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accurate. This conclusion is only partially valid.
First of all, over a wide range of velocities (v =1
to 5 a.u. ) we find high degrees of relative s-p co-
herence lo,t, l j(o,ct)"' up to 0.98. Qualitatively,
this agrees with experimental values ~ 0.8 of Ref.
6 in the case of beam-foil interaction. Similarly,
the phase of a,~ is confirmed by the phase of the
difference beat signal. Because of the compli-
cated dependence of the modulation depth of I'
and the amplitude ratio (I'-I )jI' on the rela-
tive cross sections o'~ jc„however, the fit in

Fig. 1 does not allow a reliable estimate of these
relative cross sections. For example, we have
also found good fits to the data by inserting Shake-
shaft's proton-hydrogen capture cross sections,
determined within a seventy-coupled-states cal-
culation, ' but still using the OBK results for the
degree and the phase of atomic coherence. There-
fore, the agreement between experiment and the-
ory should not be overestimated if one considers
a relative cross sections in different substates.
Further investigations concerning orientation

and alignment' of the excited hydrogenic state
after electron capture are in progress.
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An experiment analogous to a three-level absorption line-narrowing experiment is per-
formed between atoms of two different species {krypton and xenon) connected by a reso-
nant excitation transfer. Results show that the hole burned in the velocity distribution of
krypton atoms is transferred to xenon ones. This effect is interpreted by introducing a
cross-collision kernel. Analysis of the experimental line shapes is consistent with a
Gaussian shape of this kernel, whose width is found to be pressure independent.

Conventional absorption line-narrowing (ALN)

experiments' involve a three-level system in

atoms of a given species. A transition a- 5 is
saturated by a first, intense laser beam, while

the coupled transition b- c is probed by a second,
weak laser beam [Fig. 1(a)]. The experiment
which we describe in this paper is similar in
principle to such an AI N experiment. However,
it presents a fundamental difference: The satu-
rated and probed transitions belong to atoms of

diffevent species (krypton and xenon, respective-
ly). Here, the levels a of Kr and a' of Xe, con-
nected by a resonant excitation transfer [Fig.
1(b)], play the role of the common level a of the
usual three-level system. The remarkable fea-
ture that we have observed is that the line-nax-

roaring effect remains. In other words, the hole
burned in the longitudinal velocity distribution of
th level a of Kr atoms gives rise through the ex-
citation-exchange process to a hole in the level
a' of Xe atoms. It is to be noted that the radia-
tion fields cannot induce coherence between the
levels b and c' of the pseudo three-level system
of Fig. 1(b). This results in a simpler theoreti-
cal expression of the signal than in the case of
the true three-level system of Fig. 1(a).

Our experiment can also be compared to a two-
level saturated absorption experiment in the pres-
ence of foreign perturber atoms. In such an ex-
periment, the same "active" atoms experience
both the saturating and the probe fields. In a re-
cent work of this type, ' the modification of the
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FIG. 1. Diagrams of relevant level: (a) in a conven-
tional three-level ALN experiment, (b) in the present
experiment involving atoms of two different species
connected by a resonant excitation. transfer.

nonequilibrium narrow velocity distribution of the
active atoms through a succession of elastic col-
lisions with perturber atoms having the thermal
equilibrium velocity distribution was investigated.
The results were interpreted with the aid of a
collision kernel connecting the velocities of the
active atom before and after the collision. In the
present experiment, however, the saturating
field and the probe field act on different atoms.
We look at the shape of the velocity distribution
induced in "energy-acceptor" atoms (Xe) in ther-
mal equilibrium through transfer collisions with
"energy-donor" atoms (Kr metastables) having a
narrow nonequilibrium velocity distribution. To
explain our results, we have introduced a cross-
collision kerne/ involving the two atomic species.
While in the above-cited saturated-absorption ex-
periment the active atom underwent a large and
undetermined number of elastic collisions, we
observe here the effect of a single excitation-
transfer collision. This allows a further simpli-
fication of the interpretation of the experiment.

