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is approximately equal to that at q =0. From ap-
proximately q =1.0 A ' to q =1.5 A it has the
opposite sign to that at q = 0 and by 2 A ' it is no
longer measurable. A, preliminary analysis of
the variation with q suggests that the data are
sensitive to the short-range three-body terms as
well as the triple-dipol@ term.

A fuller account of this project will be published
elsewhere.
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The electron capture by protons in a gas target is calculated in the Oppenheimer-
Brinkman-Kramers approximation. The complete density matrix for then=2 hydrogen
level is established. Electric-fieM-induced s-p coherence quantum beats are investi-
gated. Good agreement with the experimental data is achieved.

Recently, Sellin et cd'. ' found "a high degree of
excitation coherence in electron capture to mixed-
parity n =2 states by fast protons in gases. " This
result was essentially derived from the intensi-
ties I' (I ) of Lyo. -Stark quantum beats in an ex-
ternal electric field F' (F ) parallel (antiparallel)
to the beam axis, exploiting the fact that the dif-
ference signal (I'-I ) is directly proportional to
the coherence density-matrix element and odd in
the electric field' while the sum signal (I'+I )
depends only on the incoherent part of the excita-
tion (terms with even powers in the field).

In this Letter we briefly report on a theoretical
interpretation of the new data given in Ref. 1. It
is based on the, to our knowledge, first calcula-
tion of the complete (n =2) density matrix includ-
ing the coherence part. For the sake of simplic-
ity we restrict ourselves to an extended Oppen-
heimer-Brinkman-Kramers (OBK) approximation.

In the following treatment we divide the com-
plete interaction process into three steps: (a) the
electron capture at small projectile-target dis-
tances (~R,), (b) the post-collision interaction at
large distances (&R,), and (c) the final evolution
of the density matrix under the influence of the
applied electric field.

(a) Because of the short interaction time in the
energetic ion-atom collision (v.,= 10 "s), the
capture process is essentially spin independent

and is not influenced by external fields. Charge
transfer from the helium ground state (binding
energy e;) to n =2 hydrogenic orbital angular mo-
mentum states (binding energy ei) can therefore
be calculated by ignoring the fine and hyperfine
structures of the projectile. The impact-param-
eter-dependent capture amplitude at projectile
velocity v in OBK approximation is given by'

A&.(6) = if" "-«&yr.
l l&pl 'l-q &~,(,.)& (1)

Atomic units are used and the beam direction is
chosen as quantization axis. The distance be-
tween the active electron and the projectile is de-
noted by Ir~l. The wave functions used in Eq. (1)
must include the translation factors that account
for the projectile-target relative motion. Be-
cause of the exponential decay of the overlap in-
tegral at large distances, the upper bound in Eq.
(1) can be pushed to R, (v =~. Since in the OBK
approximation the s-p coherence phase turns out
to be rather insensitive to the details of the atom-
ic-target orbital, we approximate the He ground
state by a hydrogenlike wave function scaled to
charge Z;.

After the charge transfer, the unnormalized ex-
cited-state (n =2) density matrix

o, , ( i = fdsbA, (6)A, ~ *(6) (2)

contains only five nonvanishing elements. (This
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fol, lows from axial symmetry and hermiticity).
Four of them are real (v» 00=@„v»»=v~0, and

g„, », = o~ „). The diagonal part of Eg. (2) de-
scribes the usual OBK charge-transfer cross sec-
tions. The only nonvanishing oQ-diagonal ele-
ment with m, =m, ', namely, 0'00 10 ~~PS p
sents the capture-induced s -p coherence. For
the latter we find

o„=i(16Z,'y~. /3D")(1 3/-7D') (3)

withe) =(4+ y )' ' and y =(e& —e;)/v +~&. Notice,
that o,~ is purely imaginary, independently of the
velocity and the binding energy of both initial and
final state. This is a direct consequence of the
opposite parity of the s and the p state. The sign

of o,~ is, however, velocity dependent. It is posi-
tive for v» 1 corresponding to a fixed phase of
+2 KQ

(b) After electron capture, the excited hydro-
genic state is perturbed by the post-collision in-
teraction Ii, = —I FI of the atomic dipole B with
electric field FI of the residual target ion. At
large distances the electric field is essentially
parallel to the beam direction. Fine-structure
effects are negligible in this regime in view of
typical interaction times ~p, = 10 '4 s. In the
linear-Stark-effect regime the equation of motion
for the density matrix can be solved in the de-
coupled spin-orbital angular momentum repre-
sentation4 yielding, for example, the coherence
density-matrix element

o,~(R) =cos'(-,'cp)o,~+ sin'(&y)o„* —ai sing(0, o~,)—, (4)

where y =(1/v) fs &E, dR. The upper bound R =v ~~,«of the integral may be taken as R =~ since the
Stark splitting energy &Es decreases as A . The not uniquely defined lower bound was set equal to
the mean radius of the excited state R, =(y)„=,=5.5 a.u. as a plausible choice. It follows from Eq. (4)
that the OBK coherence phase [Eq. (3)] is not affected by the post-collision interaction. However, the
absolute value Io,~ I decreases, if &, »~0 (a condition, that was shown to hold both experimentally' and
theoretically).

