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Elastic and inelastic scattering of charged particles by helium atoms is analyzed in the
Glauber approximation. Applications are made to the differential cross sections for electron-
helium elastic scattering, and the predictions are compared with the first Born approximation
and with measurements between 100 and 500 eV. At small momentum transfers the calculated
intensities for elastic scattering are significantly greater than those obtained from the Born

approximation.

The predictions of the Glauber approximation
for elastic scattering of charged particles by
atomic hydrogen! have been confirmed by recent
electron-hydrogen measurements.? A detailed ap-
plication of the theory to atomic hydrogen excita-
tion by electron impact® has very recently shown
these predictions also to be in remarkably good
agreement with the measurements, even for en-
ergies substantially below 100 eV, The success
of the theory for describing collisions with atomic
hydrogen leads naturally to the question of its ap-
plicability to scattering by more complex targets.
We present here the corresponding theory for
scattering of charged particles by helium atoms,
together with applications to electron-helium elas-
tic scattering and comparisons with recent mea-
surements.*®

The basic features and expected range of validity
of the theory are outlined in Ref. 1 and given in
more detail in works cited therein., The basic
method by which the theory is applied to scattering
by arbitrary atomic systems is a simple general-
ization of the method used in Ref, 1 for scattering
by atomic hydrogen. In the latter case it was
necessary to evaluate a five-dimensional integral,
For scattering by helium atoms the theory leads
to an eight-dimensional integral. In general, if
no additional approximations are made in the
theory, the analysis of scattering by a Z-electron
atom leads to the evaluation of a (3Z + 2)-dimen-
sional integral.

As in Ref. 1 we treat the target nucleus as being
infinitely heavy and neglect exchange effects. The
amplitude F;(q) for collisions, in which a helium
atom undergoes a transition from an initial state
¢ with wave function ¢; to a final state f with wave
function ¢, and the incident particle imparts a mo-
mentum 7q to the target, is very similar in form
to the amplitude for corresponding collisions in-
volving atomic hydrogen.! Let the origin of co-
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ordinates be placed at the helium nucleus, and

let b denote the impact-parameter vector relative
to the origin. If ¥,, T, denote the position vectors
of the target electrons, the amplitude for scatter-
ing of a particle of momentum 7#% by helium takes
the form

Fp(@)=Gr/2m) [ 0}, F)T0, 7, F) i (7, F)
xexp(id -b) d?b dt, d¥, , (1)

where the two-dimensional integration over im-
pact-parameter vectors is over a plane perpendic-
ular to the direction of the incident beam, Equa-
tion (1), in which an eight-dimensional integral
appears, is a simple extension of Eq. (1) of Ref. 1
to two-electron atoms. As ih the case for scatter-
ing by atomic hydrogen, the function T itself de-
pends upon an integral, along the direction of the
incident beam, of the instantaneous potential V'
between the incident particle and the target. Since
the potential between the incident particle and the
target protons will not be neglected, and since T’
is not a linear function of V, the theory explicitly
treats the effects of the presence of the nucleus,
Specifically, if F=5+E is the position vector of the
incident electron, the function I' may be expressed
as

', ,,T,)=1-exp[(- i/m) [TV(E, T, To) de]

=1- exp|(-iZe?/tw)

X [T @t - [T [F-fDat],
where Ze is the charge of the incident particle and
v its velocity, If we write ¥, =8, +Z, and T,=8,+2,,
where §; and §, are the projections of ¥, and 7,,

respectively, onto the plane of impact parameters,
I may be expressed as

v, 7, %)
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=1 - exp|(- 2iZe*/m)In(|5-5,| [B-3;|/0%)]. (2
The integral [(1)] may be reduced to
Ffi(q)=ikao(qb) %’: (f,,T)

x [1-(|b-3§,||D-8,|/6?)%"7]

x @;(F,, T,)b dbdz, dz,d%s, d%s, , (3)
where the integration with respect to impact
parameters b is over the interval (0, «) and where
n=e?/nv. If we assume that the wave functions ¢,
and ¢; possess azimuthal symmetry about the di-
rection of the incident beam and if we transform
the integration variables b, s;, s, to spherical co-
ordinates 7,0, ¢, two additional integrations may

be performed, namely the angular integrations cor-
responding to d®s; and d?s,. The result is

r/2 w/2
Fﬁ(q):41r2ikf0 A Jolgreosd) of A0, ¢) @, 7®

x sin’d cosf sing cos¢pdrdo dpdz,dz, , (4)
where
A, ¢)=1~ (4tan®0 sing cosp)Zin(xy)L +Zin

X [(xz_ 1)(y2_ 1)]1/2 =Zin

X F(3= 3Zin, 1 - 3Zin; 1; x%)

X F(3-3Zin, 1+ 5 Zin; 1; %), (5)
in which 3y =csc26 seco(l ~ sin0 sin®e) ,

x=csc26 cscp(l — sin®d cos®e ) .

