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%In fact, since the transfer is slightly endothermic
(AE=-15 cm™Y), 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 [J. 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).

3. Brochard and R. Vetter, J. Phys. B 7, 315 (1974).

8c. Bréchignac, R. Vetter, and P. R. Berman, J.
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Sof course, these two widths depend on the tempera-
ture. We have made most observations at 77 K for rea-
sons of experimental convenience.

104 ysual kernel of the type W(v,—~v,’), 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.

11See, e.g., J. Brochard and R. Vetter, J. Phys. (Par-
is) 38, 121 (1977).
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The time-dependent Schrodinger equation for the motion of the electron in a H*-H
collision is solved numerically with a finite-difference method on an axially symmetric
spatial mesh. Sample density distributions for E 4 =20 keV are shown. The calculated
charge-transfer probabilities at E,; =38.92, 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-
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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 Schrédinger 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 Schrddinger
equation is given by
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The nuclear positions ¥, ({) and T,(f) are treated
as externally prescribed parameters, which im-
plies a classical motion of the nuclei. We ne-
glect distortion of their orbits due to the electron-
ic motion, which can be improved by computing
the action of the electron on the nuclear motion,
For simplicity, the solution of Eq. (1) is re-
stricted to axial symmetry, so that only head-on
collisions can be treated without further approxi-
mations, although the results should also be mean-
ingful for impact parameters small compared to
the Bohr radius a, For the collision H-H the
relative velocity is given by

)=t (%) m(Ec.m. - I—f_l—(tT—e—zf:(t—)l_>ll2° (2)|

1 1-iAtH, /27

expl—i(H, + H)At/Ti)=

The horizontal and vertical Hamiltonians H, and
H, are defined by Koonin et al.” and by Varga.®
The inversion of the operators in the denominator
of Eq. (3) is calculated with the alternating-direc-
tion—implicit method (ADI), also called Peace-
man-Rachford algorithm.® The time step Af is
chosen on the order of Af =4X10718 gec in the cal-
culations,

The initial distance between the protons is tak-
en as 16q,, at which the calculation is started with
the electron in an unperturbed 1s orbit around
one of the two protons. Extensive tests were car-
ried out to check the accuracy of the numerical
methods. Some of the most important ones are
as follows:

(a) The electron moves in the field of a proton
at rest. This tests the overall conservation of en-
ergy and norm. We found energy conservation
better than 0.05% during a time of 100A¢ =4Xx10"16
sec. In this calculation the nucleus is assumed.-
to be a point charge.

(b) The electron and proton move uniformly
with the same velocity v,. In this case, the elec-
tronic wave function is initially multiplied with a
plane-wave factor exp(imv ,z/7%). This is a much
more stringent test than the previous case, as
the proton with its singular potential on the z axis
now comes into various positions with respect to
the mesh points. We find that energy conserva-
tion becomes quite inadequate with a point-charge
proton,

Extending the proton charge to a uniform dis-
tribution with radius R,=0.2a,(=Az =Ap) we en-
sure conservation better than 2% during a time

1+iAtH, /20 1+ iAtH, /2%

Here, M is the proton mass and E ., the inci-
dent energy in the center-of-mass system. The
nuclear centers are assumed to lie at the points
2, ,=*R()/2 and move with velocities 2, , =F R(t)/
2 along the z axis,

Equation (1) is solved in cylindrical coordinates
z and p. The problem is independent of the azi-
muth angle ¢ because of the symmetry restric-
tion, A spatial mesh was chosen with 160 and 40
points in the z and p directions, respectively,
with a spacing of Az =Ap =0.2a,- The mesh points
are set atp =( - 5)Ap and z =(j - 1)Az with 4,
=1,2,..., so that there are no mesh points on the
z axis where the nuclei lie, The numerical solu-
tion of (1) is carried out by using the decomposi-
tion of the time-development operator:

(1 -iALH,/2%), ®3)

lof 100A¢, This is quite remarkable since in this
case the potential is modified only at the closest
neighboring points to the proton. It can be under-
stood, however, from the nonanalytic behavior

of the electronic 1s wave function at the origin.
The extension of the proton charge smooths the
wave function near the proton and, therefore,
changes its differentiation properties so that the
energy is conserved in time,

The replacement of the point charge by an ex-
tended charge distribution of radius 0.2a, of
course leads to a shift of 0.24 eV in the energy
of the electronic ground state. If higher accuracy
for the binding energy as well as for energy con-
servation during the collision should be desired,
the step sizes Ap and Az may be decreased, As
an example, for the time evolution of the elec-
tronic wave function during a H" -H collision we
show results for E;,;, =20 keV. Figure 1 contains
isodensity lines for the electron distribution at
different times. In the initial stage of the colli-
sion the electron merely follows the proton. As
the two protons approach each other, the electron
starts to feel the attraction by the other proton
and moves faster in that direction. When the pro-
tons get very close, the electronic distribution
“shoots over,” i.e., its center of mass moves
outside the region between the two protons, and
then begins to oscillate back and forth between
the protons. Meanwhile, however, the wave func-
tion shows increasingly complicated patterns.

