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XVIII

SCATTERING OF SLOW ELECTRONS AND
POSITRONS BY COMPLEX ATOMS

1. The Ramsauer and Townsend effects

As was shown in Chap. XVI, § 5, Born’s first approximation is not
applicable to low-velocity collisions of electrons with atoms, and the
experimental results obtained in this region show clearly that a more
elaborate theory is required. '

In a preliminary investigation in 1921 of the free paths of electrons
of very low energy (0-75 to 1-1 6V) in various gases, Ramsauerf found
the free paths of these electrons in axgon to be very much. greater than
thet calculated from gas-kinetic theory. The extension of these obgerva.-
tions to a wider range of velooities] revealed a surprising variation in
the cross-section. If was found that the effective eross-section (propor-
tional to the reciprocal of the free path) of argon atoms increases with
decreasing velocity until the electron energy becomes less than 10 eV, |
For electron energies below this value it decreases again to the low values
found in the preliminary measurements. Independently, Townsend and
Bailey§ examined the variation of free path with velocity for electrons
with energies between 0-2 and (-8 oV by a different method, and showed
that & maximum of the free path vceurs at about 0-39 eV, This was
confirmed by much later work of Ramsauer and Kollath,|

Since these classical experiments were carried out, the behaviour of
a large number of gases and vapours has been examined over a wide
voltage range.}T The results obtained axe illustrated in Fig. 89 for some
monatomio gases and vapours, In these figures the varistion of effec-
tive cross-section with velocity is illustrated. This is proportional to
the reciprocal of the mean free path. For purposes of comparison the
gas-kinetic cross-section is indicated on the figures.

The striking features of the eross-seotion-velocity curves are their
wide veriation in shape and size and also the marked similarity of

1 Ann. der Phys. 64 {1921), 513, . 1 Ramseuer, ibid. 66 {1921}, 5485.
§ Phil. Mag. 43 {1922), 503; 44 (1922), 1033, {| Ann. der Phys, 3 (1929), 536,
1 See, for example, the summaries by Kollath, Phys. Zeits, 31 (1831), 985; Brods,
Bew. Mod. Phys. 8 (1933), 268; McMillen, ibid, 11 (1939), 84; Magsey and Burhop,
FBlectronic and fonic Impact Phenomena, chap. i
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behaviour of similar atoms, such ag those of the heavier rare gases and
the alkeli metal vapours. At the time of the earlier meassurements no
satisfactory explanation of the phenomena could be given, but on the
introduction of quantim mechanics it was immediately suggested that
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Fio. 89, Observed veriation of effective eross-section with electron velocity.

the effect was a diffraction phenomenon. Thus Bohrf suggested in
general terms how the minimum eross-section observed in the rare gases
near 0-7 ¢V could be explained. The field of a rare gas atom falls off
very much more rapidly with distance than that of any other atom,
and might be expected to behave in much the same way as a spheriecal
potential well, discussed in Chap. IT, § 4. It was shown there that the
well may be deep enough to introduce within its range one or more

t In conversation with Professor B. H. Fowler.
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complete wave-lengths of zero angular momentum without affecting
waves of higher sngular momentum appreciably. An observer at a
great distance from the atom will then fail to observe any seatbering.
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Fre. 90. Observed angulsr distributions of electrons scattersd elustically by
argon atoms.

Strong experimental evidence of the wave nature of the phenomena
was afforded by measurements of the anpular distributions of the
elastically seattered slectrons. These were first earried out for electrong
of energy between 4 and 40 ¢V by Bullard and Massey for argon.}

t Proc. Roy. Soc. A, 130 (3031}, 570,

XVIIE 51 RAMBAUER AND TOWNSEND EFFECTS 565

Instead of the curves characteristic of Born’s firat approximation,
showing & monctonic decrease of intensity with angle of scattering, the
eurves obtained by Bullard and Massey exhibit maxima and minima.
In ¥ig. 90 & series of curves is given illustrating the variation in form of
thege curves, for argon, ag the electron energy inereases from -1 eV
to 780 eV; they show the gradual transition to the curves predicted

L 1
60 120
Angic of scattering ( degrees)

Current 7{{) sin & scattered per unit angle

Fra, 91. The'finite scattering through small angles. I. Curve for 6 volt elsetrons
scottored by neon atoms. IX, Curve for T volt elections scattersd by nitrogen
) molecules.

