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The use of the atom-beam recoil technique in the study of differential inelastic electron-atom
collisions with spin analysis is discussed. The general theory of the experimental method is
presented. It is shown how to relate the observable R, the fractional depolarization of a po-
larized atom beam, to the several direct and exchange scattering amplitudes. A linear mo-
mentum~transfer analysis, required to connect the atomic and electron scattering angles, is
also given. Some observations of the change of spin state of potassium, resulting from small-
angle excitations of 4281,2 —»42P1,2, 3/2 transitions are discussed, and are related to the thresh-

old laws.

INTRODUCTION

This paper describes a novel experimental ap-
proach to the study of the inelastic scattering
with spin analysis of atomic systems by low-en-
ergy electrons, based upon the atomic-beam re-
coil technique.' The measurements discussed
here refer primarily to observations of the
change of spin state of an alkali (potassium) beam
resulting from the excitation transitions 4°S,,,
—42P,;, 4, and subsequent decay back to the
ground state. The experimental method, how-
ever, is a general one which is applicable, at
least in principle, to the study of other spin-
changing collisions involving other excited states,
as a function of electron scattering angle and en-
ergy. The method is similar to that which we
have already used to study elastic spin-exchange
collisions in potassium, ' In these crossed-beam
experiments, the atomic beam is velocity and
spin state selected before scattering and spin
state analyzed after scattering. The experiments
constitute differential measurements because the
analyzer examines only a small range of atomic
recoil scattering angles at a time, A suitable
transformation obtained using linear momentum

conservation then yields the corresponding range
of electron polar scattering angles.

More detailed experimental results on both
elastic and inelastic spin-change measurements
will be presented in later papers. We intend to
discuss here the general theory of the experi-
mental method, particularly in connection with
inelastic measurements, and to give some pre-
liminary results on spin analysis of 4%S,,,

- 42’P1,2’3,2 excitation of potassium,

The basic observable in this work is the quan-
tity R(x,¥;v, V), the fractional depolarization of
a polarized atomic beam of speed V which is re-
coil scattered into angles (y, ¥) by unpolarized
electrons of speed ». We will show here how R,
measured as a function of the scattering param-
eters, can be related to the appropriate scatter-
ing amplitudes (actually, displacement of the
beam in the plane of the detector, rather than the
recoil angles, is used in the analysis). The re-
lation of R for inelastic (S- P) collisions to the
polarization of resonance radiation produced by
electron impact will be discussed. A linear mo-
mentum-transfer analysis, required in order to
connect the atomic and electron scattering angles,
is also presented.

THEORY

The details of the theory required for the analysis of this experiment are given in Appendix A, and we
will present only the pertinent results here. We are interested in calculating the probability that an atom,
initially prepared in a particular spin state will, after an excitation collision with an electron, return to
the ground state with its spin orientation changed. In particular, consider the excitation of an alkali atom
from a ground %S ,,, state to the first excited 2P3,2’ 12 States. Assume that the scattering takes place in a
laboratory magnetic field of sufficient strength to decouple the electronic and nuclear spins of the atom,
thus allowing us to neglect hyperfine structure. We will also neglect the alteration of the spin orientation
through a magnetic interaction during the collision. Finally, it is assumed that the system has initially
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been prepared with the spin of the atomic electron and the velocity of the incoming electron aligned with
the external magnetic field.

Under the above assumptions, if the spin of the incoming electron is parallel to the magnetic field, the
state ¥ of the system immediately after the collision is proportional to (see Appendix A)

p~{17%0, 9 -£%0, )1 1.0+ [0, 0) - g0, )] (7.} = 2 %%, D a(D)a(2). (1)

If the spin of the incoming electron is antiparallel to the magnetic field, this state is proportional to

12y~

1

v~{r%06, 01,047 (6, 0) (7,

1%, 07,0 g1, v - P r T HEs (a2, @)
In the above expressions f°(8,p) and f (9, ¢) are the direct scattering amplitudes for excitation events in
which the atom is left with its orbital angular momentum perpendicular and parallel to the velocity of the
incoming electron, respectively.

These quantities are functions of the scattered electron’s polar and azimuthal angles 6 and ¢, the polar
axis being parallel to the direction of the velocity of the incoming electron. The g’s are the correspond-
ing amplitudes for exchange events. o« and 8 represent spin-states parallel and antiparallel to the ex-
ternal field and 1 and 2 refer to the coordinates of the atomic and incoming electron, respectively. The
Y’s are the usual spherical harmonics referred to the atomic coordinates. The direct scattering am-
plitudes can be related to the elements of the T matrix by

1’11

Fo,0= Ty 000 T {00, 3)
1,1’

where [ and I’ refer to the angular momentum of the incoming and scattered electron, respectively, and
the C’s are Clebsch-Gordan coefficients. There is, of course, a similar equation for the exchange am-
plitudes.

