation up to
an energy-dependent multiplicative constant. Al-

so, since lM(v)l' is independent of Z~ for Z~«2r,
the impulse approximation and Eq. (16) both pre-
dict a Z~' dependence for the cross section.

This work was performed while one of us (J.M. )

was a guest at the University of Aarhus, and sup-
port for the visit is gratefully acknowledged. The
research is part of an ongoing project made pos-
sible by the National Science Foundation under
Grant No. PHY-'79-06348.

Wm. Lichten, Phys. Rev. 131, A1025 (1965).
L. H. Thomas, Proc. Roy. Soc., London 114, 561

(1927); K. Dettman, Springer Tracts Mod. Phys. 58,
119 (1971); R. Shakeshaft and L. Spruch, Rev. Mod.

Phys. 51, 369 {1979).
8,. Shakeshaft and L. Spruch, Phys. Rev. Lett. 41,

1037 {1978).
R. Shakeshaft, Phys. Rev. Lett. 44, 442 (1980).
J. S. Briggs, J. Phys. B 10, 3075 (1977).
M. R. C. McDowell and J. P. Coleman, Introduction

173



VOLUME 46) NUMBER ) PHYSICAL, RZVIZW Z. E TTKRS 19 JANUARY 1981

to the Theory of Ion-Atom Collisions (North-Holland,
Amsterdam, 1970), p. 338.

See the footnote on p. 359 of the paper by J. D. Jack-
son and H. Schiff, Phys. Rev. 89, 359 (1953).

R. A. Mapleton, J. Math. Phys. 2, 482 (1961).
J. Macek and R. Shakeshaft, Phys. Rev. A 22, 1441

(1980).
J. R. MacDonald, C. L. Cocke, and W. W. Eidson,

Phys. Rev. Lett. 32, 648 (1974).
O. Aashamar and L. Kocbach, J. Phys. B 10, 869

(1977).
L. Kocbach, private communication.
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The reflection of a light pulse from a spatially dispersive medium is investigated theo-
retically. For laser frequency at exciton resonance, spatial dispersion enhances the re-
flected transients associated with the light pulse. For the case of CdS and GaAs crystals,
the transient intensities are about 10' of the incident intensity at a time 0.1 ps after the
trailing edge of the reflected signal. The theory predicts a crossover from exponential
to slow power-law decay rate of transient ref lectivity; this occurs at a characteristic
time f, -1 ps after the trailing edge of the pulse for CdS and GaAs.

PACS numbers: 42.10.-s, 78.20.-e

This Letter reports results of a theoretical in-
vestigation of transient optical ref lectivity from
spatially dispersive media such as CdS and GaAs. '
The laser frequency of an incident pulse is taken
near one-photon resonance with the transverse
exciton-polariton frequency co, . We show that en-
hanced (transient) ref lectivity persists for sever
al picoseconds after a laser pulse is cut off. In
general both the leading and the trailing pulse
edges give rise to transients. Experimentally it
may be more convenient to look for trailing-edge
transient ref lectivity since steady-state reflec-
tivity will then not interfere with measurements.
For sufficiently long pulses (T & a few picosec-
onds), transients from the two edges will be es-
sentially decoupled and can be considered inde-
pendently. Our results show that transient reflec-
tivity consists of a "local" part and a "nonlocal"
part. The former, although the only one present
in a local media, is at least an order of magni-
tude smaller than the latter. The measured tran-
sient ref lectivity will thus almost completely
arise from spatial dispersion: To the leading or-
der, it varies as M "~ with the exciton mass.
Initially the time decay of reflectivity is exponen-
tial, crossing over to inverse-power decay, at
about 1 ps in CdS or GaAs. Its maximum magni-
tude is about 10/p of the incident intensity. These
effects should be measurable.

The origin of spatial dispersion or nonlocality

is due to coupling of an exciton state (with center-
of-mass motion included) to a photon, producing
an exciton polariton. This results in a wave-
vector-dependent optical dielectric response.
Consequently there is an "additional" transverse-
propagating mode compared to the case of a local
medium (M =~). In particular there is a (trans-
verse) mode in the "pseudogap" frequency re-
gion, w, &w &~„where w, is the longitudinal fre-
quency. Steady-state ref lectivity, transmittivity,
and inelastic scattering in such media have been
well studied'. Ref lectivity is generally maximum
in the pseudogap region although smaller than
that of a local medium. Transient optical trans-
mission was investigated theoretically by Birman
and Frankel, ' who showed that a new exciton pre-
cursor occurs; Johnson' discussed transient os-
cillations in transmittivity of a plate.

We consider transient reQectivity from a semi-
infinite nonlocal medium occupying half-space z
&I., with z&L being vacuum. A detector is
placed at z =0. The nonlocal medium is taken to
have a scalar isotropic dielectric susceptibility

X(r, r') =X(r —r') —X(& —&',~+s'»

where &
= (x,y) is the transverse part of r At.

time t = 0 and at z = 0, a square optical pulse,
with laser frequency u, and duration T, is inci-
dent normally on the crystal surface. The elec-
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