by Borm's first approximation. The higher energy measarements
{42-780 oV} are due to Arnot,} and at the lowest energies (11 and
2-8 V) to Ramsauer and Kollath.f These experiments have been
carried out for a large number of gases over a wide range of electron
energies, and it iz found that in the majority of cases maxima and
minima, ccour in some energy range.§ For light gases, such as hydrogen
and helium, this range is small {(up to 15 eV in helium snd 6 eV
in hydrogen), while for mercury pronounced maxima and minima are
observed up to the highest energies for which observations have been
talten {800 V). From these experiments it is obvious that the wave
nature of the electron is important over a wider range than is apparent
from the chservation of effective cross-sections,

t Yoid. 4,133 (1931), 615,

1 Ann. der Physik, 12 {1932), 529,

§ Soo McMillen, Rev. Mod. Fhys, 11 (1939), 84, and Massey and Burhop, Electronic
and Tondc Impact Phenomena, chap. ii.
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It is of interest fo examine the evidence from the angular distribution
measurements ad to the validity of the theoretical result (Chap. V,§ 1.1)
that the function 27 I(§)sin 8, giving the number of electrons scattered
per unit angle by a gas atom, tends to zero as 8 tends to zero. In Fig, 91
two experimental curves representing seattering per unit angle are iflus-
trated, and it is seen that the evidence is in favour of the theovetical
conclusion.

2. The theory of the efastic scattering of low-velocity electrons
2.1. Effective scattering potential
In order to develop a theory of the scattering of low-veloeiby electrons
by atoms, we must refer to the general theory of Chapter XII. The wave
function ¥, which in this case represents the system of atom-+incident
electron, was expanded in the form

= (% -+ f)‘;’n(ra)Ff;(r): .. (l}

whers if,,(r,} is the wave funetion representing the nth exeited state of
the atomic system. It was then shown that the function F.(r) satisfies
the equation

(Vz'I'ki)Fn = %?;'1 f V{r: ra)IF(ra: r)tﬁ:(?a) d”w

where V(r, r,) is the interaction energy between the incident and atomic
electrons, and &, is the wave number of the outgoing electron wave,
equal to mw, [k,

If we neglect electron exchange, the elastic scattering is completely
detexmined by the function ¥, which satisfies the equation. ~

(Ve = f Vi, £ E(r,, D (E,) o, @

"To solve (2) we must substitute some approximate form for ¥ on the
right-hand side of (2). For instance, in obtaining Born’s approximation
in Chapter XTI we neglected all the scattered waves and replaced ¥
by fo(r )exp(ikz). A less drastic approximation is to neglect all but the
elastically scattered wave, and thus set on the right-hand side of (2)

W = (1, ) Fy(r).
We thus obtain {V=+k=_@ oo(r)} 1) = 0, )

‘where Voolr} = f Vir, r b drg.

XVIIL§2 SCATTERING OF LOW.VELOCITY ELECTRONS 467

This is the equation which represents the motion of the incident; electzon
in the static field of the atom, ¥, being just the potential of this field.

Tn fact the effect of the terms neglected in (3} can be represented by
adding to ¥, in (3) an interaction of non-local type as shown in Chap.
XI1, § 5.6. Furthermore, within a certain energy range this non-local
interaction may be replaced approximately by an equivalent local in-
teraction which may be enexgy dependent (Chap. VIIL, § 1.42). The
combination of thig interaction with ¥, is the so-called optical model
potential (Chap. XII, § 4.1), which is real when the electron energy is
below the threshold for inelastic scattering and complex otherwise. We
may therefore survey the data on the elastic scattering of electrons with
energy below this threshold by assuming an effective central potential
V which, while generally similar to Fyy, must not be expected to be equal
to it.

This will be the first procedure we shall adopt. Having shown how
the experimental data on total and differential elasbic oross-sections
may be understood in terms of this concept of an effective scattering
potential we shall consider some cases, particularly those of helium, neon,
argon, and sodinm, in more detail, isolating the contribution from ¥,
and examining those which arise from electron exchange and atomie
distortion or polarization.

The method required for this calculation is deseribed in Chayp. 1L, § 1.
Sinice we shall have no further cecasion to congider the inelastic scatter-
ing in this chapter, we shail drop the suffix 0 in .

If we expand the function F in the form

F = 3, F{r)B{cos?),
7
and substitute in (3), the function F{r) satisfies the equation
| T+ e V- ey =o.