To calculate the fraction of atoms returning to the ground state with a particular spin orientation, Egs.
(1) and (2) are expanded in terms of P,,, and P,,, eigenfunctions.? Assuming that the lifetime of the ex-
cited state is long compared to %/(E,,, - E,,;), where E,,, — E,,, is the energy difference of the P,,, and
P,,, states, the relative decay rate to the ground state in question is calculated independently for the P,
and P, ,, states for each incoming spin orientation and the total decay rate is simply the sum of these.
The fraction of atoms R returning to the ground state with spins antiparallel to the external field is given
by

R=

2 2 2 2
. 6l gl +1g° -4lf'-g'l —-4|fY
2

2 2 z z z
170-2° +1g° +1f° +2(1f =gl +Ig'l +If*1)

O

1
3 “)

If the exchange amplitudes can be neglected then

R(no exchange)=?;—?;lf’lz_/(2|f1’2+lf°l2) . (5)

Alternatively, Eqs. (4) and (5) can be written as

2 2
R=%+35 (|g°] +10[g'| -80)/0 (6)
and R(no exchange)=(0,+0,)/0 , (7)

where 0=0,+20, and 0,,0, are the differential cross sections for excitation with Am =0, +1, respectively,
i.e.,

2 2
00,1 =370 g% +ilro g . @)

The interesting problem of the behavior of the various scattering amplitudes in the threshold and the
high-energy limits has received considerable attention recently.® Using simple angular-momentum con-
servation arguments, and neglecting spin-dependent forces, it can be shown? that 1/ and g'/g° vanish
at threshold while f°/f?, g° and g!vanish at high energies for all finite scattering angles. Thus the
limiting values of R are
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(9)

4,1
R(threshold) =%+ T0ex /00

and R(high energy)=%, (10)

2
where oOex=lg°l .

Ifo can be neglected, then
Oex

R(threshold, no exchange)=4% . (11)

1t is of interest to compare our experiment with those in which polarization of resonance radiation is
observed.3>* The normal procedure in that work is to measure the amount of linear polarization of the
optical radiation of certain atomic transitions, which are excited by monoenergetic electrons, usually at
an angle of 90° with respect to the direction of the initial momentum of the exciting electrons. In these
measurements, only unpolarized electrons and atoms have been employed to date. If we consider the
transition (3S,,,~%P,,, 5.), the percent polarization can then be shown to be

2 2 2 2 2 1 2
(IF°-G°| +1F° | +1G°) = (IF'-G'| +IF'| +|G] )

2 2/ 2 2 2 2 ’ (12)
(1 F°-G° +|F°l +]1G° ) +11(|1F' =G| +|F'| +1G'| )

P=300

where

P=100(I” —I_L)/(III +I_1_)

and I;; and I, are the radiation intensities with polarization parallel and perpendicular to the exciting
electron’s initial momentum. The quantities F and G are the integral forms of the various scattering
amplitudes, e.g.,

Fo=2m | "fo(6)sin6de ,
0

so that Eq. (12) can be written as

— o_ 1 0 1
P=300(0,"-0, )/(70T +110,%) , (13)

where 07°, o' are the effective integral (total) cross sections for transitions with Am;=0, +1, respec-
tively. It is important to note that in the optical formulae, only the total cross sections for excitation
with Am;=0, 1 are involved, that is, one cannot separately distinguish the exchange contribution, This
statement is equally true when observing angles other than 90°, although Egqs. (12) and (13) must then be
modified. Thus the threshold law for 90° observation, and the high-energy limit, are,

P(threshold)=%, and P(high energy)=-4&,

respectively, independent of the role played by exchange in the excitation process.

It is seen that the recoil-type experiment with spin analysis differs from, and is superior to, the op-
tical experiment in that the former refers to differential and the latter to integral cross sections, i.e.,
recoil studies can be made of changes of spin state as a function of electron scattering angle. A second
difference lies in the fact that the recoil analysis depends upon exchange effects, which is not the case in
the optical experiment.

EXPERIMENTAL METHOD elastically scattered atoms, noting that they have,
of course, decayed to the ground state long before
The experimental method consists of cross they reach the analyzer.
firing a velocity- and state-selected atomic beam Our measurements yield R(x, ¥;v, V) since they
by an electron beam, and observing the spin- consist of observations of the ratio of spin changed

analyzed angular distribution pattern of the in- to total scattering signals at a given atom scat-
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tering angle as a function of electron energy. Of
course, the spreads in electron and atom beam
speeds, as well as the finite widths and varying
trajectories of both beams, result in the mea-
sured R being actually an average ovér a range of
scattering angles and energies.

