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Photon, scattered-atom coincidence measurements with polarization analysis have been made for 3.0-keV
He+-He charge-transfer collisions leading to He(3'P) excitation. The phase difference between the scattering
amplitudes for m, = 0 and mt ——~ 1 magnetic-sublevel formation is an approximately constant function of
scattering angle. Vfe interpret our results using the electron promotion model and show that the phase
difference should be a constant function of scattering angle and incident kinetic energy,

I. INTRODUCTION

Measurements of magnetic- sublevel populations
excited in heavy-particle collisions have only re-
cently been reported' ' and only for the He'-He
and He'-H, collision systems. Such measurements
can determine the relative importance of radial
and rotational coupling within the electron promo-
tion model, and therefore promise to be important
to the development of inelastic scattering theory
in atomic collisions. Two methods have been used
to determine sublevel populations: (i) polarization
analysis of radiation in coincidence with scattered
particles, and (ii) measurement of the angular
distribution of radiation, also in coincidence with
scattered particles. Using the first method, de
Rijk, Eriksen, and Jaecks' and Jaecks, Eriksen,
de Rijk, and Macek' have made measurements of
He(3'P) excitation in 3.0-keV He'-He charge trans-
fer collisions. Vassilev, Rahmat, Slevin, and
Haudon' have measured direct excitation of He (3'P)
by 150-eV He' ions, and Eriksen and Jaecks'
have seen nearlypure He(3 'P) excitation in 1.5-keV
He'-H, charge transfer collisions. Using the sec-
ond method Va,ssilev et al. ' have studied the exci-
tation of He(3 'P) by 150-eV He' ions.

In this article we describe in detail measure-
ments and calculations briefly reported earlier. '
The polarization dependence of the coincidence
rate between 3889-A photons and scattered neutral
particles has been measured as a function of in-
cident laboratory energy T, and as a function of
laboratory scattering angle 8. The apparatus used
for the measurements is described in Sec. II and
the data are presented in Sec. III. In Sec. IV we
discuss our analysis of the data to determine ex-
citation probabilities, and finally, in Sec. V we
use the electron promotion model to interpret the
experimental results.

II. APPARATUS

A. General vacuum system

The apparatus can be divided into two parts, (i)
a source and drift region where the ion beam is
produced, focused, and collimated, and (ii) a scat-
tering region which houses the particle and photon
detectors. All parts of the general vacuum system
are constructed of stainless steel. The source re-
gion is pumped by a 4-in. NRC oil diffusion pump
with both a. freon-cooled baffle (-30'C) and a mo-
lecular sieve trap between the diffusion pump and
the vacuum system. An identical pump and baffle-
trap arrangement evacuates the drift region. A
Welsh 1397 forepump backs both diffusion pumps
through a zeolite trap. The scattering chamber
region is pumped by two NRC VHS4 4-in. oil dif-
fusion pumps, backed by another Welsh 1397 fore-
pump and zeolite trap. However, only molecular
sieve traps separate these diffusion pumps from
the vacuum system, since the pumps have very
low backstreaming qualities. All four diffusion
pumps can be isolated from the vacuum system
by gate valves. Ion-gauge pressure measurements
of the base vacuums indicate typically 2 & 10 '
Torr in the source, 1 x 10 ' Torr in the drift re-
gion, and 4X 10 ' Torr in the scattering chamber.