Ag shown in Chapter I, the solumon of this equation which is finite at
the origin will have the asymptotic form

7~ Aysin(r—la ),
n, being a phase constant, The amplitude f(f) of the scattered wave
was shown in Chapter II to be given by

0 =5 ; (21-+ 1){exp(2in) — 1}Bcos 6), 4

and the differential cross-section for elastic scattering into the golid
angle dew is 1(0) dw = | f(8)|*de.
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The total elastic cross-section Q is given by

Q=27 j I(#)sin 6 db;
1]
"we thus obtain R=3a,
H

Born’s firsb approximation holds only when 7 is small, so that sin »,
nhever passes through a maximum due to 7, reaching the value iw. Thus
to this approximation one expects no oscillations in @ as a function
of the energy. This is no longer the case if n; may become greater than
for. _ .
The classical approximation to I{8) is never valid for electron soatter-
ing problems, but Jeffreys’s method, particularly as modified by Langet
(see Chap. V, p. 89), may usually be employed to obtain s good approxi-
mation to a phase %, which is not too small.

It wes shown in Chap. IT, § 2, that, if -

I+1) %2
r Im’
for r given by kr o {UI-1)8,

Vi <

the contribution of all phases Ty With # > { can be neglected. The con-
vergence will thus be best for light atoms and slow electrons {see Chap.
XVL §s5). :

Westint has carried ou$ ax analysis, in terms of phase shifts, of the
experimental data on the total and differential cross-sections for helivim,
neon, and argon. The ‘observed’ phases which he derives are llustrated
in Kigs. 92, 93, and 94. It must be remembered that analysiz in terma
of real phages is strictly correct only for electron energies below the
excitation threshold, but it should be reasonably satisfactory at higher
energies il the coupling with inelastic Pprocesses is not strong. Further-
more, the accuracy of much of the experimental data used by Westin
is poor so that too much reliance should not be placed on the ‘observed
phases’ which he derives. They may be taken as a valuable guide which.
could be made much more relisble if accurate experimental data were
available. The reliability of phase-shift analyses for nuclear collisions
(see Chap. XT, § 6.3, and Chap. XX, § 7.2) is much greater becauze nf
the relatively high precision of the observed data.

T Det. K. Norske Vidonsk. Selskabs Skrifter, 2 ( 1946-7),
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Fre, 92, Phaso shift for elastic seattering of eleatrons by helium atorns,

dotivod from observed data by Westin.
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Fro., 94. FPhase shifta for elastic scattoring of electrons by argon atowms,
derived from observed data by Westin,

...... calonlated from the Hartree field without allowence for exchange,

3. General application of the method of partial cross-sections

3.1. Condition for existence of @ Rumsauer—-Townsend effect

It has already been pointed out that a vanishing cross-section near
the low-velocity limit can oceur if the field is strong enough to introduce
one or more additional wavelengths, i.e. one or more additional zeros
of the wave function Fj within the field. For this to be possible the field
must be strong enough to introduce respectively one or more diserete
energy-levels of zero angufar momentum. The effect cannot ocour with
a repulsive field for the reasons discuszed in Chap. IL, § 5—the phase 5,
can only equal sz for such a field if it eliminates ¢ complete wavelengbhs
which would exist if the field were not present. This is not possible
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at low energies because the wavelength is then much greater than the
range of the field. At higher energies it may occur, but then higher-
order phases must be affected also and their eontributions will prevent
the total cross-section from becoming abneormally small.

Quantitative caleulations, disenssed in § 4, confirm this explanation
of the Ramsauer—Townsend effect.

3.2, Bxplanation of other general features
We now give a general explanation of the fellowing experimental
facba:
1. The magnitude of the cross-section varies bébween wide limits, the
maxisum observed for the alkali metals being over 100 times that

cbserved in neon,
2. The angular distributions of the scattered electrons show marked

maxims and minima,
3. The cross-section—velocity curves have forms characteristic of the

different columns of &he periodic fable.
In order to do this we make use of the following properties of the
caleulated phases: _
() For any atomic field 7, decreases monotonically with 7,
{b) n is small when, for r such that kr ~ I+4,

2m Il41)
Fe Vo)<~

It follows from (b} that the series of partial oross-sections will converge
quite quickly for low-velocity impacts; the major contribution will arige
from the partial crogs-sections ¢, of such an order that w =~ {m. The
maximum value of the contribution from a partial cross-section of

order I 1s
Qpex = T (a14-1).