The apparatus consists of an alkali oven source,
a Stern-Gerlach velocity selector and polarizer,®
a scattering region, an E-H gradient-balance an-
alyzer, ¢ and a surface ionization detector. A
sketch of the experimental arrangement is shown
in Fig. 1. For potassium, the magnetic fields
employed in the selector and analyzer magnets
and in the scattering chamber are sufficiently high
so that electron and nuclear spins are decoupled.
The potassium ground state can then be described
in terms of pure Mjy=43 states.

In normal operation, the alkali oven is offset
from the beam axis. The Stern-Gerlach magnet
thereby causes one of the spin states to pass
through the apparatus, and velocity-selects this
state with a resolution AV/V (where V is the
atomic speed) of approximately 10% at the same
time. The E-H gradient-balance magnet (analyzer)
is adjusted so as to pass only those atoms which
have changed their spin state. It is a character-
istic of the E-H gradient-balance magnet that
balanced atoms are transmitted with no significant
alteration in their trajectories. That is, this
type of analyzer acts as a “spin filter,” passing
the desired state without significant distortion of
the particle trajectories while rejecting all others.®
The polarizer-analyzer combination employed in
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this experiment is about 99% efficient, that is,
only about 1% of the unwanted spin state arrives
at the detector position with both magnets oper-
ating. The ability of the analyzer to transmit the
scattered beam without distortion of the atom
trajectories is desirable because it simplifies the
transformation from atomic to electron scatter-
ing angles. Most of the atoms in the unwanted
spin state strike the polarize» pole faces or po-
larizer collimating slit. The beam entrance
channel to the interaction region of the scattering
gun serves as a second collimator, for the po-
larizer-velocity selector. Only an estimated 2%
of the unwanted spin state can enter into the inter-
action region and be possibly recoil scattered in-
to the detector. The resulting error in R caused
by this impurity is also of this same order.

The scattering gun is modulated at a frequency
of 10 cps and a phase-sensitive lock-in detector
is employed. The output of the lock-in can be
digitalized and integrated by using a Vidar volt-
age-to-frequency converter and a scalar, Nor-
mally, however, the lock-in output is directly
displayed on an x-y recorder, whose abscissa is
proportional to the detector position. The de-
tector is automatically driven (see Fig. 1) and its
position accurately determined by a calibrated
linear potentiometer. A typical scattering curve
is shown in Fig. 2, in which the spin filter is not
employed. In the figure, taken at 5 eV, the di-
rection of the incident electrons is to the left.
The negative signal (region A) represents scat-
tering out from the forward beam (shown in re-

APPARATUS DIMENSIONS (cm)

CENTER OF ROTATION

.0l0 020 OF ANALYZER (IO .0l0 025
AND DETECTOR
l___JJ N
_lj! :J_’ n
| T r J T_u

18.75 15.25 27.9

T

26.7 30.5 24,1 —»
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FIG. 1. Experimental arrangement and apparatus dimensions.

GUN

ANALYZER DETECTOR

The analyzer and detector assemblies can be auto-

matically and independently driven, and rotate about the scattering center.
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FIG. 2. Raw differential-scattering data, taken at 5 eV. The direction of the incident electrons (modulated at 10
cps) is to the left. Region A shows scattering out and approximately duplicates the dc beam shape. It is shown at
considerably reduced gain. Region B contains only elastically scattered atoms, and Region C contains inelastically
scattered atoms, primarily 42P1,2" 42P1,2,3,2 at small (polar) scattering angles. Atoms scattered by electrons whose
polar scattering angle is 90° would appear at 2.07 cm for all channels (elastic and inelastic).

duced gain). Its shape is approximately the same
as that of the unscattered beam, although there

is some distortion in the left-hand portion due to
contribution to the signal of scattered-in particles
from the right-hand portion of the beam. The
positive portion of the signal is due to scattering
in. The particles in region B are elastically scat-
tered. The particles in region C are predomi-
nantly inelastically scattered at small (electron)
scattering angles (*S,,~*P,, ;, transition).

This angular discrimination between elastic and
inelastic scattering arises from simple considera-
tions of conservation of momentum and energy.

