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Polarized-photon —scattered-particle correlation measurements in H +He collisions
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Measurements of the relative magnetic-substate population of differentially scattered H(2p) atoms
formed in 4-, 5-, and 8-keV proton-helium collisions have been made using polarized-
photon —scattered-particle coincidence techniques. The relative phases of the scattering amplitudes
were also determined. It was found that the differential cross sections for the magnetic substates

mI ——0 and mI ——+1 were of comparable magnitude indicating that translational and rotational cou-

pling play equally important roles in the excitation process. The average measured phase difference
was found tobe

~

45' ~.

I. INTRODUCTION
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Using polarized-photon correlation measurement tech-
niques one can often determine relative populations of
magnetic substates and the relative phases of the scatter-
ing amplitudes. ' Within the context of the molecular-
orbital (MO) model of ion-atom collisions, this informa-
tion takes on added significance because there is a one-to-
one correspondence between the molecular-orbital quan-
tum numbers of the collision complex and the separated-
atom quantum numbers. One role of experiment is to de-
lineate the excitation mechanisms of these MO states and
test the range of validity of the model.

Most inelastic processes in ion-atom systems studied to
date are dominated by crossings of the initial-state molec-
ular orbitals with those leading to the final state. These
crossings occur from internuclear separations of several

atomic units down to the united-atom limit.
The H++He collision system is of particular interest

because the excitation process is dominated by mecha-
nisms involving large internal energy changes within the
temporal molecule rather than by curve crossing. This
feature of the HeH+ system is illustrated in the diabatic
molecular-orbital correlation diagram in Fig. 1: the initial
( isa) configuration is separated by about 10 eV from the
lscr2pcr configuration that leads to the charge-transfer
state of H( ls)+He+.

The HeH+ system is also important because accurate
potential curves and matrix elements for the system exist
and it could well serve as a two-electron prototype system
where the initial state is well separated in energy from the
final state.

II. EXPERIMENTAL PROCEDURE AND RESULTS

The accelerator and collision chamber for the present
measurements have been described elsewhere. The im-
portant features of the experiment are shown in Fig. 2. A
Brewster-angle polarizer and uv photomultiplier (PM) as-
sembly view the interaction volume of the incident proton
beam and He-target gas jet formed by a stainless-steel hy-
podermic needle. The polarized I.a radiation, emitted in
a direction perpendicular to the scattering plane, from the
H(2p) state formed in the reaction

H+ +He~ H(2p) +He+ ~H( 1s) + La+ He+,
L i'(1 s2p)
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FICi. 1. HeH+ correlation diagram.
FICr. 2. Experimental arrangement for measuring the relative

La polarization intensity I(I3) for specific scattering angles 8, .
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is measured in coincidence with the scattered H( ls) atom
for specific laboratory angles 0, .

The total number of polarized-I. a-photon —scattered-
neutral-particle coincidences, per scattered neutral parti-
cle, was measured for four separate polarization direc-
tions, P=0,45,90', 135', for specific particle scattering
angles 8, . Typical measurements of the number of coin-
cidences per scattered neutral particle, I(P), are shown in
Fig. 3 for specific scattering angles at 4-keV incident ion
energy. The angle P is measured from the positive-beam
axis in a clockwise direction as is 0, .

It is important to remember that this polarization pat-
tern is a direct image of the time-averaged electron cloud
when the nuclei are far apart. This may be of particular
importance when a degeneracy of the magnetic sublevels
occurs allowing the electron cloud to remain fixed in
space as the internuclear axis rotates. In this case the
angle at which the electron cloud is fixed in space may be
directly related to the geometrical angle formed by the im-
pact parameter and the so-called locking distance. When
no such simple interpretation exists, it may be more en-
lightening to discuss the pattern in the separated-atom
reference frame. The measured values of I(P) are related
to the magnetic-substate cross sections, oo(ml =0) and
oi(m! =+1), and the relative phase X of their scattering
amplitudes ao and a& by the expression'

I(P)=c[ (5oo+4o i)+(6o,—3oo)sin P

+(3+2ooo icosX )sin(2P) ],

assuming the excitation is completely coherent. A least-
squares fit of the function to, the measured values at
P=O', 45, 90, and 135 yield's the values of oo, oi, and X.