We may therefore say ab once that, the lower the velocity and the
larger the value of I for which the phase »; stiains the value }x, the
bigger will be the cross-secion. Referring to the condition (b), we see
that the biggest collision cross-sections will be those of atoms whesde
fields extend oub to the greatest distances, viz. the alkali metals, If we
use the empirical rules due to Slatert for the effective nucloar charges

T Phys. Rev. 36 (1930), 57.
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of alkali atoms, and define the diameter of an atom as the distance at
which. the radial charge density #2jg? of the outer shell is a maximunm,
the following values of the radii 7, of various atoms are obtained:

TarLe I
Fo i1 glontic re
unils 13 wolts 5 wolt
i 2.3 5 .46
Ni 41 41 082
K 81 -1 1-22
Zn 31 . 31 362
He 06 o6 12
Ne o7 07 014
A 1-3 1-3 026
Ex 1-7 17 34

Note. & is mengured in units of 1/a,.

We give also the values of kr, corresponding to 13 and -5 eV
electrons. Thus, using the criterion (5), we find that for potassium at
least 7 harmonics are required, and the cross-section may be greater
thant 50ma?, whereas one harmonic only is required for neon, and the
effective arca will not be greater than 107¢2. For k = 0-2{z, (0-54 6V),
the area may be ag great as 800na} for potassium, but still not much
greater than 10maf for neon or helium, There js, then, clearly no
difficulty in explaining the wide range in magnitude cbserved in the
effective cross-sections. It is equally clear that the method indicates the
possibility of maxima and minimae in the angular distribution given by
{4). Again the dominant effect arises from terms in the series such. that
W = v The angular distribution, then, is roughly of the form

1{6) = congt.{Ffcos )},

which has l minima. Thiswill be especially marked for the lower velocity
impacts, where only a few terms of the series (4) are required and the
weight factor 214-1 is particularly effective. Thus for eléctrons of 30 eV
energy in argon the angular distribution is given closely by {Fi(cos §)}%.
Actually the caleulated phase values at this velocity are

Mg = 2740885, n; = 4-831, ny == 1-983, n, = 0-374, 5, == 0-150.

T The cross-sections obiained in thiz way will only be approximately ecrreot when
the field is suffciently strong to prodace lerge phase changes. For collisions of high-
velocity electrons o large number of terros are required in the serics, but eaoch is emall
and the totel cross-section small also.
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Tt must be realized that these remarks are only illustrative, and the
actual éffects produced by the sum of a number of partial cross-sections
may be very complicated, particularly for heavy atoms. The diffraction
of waves by spherical obstacles is & much more complicated process
than diffraction by a grating or other symmetrical arrangement.

It is not possible to explain the third feature listed above in such
simple terms as the preceding. The quasi-periodic bebaviour of the
partial cross-sections must be due to the behaviour of sinz. At low
velocities, for the lightest atoms, only the zero-order phase is appreciable.
An atomic field will behave gualitatively in a similar way to the potential
well digcussed in Chap. T1,§4. At & given velodity, for some atomic field,
the phase 7, will attain a value near 4, and for some heavier atom a
value of § will be attained, giving an equal maximum of the zero-order
cross-gection, and so on. For some atom with intermediate properties
%; will become appreciable, and go on. In this way some quasi-periodic
behaviour of the cross-sections might be expected, but we still require
to show from the theory that the periodicity follows that of the periodie
table. This was first done by Allis and Morset using a simplified model
for the effective seattering potential of the form

- [ ~ze(l-2) <),
0 {(r = rh (6)

which makes possible an analytic solution of equation (3). In order to
llustrate the periodic behaviour of the cross-sections two quantities,
x and B, were defined such that '

B2 = Zrof2ay, x = kro.

The firat of these depends only on the atomic field, while the second is
a function also of the incident electron velocity. Allis and Morse then
showed that the cross-sections are quasi-periodic in § with period unity.
This is illustrated in Fig. 95, where 2 number of partial cross-sections
corregponding to different values of x are illustrated as functions of 8.3
If, now, the approximate atomic radii given by Slater are nsed. (given
above in Table ) and the constant Z above is adjusted to give as good
agreement as possible of the form (6) for ¥ with! that obtained from
Slater’a values, it is found that a period of 1 in B is approximately a
t Zeits, f. Physik, 70 (1931), 567.