The relevant energy levels in our experiment
have the cascade configuration shown in Fig. 1(b).
The saturated transition a-b connects the meta-
stable level 4p'5s[ —,]„highly populated in a dis-
charge, to the upper level 4p'5p'[2], of "Kr. The
probe transition a'- c' couples the resonant lev-
el 5p'5d[2], to the lower excited level 5p'6p[2],
of '"Xe. Because the energy difference between
the facing levels a and a' (15 cm ") is much less
than the thermal energy k BT (55 cm ' at T = 77 K),
we are allowed to regard the excitation transfer
as resonant. ' Another advantage of the system
(related to this quasiresonant character) is the
large transfer cross section, ' which yields a good
signal-to-noise ratio in the experiment. Thanks
to the technique of modulation described below,

FR EC1UE N CY

LOCKED INTENSIT Y

STABIL I Z AT ION

Xe

GAS

FIG. 2. Simplified scheme of the experimental setup.
The auxiliary saturated-absorption arrangement used
for locking the dye-laser frequency is not shown.
MPFP denotes multipath Fabry-Perot etalon.

the only Xe atoms which contribute to the signal
are those resulting from transfer collisions with
the velocity-selected metastable Kr atoms.

The experimental arrangement is shown in Fig.
2. The '"Xe and "Kr atoms are held in a dis-
charge tube cooled at liquid-nitrogen temperature.
The saturating beam is provided by a cw single-
mode dye laser, locked to a fixed frequency near
the Kr line a —b at X = 557 nm. It is intensity
modulated with a mechanical chopper. A counter-
propagating probe beam' is provided by a, cw sin-
gle-mode Xe gas laser oscillating on the infrared
line a' c' at ~ =3.68 p, m, finely tunable across
its gain curve. The modulated part of the probe
absorption signal is detected with a lock-in am-
plifier, whose dc output is recorded as the Xe
laser frequency is swept.

A typical recording of the probe profile, per-
formed at a low Kr partial pressure and with the
saturating laser at exact resonance, is shown in
Fig. 3. The 34-MHz width [full width at half max-
imum (FWHM)] of this profile is significantly
smaller than the 50-MHz width of the Voigt
profile which would be observed if the "trans-
ferred" population of the level a' of Xe were
thermalized. In fact, the observed width falls
approximately halfway between this linear-ab-
sorption width and the width I'... +(k'/lk)I „=14
MHz expected for a true three-level system'
(F, , and &„ are the homogeneous widths of the
probe and saturated transitions, respectively,
k' and k are their wave numbers).

For the theoretical interpretation of the experi-
ment, we have found it convenient to define a
cross-collision kernel W(V, -v, '), which repre-
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FIG. 3. Trace (a), typical recording of the probe
signal (saturator detuning, &= 0; temperature, 77 K;
Kr pressure, 17 mTorr; trace (b), output level of tbe
frequency sca»ing Xe laser; trace (c), MPFP refer-
ence fringes (here inverted), separated by 20.85 MHz.

sents the probability density per unit time for a
donor of longitudinal velocity V, to give rise
through an excitation-exchange collision to an ac-
cceptor of longitudinal velocity v, '. In the usual
semiclassical density-matrix formalism, the
equations of motion of the two-atom system can
then be written as for two independent atoms,
respectively, interacting with a quasiresonant
radiation. Because of the low partial pressure
of Xe used throughout our experiments, we can
reasonably assume that the transfer does not
modify the population p„of the Kr metastable
level a. Thus the only addition to the case of bvo
independent atoms is the following population
term in the equation which governs the time evo-
lution of the population p, ,~ of the Xe level a'.

[dp, , (v,', t)/dt] „
= I'IW(Vg- vg')p„(Vg, t) de

(F is the total rate of excitation-exchange colli-
sions). The steady-state solution of the complete
set of equations, in the linear approximation for
the weak probe field, yields the following shape
of the signal:

s~(s') f dv, '

exp
—(V,'/0')

d V, W(V,-,')(,' — . (2)

Here 4' =~' —&, , and 4 = & —~„are the detun-
ings of the probe and saturating fields, respec-

tively, and U is the most probable velocity of the
donors' thermal distribution. Expression (2) in-
cludes the special case of the true three-level
system in a single atom (with population effects
only) for W(V, -v, ') =5(v, '-V,), and that of the
thermalized transferred population for W(V, -v, ')
~ exp[- (v, ' '/u')] (u is the most probable velocity
of the acceptors' thermal distribution).