A detailed momentum-transfer analysis is pre-
scribed in Appendix B. It is shown there [Eq. (B-
13)] that AN, the scattered atom current reach-
ing the detector is given by

_ w5 (9
AN, = HL?f%d(poi ), (E)

Y ' '
xJa(xo,zo ; V)ddeO dzOdV/BiV, (14)

where @,, ¢, are the limiting azimuthal scattering
angles which a detector of finite height z can col-
lect. This is the general equation relating re-
coil-scattering signal at a detector of height # and
width w at a displacement z from the beam axis
to the beam currents, shapes, and velocity dis-
tributions. It should be noted that the relation
between electron and atom scattering angles [Eqgs.
(B-10), (B-11)] depend upon electron energy loss
and there is thus a separate 6 — ¢ relation for
each scattering channel. Thus Eq. (14) includes
a summation over all relevant inelastic (as well
as elastic) collision channels.

Equation (14) will now be reduced by the use of
simplifying assumptions applicable to the present
experiment. First, it'is assumed that x ,<%/2
for all points in the dc beam, i.e., that the dc
beam height is small compared to the detector
height. The azimuthal form factor (AFF) (see
Appendix B) can then be approximated by

1 h

2LBz‘ sinf - (15)

~2 sinT
'yi(G,V,E)~1r sin
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The scattering signal is then where I,(V) is the total dc atom-beam current.

4w
AN = ﬁ? ‘}’i(g, V,E)Oi(9)le(E)

EXPERIMENTAL DATA
xJa(x' z! V)dde(’)dz(’)dV/Bi v, (16)

0’0’

The data presented here are intended to be il-
where it is understood that 6 for each channel i lustrative of the general principles discussed in
can be obtained as a function of z -z . the previous sections. The momentum-transfer

We now define the total atom-beam current per equations will be employed in their simplest
unit length along the detector at 2} as form, i.e., we will assume that the “pencil”
beam approximation is valid, ? so that Eq. (19)
Ia (z(') s V)= fJa(x(') ,z(’) ; V)dx(’) , 1) obtains. The AFF is a sharply peaked function

of 6 with maxima at 0° and 180°, and as a result
it is expected that ANg will be sharply peaked at

80 that z corresponding to 0° scattering. There should
4w also be a second peak in AN, corresponding to
ANs T "HL ? f'yi (@, V’E)oi(e)le(E) 180° scattering. However, ihis will be much
smaller than the 0° peak, first, because 0(180°)
, is usually much smaller than ¢(0°), and second
XIa(z(l) g V)dEdan’V/ A Z V. (18) because 3tlhe finite velocity distribu’tion in both ’
beams produces a larger dispersion in ANy at
In general, of course, the amount of unfolding re- 180° than at 0°. Figure 3 illustrates these points,
quired to extract ¢;(6) from Eq. (18) will depend referring to calculated AFF’s for elastic scat-
upon the “quality” of the experiment, for example, tering in potassium at 1 eV (inelastic AFF’s
upon the degrees of monochromaticity and paral- would be similar, with reduced abscissae). Fig-
lelism of the beams. For a “pencil” atom beam ure 3a shows a plot of the elastic AFF for mono-
(negligible cross-sectional area), assumed to energetic atom and electron beams, using our
apply here, apparatus parameters. Figure 3b shows a plot

of the elastic AFF averaged over the measured
electron energy distribution. It can be seen that
the large peak at 0° is unaffected by the spread

in electron energies, but that the 180° peak is
X1, (B) (VMEAV/BV (19) smeared out,

_ 4mw
AN = o+ ?ai(e)fyi(e, V,E)

AZIMUTHAL FORM FACTOR y (8,E) VS. ¢y AND 8

dE
— y (E) I(E)
y(6,E) ffE
1.0 5
E=-10eV MEAN ENERGY = 1.0 eV
8 La
L6 F3
(a) (b)
La Lo
1
| L2 ol
1 1 1 i 1 1 1
v 1.0° 05° 0° 1.0° 05° 0°
8 180° 90° 0° 180° 90°

ATOM SCATTERING ANGLE ¢, ELECTRON POLAR SCATTERING ANGLE 8
FIG. 3. Calculated azimuthal form factors (AFF), for elastic scattering of a monoenergetic potassium beam by
1-eV electrons (atom speed=700 m/sec). In Fig. 3a, the electron beam is also monoenergetic. In Fig. 3b, the ex-
perimentally determined electron energy distribution is folded in, to obtain an “effective” AFF, which is reduced and
spread out at large angles. The upper abscissa scale refers to ¥, the lower to §. In Fig. 3b, the 0 scale refers to the
mean electron energy of 1 eV.
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}

For inelastic scattering in potassium we can
expect the principal contribution in Eq. (19) to
come from the resonance transition 4S - 4P,
since the excitation cross section for this reac-
tion will be substantially larger than those to
other states.® Then the sum in Eq. (19) reduces
to a single term involving the resonance transi-
tion only.