As the two protons separate finally, the electron-
ic wave function also breaks up and the probabil-
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FIG. 1. Contour maps of the electron density in a head-on H*-H collision at Ei,, = 20 keV. The collision is
shown in the center-of-mass frame. Because of the rotational symmetry about the z axis the electron density is
drawn only in the z-p plane. The positions of the nuclei are indicated by crosses. The elapsed times for each
frame are given on the upper left in units of 10" 17 sec. From one contour line to the next the density changes by a
factor 10, indicated by the numbers for the negative exponents in the figure.

ity of staying with each of the two protons can be
calculated by integrating the probability distribu-
tion over the appropriate half-space. Thus one
obtains the probability for charge transfer. After
the protons have reached a separation of 16a,,
this probability remains stationary, so that the
charge transfer seems to be reasonably well de-
fined in this calculation,

We have computed the charge-transfer proba-
bility for several incident energies in order to
compare it with experimental data!® measured at
a laboratory angle of 3° at energies E;,,=0.5-50
keV. In that case we took the charge-transfer
probability as the probability that the electron is
localized near the proton that emerges in beam
direction. This approximation is justified since
the impact parameters for 3° scattering in the
energy region considered are small compared
with the mesh size used in the calculation.!! In
Fig. 2 the results are shown together with the ex-
perimental data and a pseudostate-expansion cal-
culation.'? Apparently the results are in good
agreement with the experimental data.

As shown, it is straightforward to extract the
charge transfer from the final wave function. The
excitation cross sections can be calculated by
taking the overlap with the known moving atomic
states in question at the end of the collision. For
ionization the situation is more complicated. A
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possible procedure is to calculate the quantum-

mechanical flux out of a surface far enough away
from the nuclei. The presented calculations are
a first step towards the numerical integration of
the scattering problem with many electrons, As
the next step, the nonaxisymmetric one-electron
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FIG. 2. Charge-transfer probability for the H*-H
collision at 6 1,,=3° as a function of incident proton en-
ergy in the laboratory system. Present theory, cross-
es; pseudo-state expansion (Ref. 12), dash-dotted line;
experiment (Ref, 10), dashed line.
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problem has to be solved, and finally the case of
many electrons should be attacked within the
framework of the Hartree-Fock method.

We thank Professor Dr. Joachim Maruhn for
his kind help and advice in the numerical details
of this work. This work has been supported by
the Gesellschaft fiir Schwerionenforschung (GSI).
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A molecular ion (HBr*) has been observed for the first time by laser magnetic res-
onance spectroscopy. Pure rotational transitions have been detected with five different
far-infrared laser lines. Assignment of the hyperfine patterns has produced values for

the magnetic hyperfine constants.

Although optical emission spectra have been ob-
tained for a fairly large number of molecular
ions,! high-resolution spectroscopic techniques
have been successfully applied to these species in
only a few cases., H," was detected by Jefferts®?
in a rf-optical double-resonance experiment; sev-
eral different isotopic forms of CO* (Ref. 4),
HCO™ (Ref. 5), and HNN"* (Ref. 6) have been stud-
ied in live discharges with microwave spectro-
scopy by Woods and co-workers; Wing etal.” have
observed vibration-rotation transitions in HD* by
Doppler-tuning an ion beam into coincidence with
an infrared laser; and, most recently, CO" (Ref.
8) and H,0* (Ref. 9) have been detected by Car-
rington and co-workers, and O,* by Tadjeddine
etal.,’ Moseley etal,,' and Carrington, Roberts,
and Sarre'? in the same manner using visible la-
sers. In this Letter we report the observation of
pure rotational transitions for the HBr * molecu-
lar ion by far-infrared laser-magnetic-resonance
(LMR) spectroscopy of a dc glow discharge con-

tained inside the laser cavity.

The LMR spectrometer is similar to a previous-
ly described version®® built in this laboratory.
Briefly, it consists of a 7.6-cm-diam by 38-
cm-long quartz far-infrared gain cell pumped
transversely by a 2.3-m CO, laser with a 30-W
output, and separated from the 5-cm-diam by
58-cm-long intracavity sample region by a 1.3-
mm polypropylene beam splitter set at the Brew-
ster angle. Instead of being located between
the pole faces of a 15-in. magnet, as in Ref. 13,
the sample region is centered inside the bore of
a 5-cm-diam by 33-cm-long solenoid magnet
cooled by liquid nitrogen, capable of providing
field strengths up to 0.5 T with a homogeneity of
0.1% over a 15-cm length. The HBr* ions were
generated within the laser cavity in a dc glow dis-
charge through a flowing mixture of ~1% HBr in
helium at 133-Pa (1-Torr) total pressure and
near-ambient temperature. Pure rotational tran-
sitions in the paramagnetic ®II, /, ground state of

Work of the U. S. Government
Not subject to U. S. copyright 515