The integration limits refer to the angular integra-
tions, and F is the hypergeometric function,

Cross sections for both elastic and inelastic col-
lisions may be explicitly calculated by means of
Eq. (4). As an example, we consider elastic scat-
tering of electrons by helium in its ground state.
For this case Z=~1 and ¢;= ¢;. There exist a
variety of ground-state wave functions which may
be chosen, We have performed the calculations
for a number of such wave functions. As an illus-
tration, we consider the wave function®

0, F2)=(NY71ad) exp(= Z,7,/ay) + c exp(~ 22,7,/ a,)]
x |exp(= Z,7,/ay) + c exp(~ 22,7,/ ay)] , (8)

with N=1.484, Z,=1.456, and c=0.6, and where

a, is the first Bohr radius. Upon performing the

z, and z, integrations, Eq. (4) becomes

Fii(q)= (16N4ik/ag)fo"/2f0"/sz”Jo(qvcose)A(e, )

X B(7, 0, ¢)r" sin®0 cosd sin’p cos?pdrdédo ,
(7)
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where

Zorsi
Blr, 6, ¢,)=[K1< 2 lrs1;¢900s¢ )
0

+ch1< Gz sind cone >+CZK1<§._ZJZ§%9£9_SQ )]

« I:Kl ( 2Z,7sinb sing ) . 20K1< 3Z,7 sind sing )

4) 2]
' K, ( 4Z,1fs:ln0 sing >] . ®)
A 0

Equation (7) is a three-dimensional integral
which may be evaluated numerically. The differ-
ential cross section is obtained by means of the
relation

do/d=|Fy; (@) . (9)

For comparison we have also calculated the
elastic scattering amplitude F(g) in the first
Born approximation (FBA) using the wave function
[(6)]. The result is

4N°a, [ (agqf+8Z%  16c
0 0! 1
Palo)==p ([(a(,¢1)2+:12'f]2 T

(apq)+182%  c* (agq)f+322] > (10)
[(apq+ 92 * 8 [(ayq)?+16Z%]
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FIG. 1. Differential cross sections for electron-
helium elastic scattering at 100 and 150 eV. The mea-
surements were made by Vriens et al. and Chamber-
lain et al. (Ref. 4). The solid curves are obtained from
Eq. (7) and the dashed curves from Eq. (10).
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We have calculated the differential cross sections
that result from the amplitude [(7)] and the Born
amplitude [(10)] for electron energies between 100
and 500 eV, and we have compared the predictions
with recent measurements.*® In Fig. 1 we com-
pare the calculated intensities with data at 100 and
150 eV. Both the shapes and the magnitudes of the
FBA intensities are rather poor. On the other
hand, the shapes of the intensities obtained from
Eq. (7) are quite good and the magnitudes are
within approximately 35% of the measurements.

In Fig. 2 we compare the calculated intensities
with data at 200 and 300 eV. Again the shapes
and magnitudes of the FBA intensities are poor,
whereas the shapes of the intensities obtained
from Eq. (7) are excellent and the magnitudes are
within approximately 25% of the measured values.
In Fig. 3 we compare the calculated intensities
with data at 400 and 500 eV. We note that the pres-
ent theory is in good agreement with the measure-
ments, whereas the FBA is still much too low at
small momentum transfers. The intensities ob-
tained from Eq. (7) are within approximately 20%
of the data.

We-note from Figs. 1-3 that the shapes of the
differential cross sections calculated from Eq. (4)
reproduce the shapes of the corresponding mea-
surements quite well, whereas at all energies the

I IIIIIII’ T

0.5

N°O.|’_L— —_
o f— —
e LC i
X -
do.sﬁ ]
O . —
3 300 eV
Z
0.2
0.1
05— .
i L0l Lo L1 11
0.1 0.2 05 2 | 2 5
(0,9)

FIG. 2. Same as Fig. 1, but for energies of 200 and
300 eV.