As stated, the above expression for I(P) is valid when
the excitation of the H(2p) states can be described by a set
of amplitudes that have fixed relative phases. Possible
sources of incoherent radiation are cascading from higher
n states to the H(2p) levels, excitation and formation of
H(2p) from protons interacting with the background gas,
and contributions from H atoms that have contaminated
the primary beam. In general, cascade contributions add
an incoherent contribution to the radiation. Because of
the longer lifetime of the higher-lying levels and the high
velocity of keV atoms, the cascade population occurs out-
side the valence viewed by the photon detector. Consider-
ing these effects, estimates of the cascade contributions in-
dicate they are less than 3% of the La coincidence signal.
The I.n —scattered-particle coincidence rate was measured
for beam —background-gas collisions. This was found to
be zero, thus eliminating this interaction as a source of in-
coherency. The neutral component of the primary H+
beam was determined by directly measuring the H-atom
flux at 0' in the presence of only the ambient background
gas. In this way the contribution to the H component due
to charge transfer along the entire path of the beam could
be determined. For 8 keV energy the H-atom component
was about 10 of the H+ component before the target
gas jet was turned on. The best check for coherency is the
polarization data itself.
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FICs. 3. Relative La-polarization intensities I{P) for H{ls)
scattering angles varying from 0.5' to 1.5' at 4 keV incident ion
energy.

FIG. 4. Magnetic-substate cross sections oo, o ~, and o.o+2a~,
normalized to the number of neutral particles scattered for 4
keV incident ion energy.
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normalized to the number of neutral particles scattered for 5
keV incident ion energy.
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FIG. 7. Phase difference g of the scattering amplitudes of
H(2pp) and H(2p+~ ).

The measured values of I(13) for 5 and 8 keV also show
the general shape of the dipole pattern with the major axis
always in the same approximate direction of P=60'. We
note that in Fig. 3 for 0.95' and 1.0' scattering the dipole
polarization pattern is characteristic of completely
coherent 2p radiation' suggesting that extraneous depo-
larizing effects such as cascade and neutral-atom contam-
ination of the beam are not important. A major check of
the consistency of the measured values of I(P) was to per-
form the same measurements at negative scattering an-
gles. Reflection symmetry through the scattering plane
dictates that the measured polarization pattern for nega-
tive scattering angles should have the major axis at
P= —60', which was found to be the case experimentally.

The measured relative values of o.o and o.
&, normalized

to the number of scattered neutral particles for 4, 5, and 8
keV, are shown in Figs. 4, 5, and 6. The data are plotted
as a function of the scattering angle 8, and the impact pa-
rameter b using the results of Dose" to relate the scatter-
ing angle to an impact parameter. Also plotted in these
figures are half the total cross sections to the H(2p) state,
oo+2o.I. The magnitude of the relative phase X is shown
in Fig. 7 for 4-, 5-, and 8-keV incident ion energy.
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III. DISCUSSION OF RESULTS

Knowing the measured results of oo, o~, and X we are
in a position to interpret the inelastic collision process
H++He~H(2p)+He+ in terms of the diabatic poten-
tials of the HeH+ as shown in Fig. 1. The population of
temporal molecular X states should lead to H(2po) and H
states should lead to H(2p+&) formation. The phase
difference X of the scattering amplitudes results from the
different excitation mechanisms and the time develop-
ment of the adiabatic phase factors from time —Oo to
time + oo.

If we use a two-state approach to the description, that
is, assume the collision takes place by a series of single
transitions from one molecular state to another, transi-
tions between two states k and n, defined in the rotating
frame of the temporal molecule, are governed by the equa-
tion

FICx. 6. Magnetic-substate cross sections o.p, o.l, and o.p+2o. ~,

normalized to the number of neutral particles scattered for 8
keV incident ion energy.

QI — Qz =. —Qk R + I d'or
& Qz (2)
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Here R is the time-dependent internuclear separation and
co is the angular velocity of the internuclear axis. The
term RB/M connects states of the same symmetry, that
is, X-X and H-II, and is generally called the radial-

coupling matrix element. The second term, ill~, con-
nects states differing in electronic quantum number k by
+1, that is, X-II and H-A, and is known generally as the
rotational-coupling matrix element. The charge-transfer
channel designated by (1 so2po )'X begins to be populated
at an internuclear separation R =5 a.u. (Ref. 4) as indicat-
ed by the transition labeled la in Fig. 1. Subsequent tran-
sitions to higher-lying X and H states lead to the popula-
tion of H(2po) and H(2p+~).