B. Source and drift region

The unoplasmatron ion source and associated
electrodes and lenses are constructed of stainless
steel, and have been described briefly by van den
Bos.' The ion source is separated from the mag-
netic field region by a cylindrical piece of glass
and the source floats at a positive potential (rela-
tive to ground) which nearly determines the beam
energy. Figure 1 shows a schematic diagram of
the ion source giving some details not shown in
Ref. 5. Two copper rods (1) support a BaCO, —
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FIG. 1. Diagram of the ion source and drift region,
and ion-source supply voyages.

coated platinum gauze filament (2) which is heated

by an alternating current of approximately SO A.
An arc of about 1.0 A dc is struck between the
anode (4) and the filament through the interme-
diate electrode aperture (3). Although the fila-
ment-anode bias necessary to strike the arc is
about 100 V, 50-60 V typically suffice to maintain
the arc. The intermediate-electrode region is
fQled with high-purity He gas, regulated by a leak
valve to a pressure of several hundred microns
as measured by a Pirani gauge. In the anode there
is a copper insert with a 0.5-mm-diam aperture.
Helium ions are drawn out of the arc region by the
anode-to-lens (5) potential difference. Electrodes
(5)-(7) form an efnzel lens, (5) and (7) being
grounded and (6) maintained at a positive potential
with respect to ground. The He' beam exiting from
(7) is momentum analyzed in a magnetic field and
simultaneously bent through an angle of 30'. Dur-
ing operation the pressure near the magnetic field
region is approximately 2 x 10 ' Torr.

The drift region, about 0.75 m long and construc-
ted entirely of stainless steel, houses steering
plates and the incident beam defining apertures.
The apertures are slits, 0.51 mm wide each and
0.32 m apart, constructed of 0.127-mm-thick
molybdenum. The second slit is actually located
inside the scattering chamber, 5.08 cm from the
scattering center 0. At 0 (see Fig. 2) the full
width of the incident beam is 1.29 mm and it has
a geometric angulax spread of 0.10'.

C. Scattering chamber

The scattering chamber is a stainless-steel
cylinder (about 0.40 m inside diameter and about
0.20 m inside height) with ports at various posi-
tions around the circumference. The chamber
houses the interaction region, a rotatable paral-
lel-plate electrostatic energy analyzer, and the
particle detectors. The optics system protrudes
down through the top of the chamber and views the
scattering center from the top.

The incident beam enters the scattering cham-

Vg

FIG. 2. Overa11 view& of the scattering region, Faraday
cups, parallel-plate ana1ymer, and optics system.

ber from the left-hand side in Fig. 2, and collides
with atoms or molecules of a thermal beam near
0. The target gas beam is introduced to the scat-
tering region by a Bendix capillary array, 9.53
mm in diameter, 1.02 mm thick, pore diameter
25 pm, and located 6.5+0.5 mm from 0. The
array is epoxied into a brass holder, with target
gas at a pressure of sevexal thousand microns
behind the array. Under these conditions the
pressure in the chamber is 4.0X 10 ' Torr, as
measured by an ion gauge. Matheson high-purity-
grade gas is used for the target, its flow regulated
by a Granville- Phillips leak valve. Mounted on a
rotatable stainless-steel rail are two Faraday cups
and a parallel-plate analyzer all made of oxygen-
free copper. The Faraday cups are designed to
collect the unscattered beam and thus monitor the
incident-beam intensity. These cups are connected
to a Keithley electrometex which typically reads an
unscattered beam current of 0.5-1.0 nA. The an-
alyzer is constructed of two copper plates 12.V
~ 7.0 x 1.6 cm', and has two slits, S~ and Si, which
are continuously variable by means of a micro-
meter drive. The slits Si and Sl are separated
by 9.16 cm and are adjustable from 0.56 to
2.25 mm width, the slits being set at 2.0 mm for
our measurements. A third slit Ss is not adjust-
able and is 3.7 mm wide. Boron nitride insulator
rods hold the plates parallel and 3.81 cm apart,
and four No. 18 gauge wires serve as guaxd rings.
The geometric angular xesolution of the detector
is determined by slit S& and the distance between
the inside corners of the two Faraday cups (0.77
mm). S~ is separated from the corners of the
cups by a distance of 11.1 cm, making the geo-
metric angular resolution of the detector 0.5'.
In practice, the angular resolution is better than
0.5, since the coincidence scattering volume is
determined by the optics, incident beam, and tar-
get gas beam, as well as the detector apertures.
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Behind slits S2 and Ss are mounted EMI 9707B
electron multiplier tubes. These multipliers
normally have 17 stages and are end viewing, but
an extra copper beryllium dynode has been added
to make them side viewing. In this experiment
only the multiplier behind S3 was in operation.
The first dynode was grounded, and a bias of 4200
V was applied to the dynode chain. Pulses from
the multiplier were capacitively coupled to a John-
ston Laboratories PAD-1 preamplifier located
outside the vacuum system. The optics system is
housed in a 10-cm-o.d. stainless-steel well which
protrudes down through the top of the scattering
chamber and views the region near 0. The back-
ground surfaces around 0 are coated with carbon
black to reduce reflections. A lens, expoxied to
the bottom of the well, makes a vacuum seal be-
tween the well and the system. Both lenses used
in the optics system are ultraviolet- grade quartz
of focal length 63 mm and diameter 39 mm. Lens
1 is about one focal length from 0. The nearly
parallel rays of light exiting from this lens pass
through a 5.0-cm-diam interference filter made
by Baird Atomic. The filter has a maximum
transmittance of 40/o at 388.6 nm and has a band-
width of 36 A full width at half-maximum, as spec-
ified by the manufacturer. Lens 2 focuses the re-
maining light to a point 2.5 cm in front of the pho-
tocathode, the light passing through a polarization
analyzer before reaching the photomultiplier tube.
The polarization analyzer is a quartz substrate
with a special absorbing coating, the entire analy-
zer being manufactured by Polacoat, Inc. The
coating is Polacoat 105 UV. A special property
of this analyzer is its insensitivity to the entrance
angle of light. The transmission axis of the analy-
zer makes an angle P with respect to the incident-
beam direction. Photons are detected by an RCA
8850 photomultiplier tube at room temperature.