Very few data can be found in the literature con-
cerning velocity changes occurring in resonant
excitation transfers, especially for a non-Max-
wellian initial velocity distribution. Let us con-
sider the simple model of hard-sphere collisions
between atoms constrained to move in one dimen-
sion. From the conservation of momentum and
energy in the collision, we obtain, as a function
of its initial velocity v, the final velocity v' of an
acceptor (mass m) colliding with a donor (mass
M) with initial velocity V:

v' =[(m -M)/(m +M)]v +[2M/(m +M)) V. (3)

For a Mam)()ellian distribution, f(v) ~ exp[- (v'/
u')], of the acceptor velocities, the cross kernel
is readily derived:

w(v-v') = deaf(U)& v — v'- v )
m+M
m —.M m +I

=())'"Ou) ' exp[- [(v' -PV)'/(5u)'])

(4)

with 6u =u (m —M)/(m +M) and P = 2M/(rn +M),
i.e., 5u = au and P —

—,
' for Xe acceptors and Kr

donors. In their kinetic aspect, the conservation
laws applying to the collision process are the
same for resonant excitation-exchange collisions
as for elastic ones. By performing numerical
calculations on hard-sphere elastic collisions,
Borenstein and Lamb have shown how one-dimen-
sional Gaussian kernels, describing velocity
changes internal to a given atom, can be extrapo-
lated to three-dimensional ones. ' For the cross
kernel considered here, such a generalization is
expected to increase 6u and decrease p.

From such physical arguments and from sys-
tematic analysis of the experimental line shapes
under various conditions, we have been led to
choose a phenomenological cross kernel in the
simple form

W(V, -v, ) =(~'"~u)-'

x exp(-[(.'-PV. )'/(f )']). (5)
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One can verify easily that

&e,') = fW(V, -v, ')e, ' dv, '=PV, , (6a)

40

30 e~
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(6b)

Therefore, PV, and 6u represent the mean and
the dispersion, respectively, of the velocity dis-
tribution of the acceptors having collided with a
donor with initial velocity V,. The case of the
true three-level system appears as equivalent
to the limit of complete transfer of the donors'
velocities (5u =0, P = 1) and the case of the ther-
malized transferred population as equivalent to
the limit of unchanged velocities (5u =u, P = 0).

For the purpose of evaluating %, we have first
recorded a series of probe profiles with the sat-
urating laser at exact resonance (&= 0), for vari-
ous Kr partial pressures in the range 0-200
mTorr and with a fixed Xe pressure (3 m Torr,
determined by the bath temperature). The widths
of these profiles are plotted in Fig. 4 [curve a].
We have determined independently the homogen-
eous widths I, , and I,b, by means of auxilliary
experiments performed under the conditions of
the main experiment, in the same discharge tube:
I;,i was measured by linear absorption' (with
the dye laser turned off) and I;, by saturated ab-
sorption' (with the Xe laser turned off and a
counterpropagating beam provided by the dye
laser}. These measurements indicate that I;,
varies linearly [curve &] with the Kr pressure

(because of phase-interrupting Xe-Kr collisions),
whereas I',„ is practically constant around 25
MHz (including power broadening). The experi-
mental probe profiles are found to be consistent
with the theoretical line shapes obtained by in-
serting the Gaussian kernel (5) into expression
(2) and accounting for the experimental values of
I;, and I;b. The width of the kernel, as deduced
from this profile analysis, is plotted in Fig. 4
[curve c]. It appears to have a constant value of
30+ j. MHz, whereas the Doppler width is 45
MHz. ' Thus, % =&u, i.e. , the collision-induced
velocity dispersion is tuo-thirds of that corre-
sponding to the thermal distribution of Xe at
77 K.

Recordings have also been performed with the
saturating laser tuned off resonance (b,+ 0). We
have observed in this case a slight shift of the
probe signal. Typically, when detuning the dye
laser by 6= 200 MHz (about half the Doppler width
of the Kr line}, we observed a shift 6 ~ 4 MHz.
Through the relation 6=P(k' jk)b, , this corre-
sponds to P = O.l. Although the effect is rather
small, it shows that transfer collisions do not
completely destroy the memory of donors' ve-
locities. Therefore, for both P and 5u, the be-
havior of transfer collisions is found to be inter-
mediate between the two extreme cases of hard-
sphere collisions and velocity-unchanging colli-
sions.

In conclusion, the ALN-type experiment de-
scribed in this paper has revealed the importance
of velocity effects in excitation-exchange phe-
nomena. Our approach utilizing a simple cross-
collision kernel" should prove fruitful in the un-
derstanding of more conventional resonant or non-
resonant transfer experiments. " The fact that
the width of the kernel has been found to be pres-
sure independent constitutes a good check of the
validity of this model. Finally, our work sug-
gests the possibility, for well-suited species, to
create large population inversions in narrow fre-
quency bands via excitation-exchange processes.