In practice, since y; is so sharp at §=0, it can
be treated as a 6 function, and so for small-angle
scattering AN will reproduce the dc beam fairly
closely. This can be seen by referring to Fig.

2, where region C represents small-angle res-
onance scattering, which indeed possesses a pro-
file similar to that of the dc beam (region A).
This point is further illustrated by the data in
Fig. 4, which shows small angle 4S - 4P excita-
tions at several energies between 3 and 15 eV.
The arrows indicate the calculated positions of
v(6=0°) for 45 - 4P.

By now placing the detector at the peak of ANg
and measuring R we obtain a determination of
this quantity, averaged over the small angles
which are involved in measurements. This angle
range arises primarily from the contribution of
small-angle scattering in from the right-hand
portion of the dc beam (Figs. 2,4). Itis difficult
to quantitatively establish the appropriate aver-
age. We will assume that 6~ 0°, although some
events caused by scattering with polar angles of
up to 10° are actually included.®

Figure 5 shows measurements made of R as a
function of 6, assuming only 4S - 4P, for ener-
gies of between 1.6 (threshold) and 15 eV. The
electron energy spread in this work was 250 MeV
full width at half-maximum (FWHM). Certain
features are apparent from these measurements.
It can be seen that, except at energies very close
to threshold, R falls within the upper and lower
bounds permitted by conservation of momentum
arguments.!® The threshold value is close to the

predicted 4 value, which obtains without exchange.

However, very close to threshold R exceeds the
nonexchange value. A series of measurements
at threshold give here

R(6~0°, threshold)=0.474+0.014 ,

where the quoted error is due solely to statistics.
This value requires [see Eq. (6)]

2
'%0'— (6~ 0°, threshold) =0, 54 £ 0. 25 .
0

At 15 eV, R=0.324+0.004.
CONCLUSION

This paper has discussed the atomic-beam re-
coil technique, especially as applied to the 4S-4P

3 eV
4 eV
SeV
6eV
dc
beam
| (reduced
scale)
TeV

8eV

IOEVM ] ] ] 11

I
06 05 04 03 02 O/ O -0.-0.2

<—— Detector Displacement (cm)

FIG. 4. Inelastic-scattering data at energies of 3,
4,5,6,7,8,9 and 10 eV for potassium. Arrows indicate
the calculated positions for the appearance of the 45-4P
transitions, 6=0°. For comparison, the 4S-5P and 4S-
58 transitions (6=0°) would appear at the indicated po-
sitions in the 8-eV curve.
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FIG. 5. R(6=0°) (ratio of spin flip to full differential cross section) versus electron energy, for 4S-4P excitation
of potassium. The upper horizontal line represents the maximum theoretically allowable value of R, neglecting ex-

change.
approached in the high-energy limit.

excitation in potassium. We have shown how to
relate the observable R to the various direct and
exchange scattering amplitudes, and we present
a momentum-transfer analysis appropriate to in-
elastic collisions (Appendix B). Data have been
presented on the determination of R(6) for 6~0°
(electron polar scattering angle).

This work is now being extended to the mea-
surement of R(6) at larger angles, using a scat-
tering gun which rotates about the interaction vol-
ume. This effectively enables us to observe scat-
tering out of the plane, which can be uniquely
identified with 4S-4P scattering as a function of

The lower horizontal line represents the minimum theoretically allowable value of R. This value should be

scattering angle.
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APPENDIX A .

Relating the Observables to Scattering Amplitudes

Consider the following experimental arrangement.

beam of electrons. The scattering region is in a

A beam of atoms is intersected at right angles by a
magnetic field of sufficient strength to decouple the nu-
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clear and atomic spins so that hyperfine effects can be neglected. The direction of this external field is
parallel to that of the momentum of the incoming electron. It is further assumed thatthe collision time is
sufficiently small to enable us to neglect magnetic interactions during the collision. We wish to derive an
expression for the fraction of electrons scattered into a particular set of angles after an inelastic colli-
sion, in which we specify the polarization of the scattered electron, the hyperfine state of the atom after
returning to the ground state, and the polarization of the emitted photon, assuming that the initial polar-
ization of the incoming electron and the initial hyperfine state of the atom are known. In particular the
excitation of an alkali atom from a ground %S, ,, state to the first excited P,,, 5, states is considered.