D. Coincidence electronics

Figure 3 shows a block diagram of the electron-
ics used for determining the coincidence rate. In
this experiment the uncorrelated coincidence rate
is much higher than the correlated rate, and
therefore it is important to make a precise de-
termination of the uncorrelated rate. The circuit
used is similar to ones previously described. ' All
amplifiers, discriminators, and AND/OR gates
are manufactured by Chronetics, Inc. , model Nos.
1568, 151B, and 157B, respectively.

Pulses from the photomultiplier are processed
(not shown in Fig. 3), fed to a delay D, and shaped
by discriminator (3). The delay D is a single long
piece of RG214/U cable having low losses and
small capacitance so as to minimize the degrada-
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FIG. 3. Block diagram of the electronics /he main
coincidence circuitry) .

tion of the pulses. The delay D must be deter-
mined for each incident energy. Discriminator
(3) shapes the pulses and routes one signa, l to
discriminator (4) and one signal to delay D'. The
signal to discriminator (4) is doubled by means of
an unterminated length of RG214/U cable. Dis-
criminator (4) shapes the doubled pulses and feeds
0.6- V 50-nsec-wide pulses to input (2) of gate I.
At input (2} of gate I, the primary photon pulse is
denoted by P, and the secondary pulse is denoted
by s. Secondary pulses are delayed by an amount
& t, about 600 nsec, from the corresponding P
pulses. The second output of discriminator (3} is
delayed by an amount D', as determined by another
length of RG214/U cable, and the resulting pulses
are then shaped by discriminator (5) to a width of
50 nsec and fed to input (2) of gate IL The pulse
at input (2) is denoted P'. The output of gate I,
100 nsec wide, is counted by a sealer N», „, and
is also fed to input (1) of gate II. The output of
gate II is counted by a sealer N„.