_IIII!] Te T leH' T T T TTTT7T
0.2 _— .
400 ev B
o.— —— Present calculation —
r -—-FBA -
« 08h « Data (Vriens et al) N
J S e, 4
E [ - L ]
d ..
2 02T * . -
L\ TTe=s .
= 500 eV .
o.l . AN -
Present calculation N 7
----FBA J\ ]
.05 *  Data (Bromberg) \\ -
. -
\9
] Lol L4 )

ta.q)? : 10

FIG. 3. Same as Fig. 1, but for energies of 400 and
500 eV, with the measurements at 400 eV by Vriens et
al. and Chamberlain et al. (Ref. 4) and those at 500 eV
by Bromberg (Ref. 5).

shapes obtained from the FBA are rather poor. A
renormalization of the data could, of course, re-
sult in even better agreement between the measure-
ments and the magnitudes of the calculated inten-
sities. Given the basic approximations of the
theory, the only assumption we have made con-
cerned the choice of wave function ¢;. It is con-
ceivable that a more sophisticated ground-state
wave function could also improve the agreement
of the present calculations with the data.

Inspection of Figs, 1-3 shows that for the range
of momentum transfers considered, the present
theory and the Born theory approach each other as
the incident energy is increased. However, the
approach is rather slow and the differences be-
tween the two theories are even more significant
at momentum transfers less than and greater than
those shown in the figures. The two theoretical
curves intersect at momentum transfers such that
the area between the two curves to the left of the
intersection is approximately equal to the cor-
responding area to the right of the intersection.
This property results in a very small difference
between the integrated elastic scattering cross
sections computed from Eqs. (7) and (10). This
effect is similar to that for electron-hydrogen scat-
tering.! Consequently, comparison of calculated
integrated cross sections does not reveal the
significant differences between the present theory
and the Born theory.

The author is grateful to Dr. W. R. Gibbs and
Dr. M. Rich for their help in obtaining numerical
results,
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The relaxation times T, and T, of He? nuclei in pure liquid He® and in liquid He® - He? mix-
tures have been measured in the temperature range 0.9°K<7<2.6°K. Reproducible relaxation
times longer than those previously reported have been obtained by employing an extensive
cleaning procedure. The Pyrex sample chamber and filling capillary were repeatedly cleaned
in the presence of several mm of pure He? by heating the glass to almost melting and, at the
same time, touching the glass surface with a Tesla coil. This coil creates a high-frequency
discharge which drives absorbed gases off the wall. T, for pure He® was found to have the
value and the temperature dependence predicted by the modified Bloembergen-Purcell-Pound
theory to within +3%. T, is proportional to the diffusion coefficient, and increases from 350
sec at 1.0°K to 450 sec at 1.8°K. T, was found to be approximately equal to T;. These long
relaxation times were significantly shortened by contamination of the clean chamber with air
or by inadequate purification of the He® sample. Since the work on pure He® showed that wall
effects could be minimized by cleaning, it was considered of interest to measure T, in
He®- He! mixtures. The relaxation times of a 33% He® solution were determined in an exten-
sively cleaned system. Above the A point, T, is about 50% greater than for pure He®, while
just below this temperature it increases sharply by about 15%. Measurements of T, of other
mixtures were made in partially cleaned systems. The results were affected by wall relaxa-
tion and bulk impurities. Some conclusions about 7y are drawn from these data.
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The spin-lattice relaxation times of liquid He®
and He® - He! mixtures have been studied by
several investigators.'™" They found the re-
laxation to be affected by impurities in suspen-
sion and on the wall. As a result of these im-
purities the relaxation times were often found
to have the following erratic characteristics.

(i) The results were not reproducible. (ii) The
spread in 7, values was greater than could be
accounted for. (iii) Sometimes the magnetiza-
tion approached equilibrium as a compound
recovery with two relaxation times. 6 An explana-
tion for this is presented in the Appendix. (iv)

T, was found to be shorter than T,. %8

This article reports the results of research
that shows that the impurity and wall effects are

significantly reduced by employing an extensive
cleaning procedure.® As a result of this cleaning
procedure, reproducible spin-lattice relaxation
times have been obtained for pure He®. The re-
laxation times are longer than those previously
reported and have the value and temperature de-
pendence predicted by the modified BPP theory.
T, is proportional to the diffusion coefficient
and increases from 350 sec at 1.0 °K to 450 sec
at 1.8 °K. The longest relaxation times pre-
viously obtained were by Romer, % who found T,
to be 310 sec at 1.0 °K and 350 sec at 1.8 °K.
The relaxation times of a 33% He® solution
were measured in a clean system. Above the
) temperature, T, is about 50% greater than for
pure He®, Below this temperature T, increases
sharply by about 15%. This is expected in terms
of the BPP theory since the diffusion coefficient