We will first neglect exchange effects, including them at a later point. If both magnetic interactions
during the collision and exchange effects are neglected the spin of the incoming electron will play no role,
and observation of the spin of the scattered electron will add no new information. Knowledge of the spin
state of the atom, however, both before and after the collision is important. Immediately after the col-
lision the spin of the atomic electron will have the same orientation it had immediately before the colli-
sion. Just after the collision the wave function of the atom will be proportional to

\1:~Z)u f“Yl“xm , (A-1)
S

where f* is the direct scattering amplitude, a function of the electron polar scattering angle 6 and azi-
muthal angle ¢, for an excitation event in which the z component of the atomic orbital angular momentum
has the quantum number pu. Here the z direction is taken as the direction of the external magnetic field,
and since we are considering an excitation event to a P state, p can have the values 1,0, - 1. v, M is the
usual spherical harmonic as a function of the atomic coordinates and Mg represents the spin state of the
atom.

For an S-P excitation there are two independent scattering amplitudes in Eq. (A-1), f* and f°, since it
can be shown from parity considerations that

echf1=_e—z<pf- 1

Using the expansions

M _ 1 s, K+mg _
Y, xms?cu, 75 by, b+ )Y (A-2)

and \Irj“””s =2 c(1,%,j;u+ms—Ms,Ms,u+ms)Y1”+Ms'Ms (A-3)

A
Mg Mg

where the C’s are Clebsch-Gordan coefficients, in Eq. (A-1) and including a time factor, the wave func-
tion of the excited atom at any time ¢ after the collision is

v X ffew, b mm wem )W, Liinem ~M_ M p+m )
jIJ-M S S S S S S
S

LL+ms—Ms —iE(i,u+ms)t/h‘

X e -
><Y1 mg . (A-4)

We can now calculate the probability that the atom will decay to a particular ground state specified by
Mg, with the emission of a photon polarized either parallel or perpendicular to the z direction. If it is
assumed that the probability of an atom decaying after a time ¢ during the time interval df is given by the
square of the transition matrix element times e = t/ Tat/T, where T is the lifetime of the state, we can,
by integration from £=0 to {=, obtain the transition probability after a sufficiently long time. The above
procedure leads to the result representing the relative probability P that the atom returns to the ground
state with spin component Mg, while the electron is scattered into the angles 6, ¢, and a photon of speci-
fied polarization is emitted into the angles A, B
2 2 2
P"]?E I 1 e, s mm g, em )| |CQ, B35 em =M M p+m )]
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x[(s 1%coszA +6

sin?A) +%6 ]
-M - -
pam -M x pem =M_,0 1 em - s

+ o e, 55m,m, mem )C(L, 5,55 0", m g bm )
i’
pEp’

XC(I, %’j; 23 +ms _MS’MS’ M +ms)C(1, %’j'; p'""ms —MS’MS, I-L"*'ms)]

x|f“||f“'|Re[< -G, n+1/2;5" p +1/2> -iaf(u, 1)

1472
Zl(b (p)l ii(B_ ¢)
A o
x{[e 3 COS 6“ m _Ms +16u —us2 sinA cosAe 6# +ms—Ms,i'16# —u, i1]"
1 2i(B - o)
[ze % +m, 1o, +2]l}] , (4-9)
where n(].’m;jl’ml)=[E(j’m)_E(jl’ml)]r/h_ (A-G)

and Af(p, p !) is the constant (i. e., independent of ¢) phase difference between fH and f “'

Consider first the set of terms 1n the second summation. These terms involve the phase difference
Ay, p ") between the scattering amplitudes f° and f!. Observation of these terms could lead to a mea-
surement of this phase factor. The observability of these terms depends upon the magnitude of . Since
7 is a function of the energy separation of two levels we must have levels close enough together for these
terms to play a role. They represent an interference effect in the decay due to the fact that the atom is
simultaneously decaying from two different states. These are the same terms appearing in level-cross-
ing experiments. In our case, to observe this interference it is necessary to make a simultaneous ob-
servation of the scattered electron and photon since if we average over either ¢ or B the interference
terms disappear. It is clear that this should happen since B and ¢ have experimental significance only
in terms of the relative angle between the emitted photon and the recoiling electron. In the present ex-
periment we have not performed the necessary simultaneous observations and we will therefore neglect
these terms in the rest of our analysis. It should however be kept in mind that observation of these in-
terference terms makes it possible to obtain the phase factors between the various scattering amplitudes.