Real coincidences occur when a p pulse and a
particle pulse (also 50 nsec wide) overlap at the
input of gate I. The pulse widths and the delays
D and & t have been adjusted so that real coinci-
dences cannot occur with secondary photon pulses
s. Accidental coincidences can occur with either
P or s photon pulses, however, so the output of
gate I is

N2&+& ——A&+R +As &

where R are real events, A~ are accidentals with

p pulses, and A, are accidentals with s pulses.
The P' pulses are delayed so that at the input of
gate II they overlap A, pulses, and A, pulses only.
Thus the output of gate II is

(2)

This circuit has some advantages compared to
other coincidence circuitry, since it is actively
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registering real events 100% of the time (as op-
posed to schemes which use smitching methods
to determine the accidental rate'). Also, it is
superior to methods using tmo gates for deter-
mining R and A separately, since the present sys-
tem is less susceptible to errors caused by changes
in resolution of the gates.

Adjustment of delay D' was made with yulser
inputs to discriminator (3) and to gate I, input (1).
Pulses were fed directly to discriminator (3}, and
the same pulses (but delayed) were fed to gate I,
input (1). The delay D was set so the pulses at
gate I, input (1}were in coincidence with the s
pulses at input (2). A digital delay (Berkeley
Nucleonics 7030) was installed in place of D', and

adjusted until the P' pulse was properly aligned
with the gate-I output. The digital delay was then
replaced by an appropriate length of 86214/U ca-
ble. Time measurements and alignment mere
made with a Hewlett Packard 1830 oscilloscope.

To adjust delay D, the digital delay was inserted
in place of D and signal inputs from the photomul-
tiplier and particle detector mere connected as for
a normal run. The coincidence rate of all 3889-A
photons (no polarization analysis) with neutral
scattered particles was determined as a function
of delay D, with results as shown in Fig. 4. The
curve has about the correct width, considering
the pulse widths at the input to gate I and the 112-
nsec lifetime of the He(3'P) state. ' The delay
which gave a maximum in this curve mas chosen
for delay D, and a single length of 80214/U was
cut to replace the 7030 digital delay.

The electronics were periodically checked by
inserting an ixnproper delay in place of 8 and ver-
ifying that normal signal inputs produced zero real
coincidences.

III. DATA

Measurements of the total charge transfer proba-
bility P„were made as a function of scattering
angle 8 and are shown in Fig. 5. The measure-
ments were made using the neutral particle de-
tector behind S3, counting the number of particles
reaching this detector with and without voltage
apylied to the analyzer. The maxima and minima
agree in angular position (+ 0.1') with the data of
Nagy et u/. ' There is a damping of both maxima
and minima due to our large angular resolution,
and a slight downward shift of P,„presumably due
to a difference in the efficiencies for neutral and
ion detection. If &' denotes the efficiency, me
estimate that o,',„/o. ', =0.8.

Measurements of the scattered neutral signal
indicate a linear pressure dependence at a scatter-
ing chamber pressure of 4 x 10 ' Torr. This pres-
sure was measured with an ionization gauge and
4 ~ 10 ' Torr is the chamber pressure during a
run. As a further check for any pressure-depen-
dent effects, coincidence data at 3.05 keV, 1.60'
were obtained at chamber pressures of 2 ~ 10 '
and 4 x 10 ' Torr, there being no important dif-
ferences in our calculated parameters.

Incident beam profiles were taken to locate beam
zero, which remains constant to within 0.1 over a
1.5-yr period.

Figure 6 shows the coineidenee rate between all
3889-A photons (no polarization analysis) and all
scattered particles (neutrals and ions), as a func-
tion of angle 8. These data confirm that the thres-
hold for the excitation of the He(3 ~P) state occurs
at values smaller than 3 keVdeg, already indicated
by the work of Barat et a/. 'o Barat et a/. reported
the direct excitation cross sections for states n ~ 3
in He'+ He collisions, there being a peak in this
cross section near 1.3 keVdeg.
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FIG. 4. The number of real coincidences divided by
the number of photon counts vs the delay D (see Fig. 3).
Data shown represent coincidences between 3889-A pho-
tons with no polarization analysis and scattered particles
of any charge state. Data are for 3.05 keV incident en-
ergy and 1.0' scattering angle.
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FIG. 5. The charge exchange probability J',„. vs
scattering angle 8 (in deg) at 3.0 keV. Comparison of
present results with the data of Nagy et al . Puef. 9).
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where A~, A„and R are defined in Sec. II0 and
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As shown in Fig. 7, measurements were also
made of the noncoincidence polarization, that is,
the polarization of all 3889-A radiation x'egardless
of the scattering angle of the particles. The data
show slightly more polarization parallel to the in-
cident beamthan perpendicular. Although there
are no data available for comparison, the polari-
zation fraction is in fair agreement with the meas-
urements of de Heex et aE."at higher energies