1 Compare the beheviour of @, as function of g for x == 0 with the corresponding
behaviour of @y as function of &, for & = 0in Fig. 4 {g) of Chapter IL.
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Frie, 95, Quasi-periodicity of partial eross-sections.

whele period in the periodic table. This may be seen from. the following
values of 8:

Tasre I
Lithium . . . 136 . Helium . . . 077
Bodium . - - Neon . . . . 173
Potessiom . . 11 Argon . - . 248
Krypton . . 368

The lighter elements are to some extent anomelous in this respect; this
is also borne cud by the observations (see Fig. 89 of this chapter).

4, Quantitative application of method of partial cross-sections

The first quantitative application of the theory was reade by Holts-
mark{ for the scattering of electrons by argon; but we shall first con-
sider the results obtained by Allis and Morse using their simplified
model,

Having chosen the values of the parameter B and r,, using Slater’s
rules {loc. cit.), it was usually found that a good approximation to the
observed cross-séctions is obtained with this model. In Fig. 96 the ex-
perimental curves are compared with ealculated curves. The values of
B and 7y vsed in obtaining the latter are slightly different from those
obtained from Slater’s rules (loc. cit), but the differences are not great.
In Table III the parameters which give the best fit with experiment are
compared with Slater’s values, both measured in atomic units.

The agreement obtained is very striking and leaves little doubt as
to the correctness of the theoretical explanstion of the Ramssuer—
Townsend effect afforded by quantum mechanics. However, the field

+ Zeits. £, Physik, 55 (1929), 437,

AVIIL, § 4 METHOD OF PARTIAL CROS8S8.3ECTIONS 576

used gives only a rough approximation, particularly for very lowvélocity
collisions. For such cases large effects may arise from the atomic field
beyond the radius r4. To allow for this Morse] extended the caleulations

to the interaction V = Zetr-texp(—2rjr,),

and found that very similar results are obtained, the same quantities
£ and kry being again important:.
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Fra. 96. Comparison of chserved snd caleulated eross-soction curves.

TasrLe 111
B fo
Atom SBlater From cross-sections Slater From cross-seciions
Helinm o7 0-30 0-6 0-35
Neon 1:73 171 07 075
Argon 2-68 27 13 1-4
Sodiam 2-54 2:56 41 426
Zine 377 378 21 314

Holtsmark] obtained very good agreement with the observed cross-
section for argon, including the Ramsauer-Townsend effect, by wsing
for ¥ the Hartree field modified by an empirical polarization coxrection
and evaluating the phases »; by nuxnerical integration of the differential
equations. Without the polarization modifieation the agreement is not
good, the Ramsauner-Townsend effect not being found (cf. Fig. 104).

A much stricter test of the theory may be applied by comparing
calculated and observed angular distributions. These are much more
sensitive to inaceuracy in the theory. In Fig. 97 the angular distribution
curves observed by Bullard and Massey and by Ramsauer and Kollath

t Rev. Mod. Phys. 4 {1938), §77. t Loc. cit.
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for argon (loo. cit.) are compared with those caloulated by using Holts-
mark’s values of the phases . The agreement for 3¢ and 12 volts is
found to be very good. Itis of interest to note that at the lower voltages
' the agreement with curves calculated from the simplified model of Morse
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Fra. 97. Comparison of observed and caleulated angular distributions of electrons
seabtered by argon atoms.

and Allis discussed in § 3 is not nearly so satisfactory. At very low
velocities, however, the observations of Ramsauer and Kollath are no
longer in agreement even with Holtsmark’s calculations, as seen from
the figure. .

Holtsmark? carried out ealewlations for krypton similar to those for
argon, using the Hartree field modified by a polarization correction.
He obtained good agreement with observation, both in comparison with
observed total cross-sections and with the angular distributions measured
by Aot} and by Ramsauer and Kollath§ except at very low electron
energies (less than 3 eV).