The relative values of o.o and ca~ are direct measures of
the relative importance of the translational and rotational
coupling terms. Our first general conclusion that we can
draw from the data of Figs. 4, 5, and 6 about the inelastic
mechanisms is that after the initial ( 1scr) X~( ls02po. )X
translational transition, rotational and translational cou-
pling play equally important roles in the subsequent popu-
lation of the H(2p) state.

This differs from the results of Fayeton et al. ,' where
they interpreted the depopulation. of the (1scr2pcr)'X state
as being dominated by rotational coupling to the
(2so2pn )'ll state near the united-atom limit, for the pro-
cess He++H —+He++H(2p). If rotational coupling were
the dominant mechanism in our case, we would observe a
coincidence pattern I(P) peaked at P=90' with the ratio
of I(P=90)/I(P=O)=2. 5.' From Fig. 3, we see this is
clearly not the case.

A second general observation of the results for oo, o.
&,

and 00+20~ shown in Figs. 4, 5, and 6, is that 0'0 and o
&

vary rapidly with impact parameter b, whereas the total
differential cross section to the 2p state, oo+2o.&, varies
slowly. This suggests that some mechanism causes ampli-
tude to be alternately shared between the final-state II and
X channels as the impact parameter is changed.

We also note that the present results are consistent with
the results of McKnight and Jaecks' for H(2p) excitation
as well as with Crandall and Jaecks' for H(2s) excitation
at 6.25 keV incident ion energy. These previous results
are shown in Fig. 8 and are given as probabilities as a.

function of impact parameter. The probability for H(2s)
formation is, within experimental error, constant with im-
pact parameter. This is consistent with the present values
of oo at 8 keV, where the same region of impact parame-
ter is probed. From Fig. 6, we note that o.o oscillates
about a constant value. The earlier H(2s) measurements
were not sufficiently precise to observe such oscillations.
The previously measured total probability for H(2p) (Ref.
13) is consistent with the presently measured values of
cro+2cr~ plotted in Fig. 6; there is an increase in this func-
tion as the impact parameter is increased from 0.15 to
0.30 a.u.

The calculations of the rotational coupling probability
performed by Taulbjerg, Briggs, and Vaaben' for symme-
trical systems are consistent with our measured value of
cr~ at 8 keV (Fig. 6). Both the calculated, shown in Fig. 9,
and the measured value of o~ show a general increase in
value as the impact parameter is increased from 0.1S to
0.5 a.u.
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FIG. 8. Charge-transfer probabilities for H(2s) and H(2p)
formation at 6.25 keV from Refs. 13 and 14. Total charge-
transfer probability Po is from Ref. 14.
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FIG. 9. Rotational coupling probability vs impact parameter
from Ref. 15. The relative units (r.u.) of Ref. 15 are taken to be
equal to atomic units (a.u. ) used in this text.

Another general trend to note in the data relates to the
relative phase X. From Fig. 7, we find that X oscillates
about a value of approximately

~

45'
~

as the impact pa-
rameter is varied. It is well known that Landau-Zener
theory predicts phase changes of about 45' at avoided
crossings. ' ' This fact prompted us to investigate the



2654 D. W. MUELLER AND D. H. JAECKS 32

possibility that our observed phase differences were relat-
ed to such avoided potential crossings of the HeH+ sys-
tem.

IV. PHASE CHANCxES AT LANDAU-ZENER
CROSSINGS

To determine the phase change of population ampli-
tudes of diabatic crossings or avoided adiabatic crossings
of potential curves, we have adopted the procedure set
forth by Ankudinov, Bobashev, and Perel' and
Bobashev, ' and by Crothers. ' We consider X-X cross-
ings such as those that occur near b =0.4 a.u. and idealize
them by straight lines as indicated in Fig. 10. For pur-
poses of analysis we assume the amplitude for the
(lso2po) X state is given by b& while bz denotes the
(lso2so. )'X state. Rotational coupling to the
( 1 so2pm )'ll state is assumed to occur at R =R

In the original formulation of Ankudinov, Bobashev,
and Perel' and Bobashev, ' the amplitudes, at avoided
adiabatic crossings, are related by

bir S* —g* br&

i+ g ~ b
(3)

where b» and b, are the population amplitudes of adia-
batic states Xq and X3 before the "curve crossing" and b qq

and b&+ are the population amplitudes after the crossing
(see Fig. 11). The values of S and g are related to the
physical characteristics of the avoided crossing:
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where