For oux' coincidence measurements, a typical
data set for each run included laboratory energy
T„ the laboratory scattering angle 8, the polari-
zer angle P, the px"essure in the scattering cham-
ber, the beginning and ending time, the number
of photons and particles detected, and the read-
ings on the scalers from gate I, denoted N» ~
and from gate II, denoted N~. The number of real
events R~ is determined by doubling N„and sub-
tracting it from N, , The quantity R„ is R„di-
vided by the numbex' scattered neutral particles
times 10"'.

The error in the measured number R'„ is given
by the square root of N» „, as the following an-
alysis indicates. The parameter R'„ is

t
He+ He 3.05 keV

TOTAL
POLAR I Z ATION

FIG. 6. The number of coincidences (between all 3889-
A. photons and all scattered particles) per scattered pho-
ton vs scattering angle 9.
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where the errors have been assumed to combine
quadratically and the standard deviations in A~,
A„and R are ~A&, MA„and WR." The error o'z

is 0» divided by the number of scattered neutral
particles times 10 '.

Runs are usually 24 h long, and are made at four
polarizer angles (0', 45', 90', 185') for each scat-
tering angle 8. At least two runs are made at each
polarizer angle js; the average value R„and the
estimated standard deviation o ~ are detex'mined
from

lNCIDENT
Sf.Ale

FIG. 7. Photon count rate in counts per sec vs polari-
zer angle p, noncoincidence, at 3.05 keV.

FIG. 8. Polar plots of R,„(P) vs P for six scattering
angles 9 at 3.05 keV. The large solid dots with error
bars are data, and the smaller dots vrithout error bars
are least-squares best fits of the data to Eq. (8). The
major axes of the best fits are shown by solid lines. The
numbers on the axes represent the scale of R,„ in real
coincidences per 109 scattered neutrals. For each polar
plot, the incident beam direction coincides with the &

axis and neutral particles are detected at an angle 8
above the & axis.
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where N is the number of runs at a given P and 8.
Figure 8 shows the average values R„(P) at 3.05
keV for 1.00', 1.25, 1.50', 1.60', 1.75', and 2.00'.
Data not shown in Fig. 8, but taken at 1.00', 3.05
keV for P = 22.5' and 112.5', confirm the hourglass
shape of the patterns. Typically, a polarization
pattern requires 2 weeks of running time. The
dotted lines are computer fits to the data, as de-
scribed in the next Sec. IV.

In all polarization patterns, the He' beam direc-
tion is identical with the z axis, and the scattered
neutral beam is detected above the positive z axis.
The most apparent feature of these patterns is
their rotation as a function of scattering angle.

IV. ANALYSIS OF DATA

The polarization patterns have been analyzed
using the results of Macek and Jaecks, "who de-
rive a general expression for the coincidence rate
in an atomic scattering process. We have evalu-
ated this expression for the particular case of He(3'P)
excitation in He'-He charge transfer collisions,
where the excited He(3'P) atom decays to the
He(2'S) state. We obtain