We now generalize these results by including exchange effects. Let a, 8 denote spin-functions parallel
and antiparallel to the external field, respectively, and 1, 2 refer to incoming and atomic electrons,
respectively. If the incoming electron is in an o state, the full wave function immediately after the col-
lision is

v uf“Yluhms(Z)a(l)—E L2 e, (A-7)

S

where the fH are again the direct scattering amplitudes and the gt are the corresponding exchange
amplitudes. If the atom is initially polarized with m =3 then Ay ¢ = o and

v~ - Y Fa@a(). (A-8)

For this situation the various transition probabilities can be obtained from the previous results by sub-
stituting (f# - gH) for f in Eq. (A-5) and letting mg =+ 3.
If the incoming electron is in a 8 state the wave function immediately after the collision is

w2ty @sw-Zetr My, @) . (A-9)
u S n s

Again, if m_=+3%,
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2y Ha@p) -Ze'y, Fa(1)p2) . (A-10)
" p

The expressions of the first and second summation in Eq. (A-10) are obtained from Eq. (A-5), with m
=+1%, — 3, respectively.

Table I summarizes the results obtained using the above procedure, assuming that the initial state of
the atom is given by mg =+ 3.

Thus far only two types of experiments have been performed, both involving unpolarized electrons.
Either the polarization of the emitted radiation is observed at some particular angle with no observation
made of the initial or final spin state of the atom, or the atom is initially in a known spin state with ob-
servations made of the final spin state of the atom as a function of the atom recoil angle, with no observa-
tion of the emitted radiation. In both cases since the electrons are initially unpolarized with no observa-
tion made of the final spin of the electron, we must therefore sum the results over the initial and final
spin states of the electron. In the first case we must also sum over Mg and average over all electron
scattering angles. This leads to the results that the photon polarization probability is proportional to:

parallel [%(|F°|2+ |G°|2+ [F°—G°|2+g—(|F‘|2+ lcl|2+ |F1-01|2)]sin2A

2 2 2 2 2 2
(Rl ool -6l 3P+ (6] + [P - 6 Veosta

2 2 2 2 2 2
perpendicular  Z(|F°| +|G°| + |F°-G)+Z(|FY + |G| +|F*-G*]),

TABLE 1. Tabulation of final electron and atom spin-states, assuming initial atomic spin state mg=+ % and initial
electron spin-states parallel (&) and antiparallel (8) to external magnetic field. S— P excitation in alkali (nuclear spin
neglected).

Probability of achieving specified final
state with the emission of photon is

Inital spin Final spin Final spin proportional to:
state of incom-  state of atom state of out- (photon parallel to (photon perpendicular
ing electron M going electron final spin state) to final spin state)
o +3 o E1f'—g"Psin®a+E i -g'Feos’A Firt-g't
o +3 B 0 0
a -3 a L1 g%Pcos’A+4 | fl—g' P sin’A L1f0-g"
a -3 B 0 0
B +% a 412" Psin’A+% 1% cos’A L1g'?
B +% B L% sin’A+E17!P cos?A Light
B -3 a L)1 g sin’A+E| g cos?’A Liglp
B -3 B L1 P costa+§ 1 Psin’A Lot

where FM =21fT £°(6)sinéd6. For A =90°, we obtain the results of Eqs. (12), (13).

In the second case a summation is performed over the polarization of the photon and averaged over all
photon directions. This leads to the following results:

M Probability proportional to:

]

2 2 2 2 2 2 2
+3 20(Jr°] +[g°] +]ro-g°])2-4|g°| +56(|7*| +|g*| +|f*-g*])-40|g*|
2 2 2 2 2 2 2 2
=% 16([r°| +[g°] +[ro°-g°| )+4lg°| +16(|f*| +|g*| +|f*-g*| +40]g*| .

The ratio of the number of atoms returning to the M = % state to the total number scattered for a par-
ticular set of recoil angles is given by
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2 2
R=%;(4o°+401+%|g°| +5lg1] )/ (0 +20t) , (A-11)

where 2% = || 4 ||+ | —g” [

This relation can be rewritten to obtain Egs. (4), (6).

APPENDIX B. MOMENTUM-TRANSFER ANALYSIS

Consider the momentum-transfer problem for an atomic beam which is cross fired at right angles by
an electron beam. The electron beam travels in the +z direction while the atoms travel within a small
cone of angles about the y axis (see Fig. 6). The coordinates of an unscattered atom in the interaction
region are (¥, y,,2,) and in the plane of the detector are (x’,y,z), while the coordinates of a scattered
atom in the detector plane are (v,y,z). The direction of the velocity of an unscattered atom is specified
by the angles (i, X,) While that of a scattered atom is specified by (,x). Here y is the angle between the
projection of the atomic velocity in the y-z plane and the y axis, and y is the angle between the atomic
velocity and its projection in the y-z plane. (When ¥,, X, <9, X, then y,x are simply the scattering angles
in the plane of scattering and perpendicular to the plane of scattering, respectively. )

Consider the interaction of the electron and atom beams within an element of volume dxdydz,. The
electron-number current density within this region for electrons whose energies are in the range dE is
Jo (4, 39,20 ; E)E, while the number density of atoms in this region with velocities lying within the an-
gular range di,, dx, and possessing speeds in the range dV is