(c) For detection times t » ~~„, the density matrix evolves under the combined influence of the ap-
plied electric field and the spin-orbit interaction. The observed angular-dependent intensities I'(t) are
given by o'(t) averaged over the unresolved fine structure. For a 90' detection geometry and by again
exploiting the axial symmetry, one finds that

+ l(p„,,„,l '(t)I p„,,„,&
- (1/~2)(p„, ,„,l '(t)l p„,,„,& o (5)

where the state vectors are labeled by I1, , ).
The time evolution of v'(t) is governed by the en-
ergy matrix

QPgs —t I p/2
0

0 -~2V')
—~,/2- iI,/2 V' . (6)

V' &uo/2 f

In writing the matrix elements a p„, »» p„, »»
s~, » subspace representation was used. The
exponential decay of the p state enters via I'» its
zero-field decay constant. The linear Stark ef-
fect manifests itself in the matrix element V'
=(s», I (-I F') lp„,) =~3E'. The energy matrix
(6) also includes the Lamb shift ~„ the fine-
structure splitting ~ „and tV&, = cu q,

—&u, /2. The

density matrix emerging from step (b), exempli-
fied by Eq. (4), serves as the initial conditions
for the third process since 1/~&, »7,. The fol-
lowing calculations make use of the fact that at
the experimental field strength (525 V/cm) the
Stark matrix elements V' between the p»~ and
s„, state are roughly of the same magnitude as
&oo. Therefore, the energy matrix (6) must be
diagonalized in the s„a-p», subspaee, while the
influence of the p», state (= 10~, away in energy)
can be treated as a perturbation. Including cor-
rections to first order in V/~q„ this method re-
produces the experimental beat frequency w
=15.32+ 0.05 GHz within 1%. We are therefore
confident that the final expression for the differ-
ence signal amplitude (which also contains p„,
state first-order contributions proportional to
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&/4& ig):

I'-I ~ —Reo,~ exp(- I', ~j

—exp(-I', &)
' 1+, ' — — exp(- I",f)1 —(o,/(o 2V'a), 2V'

L 2 Q7 ~fs CO% fs 2K fs

co 4V~ 8V~ V—exp(- I' t) n+ —, cosset ——Imo,~exp(-l"f)sin~g (V)
QJ 40+fs ~ fs (d

is a rather good approximation to the physical
situation. We have introduced the abbreviations
~ =(~on+4V')"', r, = r(1+~c/~), I', =1 (1 —(u, /
W), and I' =T'~/2. Fortunately, increasing life-
times of levels with increasing quantum numbers
e prevent cascade effects from contributing ap-
preciably to the Lyo. signal. Small lifetime cor-
rections and the effect of hyperfine splitting have
also been neglected. The oscj.llating part in Eq.
(V) contains, of course, Eck's' expression. No-
tice, however, the additional constant shift terms
which are proportional to Reo,~ and thus odd un-

der reversal of the field. They deserve attention
in connection with collision-. induced dipole charge
distribution in excited hydrogen states. For com-
parison with experiment the effects due to the fi-
nite length of the observation window and the fi-
nite length of the gas cell must be considered.
Both effects lead to a reduction of the amplitude
of the oscillating terms in the sum —and differ-
ence—signals. Since the fine-structure quantum-
beat contribution to Lyo. intensity [Eq. (5)] is
washed out by averaging, the corresponding terms
are omitted (the gas-cell length in Ref. 1, = 0.05
cm, is greater than the fine-structure beat wave-
length at u =2.VS a.u. ).

In Fig. 1 we compare our theoretical calc~»a-
tions with the data of Sellin e& al. ' for (I'-I ) and
I' of Lyo. radiation after charge transfer between
helium and a 186-keV proton beam at an applied
field of 525 V/cm. Apart from a common trivial
normalization factor for the curves, there re-
mains only one adjustable parameter of the mod-
el. This is the effective beat-attenuation factor
A, which incorporates the combined effect of the
geometric reduction (experimental value, = O.V5)
as discussed above, the attenuation due to the
field inhomogeneity near the gas-cell apertures, '
and the attenuation due to the hyperfine splitting.
Both curves I' and (I' I) agree quite -well with

the experimental data, if one chooses A =0.55.
We now turn to the offset of the He difference

beat signal to positive values observed in Ref. 1
and suggested to be mainly caused by the experi-
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FIG. 1. Lyn intensity vs. distance downstream from
the He gas cell at field strength 525 V/cm and proton
velocity u 2.73 a.u. . Upper curve, calculated inten-
sity I+ for electric field parallel to the beam. Lover
curve, signal difference between fields parallel and
antiparallel to the beam (I+-I ). Experimental data
are from Bef. 1 (after correction; see text).

! mental setup. According to expression (V), an
alternative explanation seems possible. A com-
bined phase and amplitude shift could result from
a coherence phase different from 2m (i.e., Res,~

&0). Physically, this would correspond to an
initial dipole moment associated with the excited
hydrogen state, an effect reported earlier by
Gaupp, Andri, and Macek. ' Further inspection
of the signs for the various coefficients in Eq.
(V) shows, however, that a simultaneous ampli-
tude shift to positive values and a phase delay
with respect to the negative-going sine oscilla-
tion is ruled out. Therefore the corrections of
Ref. 1, also used in our fit, cannot, at present,
be replaced by a more convincing explanation.

The good agreement between experimental and
theoretical beat intensities in Fig. 1 could suggest
that all OBK density-matrix elements are very
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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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