I(I3) = C[28o, + 26o', + 15(2o,a, )'~' cosn p sin2p

+ (30o', —15o,) sin'8],

where I(P) is the coincidence rate between scat-
tered particles and photons emitted at 90 with
respect to the collision plane, C is an unknown
constant depending, for example, on detector
efficiencies, cd and 0, are the differential cross
sections for exciting the I,=0 and m, = + 1 mag-
Ile'tlc substates of He(3 P)~ nQ ls 'tile phase allgle
between the scattering amplitudes (a, and a, ) for
m, =0 and m, = + 1 excitation, and P is the angle of
the polarization analyzer (see Fig. 2). Equation
(6) is generally hourglass shaped on a polar plot
of I(P) vs P. The quantity R(8) we report in Fig.
8 is related to I(P) as follows:

where R(P) is the number of coincidences per 10'
scattered neutral particles, I„is the rate of neu-
tral scattered particles times 10 ', o„ is the dif-
ferential cross section for the scattering of a neu-
tral particle to angle 8, and E' is an unknown con-
stant. In terms of P, and P„R(P) is

R (P) = [28P, + 26P, + 15(2P,P, )'~ ' cos&P sin2P

+ (30P, —15P,) sin'P], (8)

where

ta by Eq. (8) we determine the quantities P„P„
and &Q as a function of angle P. The quantities P,
and P, have units of coincidences per 10' scattered
neutral particles, and are proportional to the prob-
abilities o,/v„and o,/o„. The best fit was obtained
by minimizing the weighted mean-square deviation

l.e.
y

R P —R„9 ' 20'„', 10
8=0 ~45 ~90 ~ 135

where R(P) is given by Eq. (8), and R„(P) and

0~ are the measured average coincidences per
10 scattered neutrals and the standard deviation
of R„. In practice, the parameters varied in the
minimization were R, R „, and g, where R
and R „are the values of R(P) along the major
and minor axes of the hourglass, and 3 is the an-
gle of the minor axis with respect to the incident
direction.

For all polarization patters, only one minimum
in &(R,R „,6) was found. The program took
the best values of R, R „, and 3 and calculated
the values of P„P„and &Q according to the re-
lations

P, =[R +R,.—(R -R „)cos26](82)-'

—[(Rmm- Rmln) cos26] a~is ~ 11
P, =[R +R „-(R —R „)cos26](164) '

+[(R —R „)cos26] —,",, ,

cosh Q = —(R —R
&

)(cos23)/(450POP, )'i'.

Errors in R, R „, and S were estimated from
values of & according to the relation"

( )- s'&(() ~(5 .,)- »(5;)+&((;,)
9)2

(12)

where the parameter ( stands for either R
R „or 3, a~ is the estimated standard deviation
in the parameter $, &$ $g I $ $f $f y and
gives the minimum &. From the errors in R
R „, and 6, Eqs. (11) were used to determine the
errors in Pp Pi an'd +Q according to"

~2 m "Pp
Pp ~ g(2

etc. , where $ again stands for R, R „, or 9.
For comparison of theory with experiment, more

relevant quantities are o'o/o r and o,/or, where ar
is the cross section for scattering of all particles
(regardless of charge state) to an angle 8. To con-
vert from P, and P, we note that

Po = Koo/o„, P, = Ko,/o'~. or = &TN/P „ (14)

From a computer least-squares best fit of our da- where P,„is the total charge transfer probability.



14 PHOTON, SCATTERED-ATOM COINCIDENCE MEASUREMENTS. .. 125

Cl
4s0

CL

He+ He
3.05 keV

3889 A

state has a large peak near 1.6 . The most im-
portant feature of the data, however, is the nearly
constant 90 value of the phase difference &P.

V. THEORY

, N I f
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Then from the definitions of P, and Py

P, =Krr, /rr„= (Krr, /rrr)(P„) ',

P, =Ku, /&r„= (Krr, /or)(P„) '.

Therefoxe we define P,' and P', as

P,' =Ko,/rrr = P,-„P„
P', =Koo/or = P—„P,.