100 200 (mT)
KRYPTON PBESSURE

FIG. 4, Plot of full widths at half maximum (n with
an unceraintiy of 1 MHz} as a function of the Kr pres-
sure: curve (a), experimental width of the probe sig-
na1; curve (b), experimental homogeneous width I",~ ~

of the probe transition; curve (c), deduced width of the
cross collision kernel. .

Concerning three-level experiments and related theo-
ry, see, e.g., I. M. Beterov and V. P. Chebotaev, in
Mogxess in Quantum Electronics, edited by J. H. Sand-
ers and S. Stenholm {Pergamon, Oxford, 1974), Vol. 3,
Pt. 1, and references therein.
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In fact, since the transfer is slightly endothermic
QE ~-15 cm ), it could lead by itself to an acceptor
velocity distribution narrower than the thermal one. In
a complementary linear absorption experiment (without
saturating beam) performed on Xe atoms in the presence
of Kr metastables, we indeed observed a slightly re-
duced width. However, in the nonlinear absorption ex-
periment, this pure kinematic cooling effect can be ne-
glected compared to the laser-induced narrowing effect.

From the data of J. E. Velazco, J. H. Kolts, and
D. W. Setser tJ. Chem. Phys. 69, 4357 (1978)], this
cross section can be estimated to be from 30 to 40 A~.

We have also performed experiments with copropa-
gating light beams. The two geometries yield the same
line shapes, thus confirming the absence of the aniso-
tropic coherence term in the expression of the signal.

M. Borenstein and W. E. Lamb, Jr. , Phys. Rev. A 5,
1311 (1972).

J. Brochard and R. Vetter, J. Phys. B 7, 3&5 (&974).
8C Brechignac, R. Vetter, and P. H.. Berman, J.

Phys. B 10, 3443 (1977).
Of course, these two widths depend on the tempera-

ture. We have made most observations at 77 K for rea-
sons of experimental convenience.

usual kernel of the type @'(+z ~z'), connecting the
initial and final velocities of the acceptors (Refs. 2 and
6), could also have been used. However, such a kernel
seems less adapted to the present problem since its
shape would depend on the donors' velocity distribution,
and hence of the conditions specific to each experiment.

See, e.g. , J. Brochard and R. Vetter, J. Phys. (Par-
is) 38, 121 (1977).

Numerical Solution of the Time-Dependent Schrodinger Equation and Application to H+-H
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The time-dependent Schrodinger equation for the motion of the electron in a 8 -H
collision is solved numerically with a finite-difference method on an axially symmetric
spatial mesh. Sample density distributions for E»b =20 keV are shown. The calculated
charge-transfer probabilities at E &b

——8.92, 7.69, and 20.1 keV are in good agreement
with experiment.

The usual procedure in atomic collision prob-
lems is to expand the wave function in a basis
set. ' Even for velocities which allow a classical
treatment of the nuclear motion, the success of
a calculation depends on the selection of a neces-
sarily finite expansion basis. In principle one
should be able to describe different effects like
excitation, charge transfer, and ionization with
the same basis set. Particularly, charge trans-
fer involves a correct inclusion of the electron
translational effects, ' and ionization the knowl-
edge of continuum functions for the two-center
Coulomb problem. ' Furthermore, the choice of
a suitable basis set for the intermediate-velocity
region, where neither an atomic expansion nor a
molecular one is adequate, seems to be difficult.

For nulcear collision problems the numerical
integration of the time-dependent Hartree-Fock
equations was recently carried out and applied to
heavy-ion scattering. ' ' It seems worthwhile to
try a similar method also in atomic physics in
order to circumvent the difficulties sketched
above. However, from the very beginning one
should be aware of the different nature of the nu-
clear and atomic problem. All potentials in atom-

ic physics are known to be of Coulombic type.
Unlike the nuclear potentials, they have singular-
ities at the positions of the charges and, further,
have an infinite range which requires special nu-
merical care. In the case of atomic collisions
the difficulties in the calculation of the cross sec-
tions would be less stringent than in nuclear phys-
ics since the final states are more easily defin-
able. Both theoretical fields have not yet fully
answered the question to what extent a time-de-
pendent Hartree-Fock theory gives the correct
description of the collision process.

In order to gain experience in handling the atom-
ic problem we start with the time-dependent one-
electron problem and solve the Schrodinger equa-
tion of an electron in the Coulomb field generated
by two moving nuclei. In the following we con-
sider the H'-H scattering. Then the Schrodinger
equation is given by
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