M (0,902 03 Do X V)Y AX AV

FIG. 6. Momentum diagram for simplified electron-atom beam system, in which the incident electron and atom
beams are traveling along the z, and y, axes, respectively.
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The number of atoms scattered from the element dx,, dy,, dz, into the angular range dy, dx possessing
speeds in the range dV is

st =EiJe(x Yy zO;E)ddeodyoMa(xo,yo,zo; Do Xgr V)dzpodxodVozf @ - Do X= X3 B> V)dzpdxdzo, (B-1)

where Gi' dydy is the probability of scattering an atom of velocity V by an electron of energy E into the an-

gular range dy,dx from the angles y,, X, with excitation of the ith channel. All recoil angles are assumed
to be small and we therefore write

dpo=dzg/(L +y,), dXo=dxg/(L +y0), ¥ =Bo=lz = 20)/(L +o), X=Xo= ¥ —%¢)/(L +¥),

where L is the distance from the detector plane to the center of the interaction region. The total number
of atoms ANy scattered into AxAz atx,z is

_ . (L ’
AN _=Ax Azzl.fJe(xO, yo,zo,E)ddeOdyOMa[xo, INEIS (zu—zo)/(L +y0), (x —xo)/(L +90) V]

0
’ ’ -2 ’ ot —x! . 2 -
Xdzode(L+y0) dVUi [z zo)/LL+y0), (x xo)/(L +y0),E, V]dzo/(L +y0) . (B-2)
Now the number of unscattered atoms reaching dxo'dzo' per second with speeds in dV is
14 14
r e, v Bo—=R Xo=%g dxdz, Pt
Ja(xo,zo, V)dxodzo—{fMa(xo,yo,zo,L e "Ly’ V(L+y°)2 vav dxodzo . (B-3)

If J, is not a function of xg,2(, Eq. (B-2) can be integrated over x, z( to obtain

= . r o0 '35 -2 ot _
AN =Ax AinfJe(yo,E)dy AET g, 203 Vidx jdz (L +9 ) 0LdV/V (B-4)
The total electron current intersecting the atom beam in the energy range dE is
I(E)E =fJe(x0,yo;E)dx0dy0dE, (B-5)

and if J, is not a function of xq,
I (E)IE =HfJe(v0;E)dyodE , (B-6)

where H is the height of the scattering region. If, finally, y3<L and since J, is not a function of yg, we
perform the y integration to obtain

_ 2 v 0, [ ) _
AN _=(xAz/HL )Z}Z.fle(E)dEJa(xo,zo, Vidx (dz [0l dV/V . (B-1)
A detector of negligibly small width w and non-negligible height # will therefore receive the signal

1
_ 2 +2h ' e, rar _
AN_=(w/HL )Z)if_%h dxer(E)dEJa(xO,zo, Vidxdz o/ dv/V . (B-8)

The cross section as a function of the atom scattering angles o(”’, x’) is related to the cross section as
a function of the electron polar and azimuthal scattering angles 6, ¢ by

0(0)sinbdbdg =o'’ x 1dy dx’, where ¢ =9 -9, X'=x-Xo - (B-9)
The atom and electron scattering angles are related by

zpé:a _Bi cosf (B-10)

X z’ =8, sinfsing , (B-11)

where a =mv/MV, and B;=mv;/MV.
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It has been assumed here that the momentum of the electron is small compared to that of the atom, and
that the initial angle made by the atom velocity with the y axis is sufficiently small so that we may con-
sider the angle of intersection of the atom and electron as 90°. Then

czf(zp "xh= ol{ (6)/[31,2 sinfcos@ (B-12)

The angle 6 is held fixed in performing the integration in Eq. (B-8), since z —z; is fixed. This gives

¢2 ’ 4 4 4
- 2 .
AN_=(2w/HL )Ei f(p1 dpo,O) ,(EW (x(,z; V)dEdx dz (AV/B.V (B-13)
where the limits of integration ¢,, ¢, are given by

@, .=%sin"} —%_h_f&> Lh+x, <LB siné, (B-14)

1,2 Lﬁi sind /’ 0 i ’
_ 1 .
(pl, 2-:;71/2, sh —xOBLBisme (B-15)

We define y; (0, V, E)= (¢, — @)/, called the “azimuthal form factor” (AFF), which is the fraction of the
total scattered atom current collected by a detector of height # for a given polar angle 6. Note that Y= 1
if n/2 -x0>Lp;sing, i.e., that for this case the detector is sufficiently high so that all atoms scattered

into 0 are collected.
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