(16)

%e have used our own measured values of P„,
shown in Fig. 6, to convert Po and P, to Po and
P', according to Eqs. (16). The parameters P,',
P', , and d P are plotted versus scattering angle 8

in Figs. 9 and 10.
The values of P,' and P', show that the excitation

of the m, = + 1 states is rather constant as a func-
tion of angle, whereas the excitation of the m, =0

, Wl I I

i.0 l.5 2.0
SCATTERING ANGLE

(dIII )

FIG. 9. Probabilities I'& and P ~ for exciting the
m, =0 and m, =+1 states as a function of lab scattering
an~le 8. Po and P& are the number of coincidences per
109 scattered particles (neutral or charged).

%e interpret these data using the electron pro-
motion model, a,ssuming a Landau-Zener crossing
between the 1so,(2pa„)'A 'Z, and (iso,)'4do, 'Z, He, '
electronic enex'gy curves. A correlation diagram
for the He, ' system is shown in Fig. 11. Bardsley'4
has calculated the molecular energies of some of
the states leading to 1s2P excitation of He, these
states crossing the 1so,(2pa„)'A 'Z, state near
1..5 a.u. The crossing of the A'Z state and the
(1so,)'4do, state is therefore expected to occur at
an internuclear distance of less than 1.5 a.u. , i.e.,
1.2-1.4 a-u. The exact position of the crossing,
however, is unimportant for our analysis.

There are alternate ways of exciting the He(lsSP)
state. As shown in Fig. 11, it is possible for the
incident A'Z, state to excite the (1so,)(2po„)(2prr„)'ll,
state by rotational coupling at small R. Baxat
et al."explain excitation of n = 2 states of He in
He'-He collisions on the basis of this crossing. In
order to excite the 1s3P state of He, the 'Il must
couple at large R with states which dissociate to
1s3p of He, and it is expected that such coupling
is small. Also, it is possible to excite the
1so,(2prr„)226 state at small R and again have cou-
plings at large R which mix the ~ state with
states that lead to 1s3p. The importance of these
other mechanisms has not yet been established.

Consider the 1so,(2 pc„)'A 'Z, to (iso,)'4do, 'Z,
mechanism, and assume that the scattered parti-
cle follows a nearly-straight-line trajectory, as
shown in Fig. 12. The value of the crossing xadius
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FIG. 10. Phase angle ~Q vs scattering angle. Since
only linear polariiation analysis eras made, AQ is un-
determined to within a sign.

FIG. 11. A correlation diagram of diabatic states con-
structed following Barat et al. (Ref. 10) and Harkt and
Lichten (Ref. 16).
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Rx

TRAJECTORY

R

Rc

FIG. 12. A schematic diagram of the internuclear
vector R during the coBision, assuming a straight-line
trajectory. R, is the internuclear distance Rt which the
excitation 1s&~(2p0„')2 to (1so~)24do~ is presumed to
occur, and b is the impact parameter.

sino.'= b/R, (17)

where b is the impact parameter. Subsequent mo-
tion of the nuclei is accompanied only by a phase
change of the wave function, sincein the approxi-
mation that the 4do' and 4' states are degene-
rate, the charge distribution maintains the orien-
tation it had at the time of the level crossing. A

R, will be about 1.3 a.u. Compared to the size of
the 4do wave function (the first radial node of a,

hydrogenlike 4d wave function occurs at about
6 a.u. for Z= 2), R, is small. Therefore the mole-
cular energies of the 4da and 4' states will be
nearly degenerate. In fact, the energy separations
can be estimated for the H,

+ levels. The H, ' 4da,
and 4' levels are separated" by approximately
&E= 0.01 a.u. at 8 =2 a.u. Thisenergyistobecom-
pared with the angular frequency of the rotating in-
ternuclear axis. For an internuclear velocity of
0.1 a,.u. correspondingtoanincident He' energy of
1 keV, and an impact parameter 5 = 1 a.u. , the an-
gular frequency is of the order of 0.1 a.u. This is
large compared to &E; consequently, the assump-
tion that &E=O is acceptable even for incident
energies of the order of a few hundred eV. On the
incoming passage of the crossing, the 4' level
is populated when the internuclear axis is oriented
at an angle &, such that

simila, r transition takes place on the outgoing pas-
sage of the crossing.