FIG. 11. Schematic diagram of curve crossings leading to fi-
nal separated-atom states H(2p)+ He+.

y = [(En —Er ) /2R]z /[(H & ~
—Mzz )/A(t —to )] . (6)

OO

Equation (3) can be applied to the physical situation il-
lustrated in Fig. 10 or to any other region where the adia-
batic curves exhibit isolated and avoided crossings. The
phase change of the population amplitudes after travers-
ing the avoided crossing is determined by the imaginary
exponential factors in S; i arg[I (1+iy )], i m /4, and
i y (lny 1). —

Application of Eq. (3) to successive curve crossings
gives the relationship between b~, the population ampli-
tude of the incoming 2po state, and b ~+ and bz+, the out-
going population amplitudes of the 2pcr and 2so states,
respectively. Initially (see Fig. 10), all of the amplitude is
in the 2po. state, i.e., b] ——1 and bz ——0. The incoming
amplitudes bz and b& in the region between Ro and 8
are then

T

0
—S

0.2 04 0.6 0.8 1.0 1.2 14 1.6
R(aU.)

FIG. 10. Landau-Zener curve crossings for 2po. , 2scr, and
2p~ states near united-atom limit.

where the minus sign results from R being negative on the
"incoming" part of the interaction.

The population amplitude b of the 2pm state results
from the rotational coupling, near R;„, between 2so
(adiabatic designation) and 2pn. states. It is assumed that
no phase change results from this transition. After rota-
tional coupling occurs we have the amplitudes Abq,
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+y(lny 1) arg[I (1+iy)]
4

is from Eq. (4). The prime on P'k indicates it is the accu-
mulated phase change from several crossings.

Transitions occurring at Ro are described by

b+

b+
Ab

g S b)
r

Ab2S* —g*b)
Agb2+b

Ag*S*+g*S
Agg —SS

The amplitudes b2+, b&+, and b~ are then related to
H(2po, 2s), H(ls), and H(2p+~ ) populations, respectively.
If no further crossings were to occur cr ~/on=

~
b~

~
/

~

b2+
~

and X is the relative phase between b
and b2+.

From the calculated potential curves of Green et al. ,
"

various y's were determined for the relevant crossings.
For our experimental conditions, the relative phase due to
internal (R & 1 a.u.) interactions is & 10'. Further avoided
crossings at larger R dominate the relative phase.

Further transitions at larger R occur at avoided cross-

b =Bb2, and b ~ for the Zpo, 2p~, and 2str states, subject
to the condition

~

A
( + ~B

~

=1. The values of A and
8 are chosen to be consistent with the 8-keV experimental
data of Taulbjerg et al. '

Phase development arises from two distinguishable
sources:, an adiabatic phase factor —(i/tri) Edt which

fo
develops in time due to the kinetic nature of the wave
function; and Pk, which is generated at the transition
points where the potential curves cross. ' Thus the rela-
tive phase difference X between the amplitudes of the
states for H(2po) and H(2p+, ) can be written

OO

& =&n —&z= — Ertdt /&+ err'o

Eyt + g, 8
0

where the phase change resulting from a single crossing,

irigs shown schematically in Fig. 11. Application of Eq.
(3) results in an overall calculated II-X phase difference of
145'

I
~

The agreement between this calculated phase and our
measured value may be fortuitous because of the large
number of crossings that must be taken into account.
However, we do wish to point out that this is a mecha-
nism for phase generation in collisions that is generally
neglected and that it merits further investigation.

V. CONCLUSIONS

Perhaps a more promising approach to some under-
standing of inelastic mechanisms suggests itself in the
sameness of the polarization patterns as shown in Fig. 3.
Not only for the 4-keV patterns shown but for 5 and 8
keV as well, the general pattern is aligned at about the
same angle relative to the beam. This suggests that one
can interpret these data as resulting from a "freezing" of
the electron cloud during some part of the collision that is
approximately independent of impact parameter. Such a
mechanism has been used to describe earlier impact-
parameter-independent phase measurements of Jaecks
et al. and Reiland et al. '

The work presented here invites a detailed calculation
for comparison. The system is sufficiently simple that a
good check with theory is possible. It is clear that
translational coupling has as much an active part in the
process as does rotational coupling. A detailed coupled-
state calculation would be useful in determining the addi-
tional details apparent in the data. It is clear that the
phase information in these calculations is an important
aspect which cannot be ignored.
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