%e have taken the point of view that the excited
wave function stays fixed in a laboratory set of
coordinates. A more common point of view is to
use molecular-orbital wave functions which are
quantized in a frame rotating with the internuclear
line. In such a frame, a wave function fixed in the
laboratory frame would exhibit a continual rota-
tional coupling between the o and m molecular
orbitals.

Consider the development of the wave function
during a collision in which the distance of closest
approach ''s smaller than R,. Before the first
crossing, the time-dependent molecular wave
function for the He'+ He system is

t)(t) t), exp(—
X=f x(l )xt'), '

At the first crossing, the wave function divides
into two parts, namely, the incident wave function

g, and the excited-state wave function g, . In the
approximation that the magnitude of the complex
Landau- Zener transition probability P is small
compared to unity (owing to the two-election na-
ture of the excitation process), the wave function
immediately after the crossing is

tt(t)= t), exp( ——f x,(t') et)'
f e

t t),"' exp (- — 8,(t ') tt t
~oo

E2 t dt

where terms of order ~p~' in the coefficients of f,
and P,"' have been neglected, and where subscript
1 denotes the initial iso, (2po„)' level, subscript
2 denotes the (iso )'4do excited level, and super-
scripts indicate that the 4do state is evaluated with
the symmetry axis along the internuclear line at
the in (i) or out (o) position. As the crossing is
traversed on the outer passage, the wave function
divides again. Neglecting terms of order ~p~', we
have for the final wave function

i e t to
tt(t) tet,"'extt —

x I 'x, (t'=)et'- —' f x, (t )et' +p t)t" extt —''f x,(t')ttt' —' x,(X')et'
m Qo ti ~ t)o t0

+Bg, exp —— E, t' dt', (18)

where B is the amplitude of the initial state at
t~ oo

A transformation of the 4' functions to a frame
with z axis along the incident-beam direction, tak-

ing into account that the 4da and 4' states cor-
relate with the Sp(m, = 0) and Sp(m, =+ I) atomic
orbitals, respectively, gives the amplitudes a,
and a, when the final level is in the I, = 0 and
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m, =+ 1 magnetic substates. The transformation
is effected with the aid of rotation matrices
D„„(n,n', n"), where n, n', and n" are the Euleran-
gles of the rotation. Aside from an overall phase
factor, we find

e, =(4&~4«, ) =~P~2
' '(3cos'o.'—1) cosA,

a, = (&» ~
4' ) = i

~ p~
3'~ '(sino.'coso') sin A,

(19)

where

E t' —E, t' dt'
A= ' @' +g, (20)

and X is the phase of the I.andau-Zener transition
amplitude P.

From Eq. (19) it is clear that &P is a constant
function of impact parameter and incident energy,
and equals 90'. Variations around 90 are expected
if other mechanisms contribute to the excitation.

Also, the model predicts the phase difference to
be constant independent of any assumed relation
between the impact parameter and the scattering
angle, and, in particular, independent of the value
of &, . In contrast, ~+, ~' and ~a, ~' are sensitive to
all these parameters. A detailed comparison of
the model with the present data has not been made,
since the requisite potential energy curves are
not available. Also, there is some doubt whether
a simple relation between the scattering angle 8
and impact parameter b can be found. If R, is
about 1 a.u. , then one expects diffraction maxima
and minima in the differential cross section if
a, (b) cuts off sharply at ft, . The maxima and min-
ima should be separated by an angle about equal
to 0.09', which is comparable to the angular reso-
lution of the experiment. Thus a detailed calcula-
tion incorporating a partial wave analysis of the
scattering may be required to fully compare the-
ory and experiment.
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