We now consider the problem of caloulating the scattering directly
given the Hartree—Feck wave functions for the atomic electrons, As in
Chapter X VII we proceed first from the static field approximation (§ 8),
then aliow for exchange (§ 6) and finally for atom distortion and polariza-
tion (§ 7).

t Zedls, f. Physik, 66 (19301, 49.
§ Ann. der Phyaif, 12 (1932), 837,

t Prec. Roy. Soc. A, 133 (1931), 615,
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5. Results obtained with the static field approximation

Calculations of the phase shifts for scattering by the Hartree or
Hartree—Fock fields have been carried out for various atoms, notably
helium, T neon, argon,§ chlorine,|l and oxygen.tt

29 volts
=
= 82 volts
a
B
£
T
Q 192 volts
3
L%a)
i | : i
0 60 120 (80

- Angle of scattering (degrees}

Fra. 98, Cheerved angular distributions of slow electrona scatterad
. elasticaily by helium atoms,

Results for argon are illustrated in Fig. 94. Apart from faflure to
reproduce .the behaviour required to give the Ramsauer-Townsend
effect the static field phase shifts are considerably in error ab energies
below 30 eV (kay == 1-5). Similar quite considerable digerepancies are
seen for neon (Pig. 93). _

"The 108t obvious failure of the static atomic field ag a representation
of the effective potential for slow collisions is presented by electron
scattering from heliom atoms. At electron energies below 20eV the
phase shifts 4 (I Z= 1) for seattering by the atatic field are all very small
{see Fig, 92} so the angular distribution should be wpiform. However,
as shown in Fig. 98, the observedi! curves exhibit a pronounced mini-
mum even for electron energies as low as 3 eV,

t MacDougsall, Proc. Roy.. Soc. A, 136 (1932}, 549; La Bahn and Cellaway, Phys, Rev.
135 (1964}, 16392, } Thompson, Proc. Roy. See. A, inx course of publiostion.
§ Westin, loc. ¢it.; Thompson loo, ait, '
} Hartres, Kronig, snd Petersen, Physica, 1 (1934, 001,
11 Bates and Massey, Proc. Roy. Scc. A, 192 (1947}, L.

11 Bullerd and Massey, Proc. Roy. Soc. A, 133 (1931}, 637; Ramsauer and Kollath,
Ann. der Phyeik, 10 (1831), 143; 12 (1932}, 529, 837,

51242 rp
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For a number of other atoms caleulations have been carried ont in
which the large phasges were determined from Jefireys’s approximation
(Chap V § 5) and the small ones from Borm’s approximation {Chap.
"V, §2). To illustrate the kind of accuracy which may be attained in
thls wayt Table IV pives the values of the phase shifts calculated for

TasLE IV
Calculated phase shifts for 64-volt elecirons scattered by kryplon atoms

Phase 4y | From acourate Jeffreys's Langer Born
4 uati approzimali dificati approximali
a 9:696 o 9:507
1 7-452 TR0 7-540
2 4-469 4748 4:506 .
3 1-238 1-410 1-355 0778
4 245 0-587 0-535 0414
5 0-143 G-190 0-174 0144

54-volt electrons in krypton caleulated by aceurate numerical solution
of the differential equation} and by the approximate methods.§ Values
obtained by use of Langer’s modification of Jeffreys’s approximation
are also inoluded. It will be seen that for 4 < 0-5 Born’s approximation
iz sufficiently accurste. For larger values of » Jeffreys’s approxima-
tion is superior and is improved considerably for small-order phases by
the Langer modification.

For mercury vapour Henneberg| and Maasey and Mobrft carried out
caloulations in this way using the Thomas—Fermi field.1} The calculated
angular distributions are compared with Arnot’s observations in Fig. 99,
good general agreement: being revealed. Similar ealeulations havé been
eaxried out for pobassium,§§ zine, [l cadmium, ||| and bromine, -t reason-
able agreement being obtained in all cases provided the electron energy
is not too low.

6. Electron exchange in elastic collisions

In the discussion of § 4 the elastic scattering has been considered in
terms of a semi-empirical model. At higher energies good results are
obtained if the effective interaction assumed is taken to be the actual

1 Anempiricol discussion of the effectivensss of these methods has been given by Amot,
Proc, Camb, Phil. Sec. 32(1936), 161 ; see also Karle and Bonhato, J. Qhem. Phys. 40 (1964},
1396, 1 Holbamaxlk, Zeits. f. Physik, 66 {1930), 49.

§ Arnot and Baines, Proc, Boy. Soc. A, 146 (1934), 651.

| Zsita, f. Physik, B3 (1833}, 555, 11 Nabure, 130 {1932), 276.

1t Loc. cit. §§ MoMillen, Phys. Rev. 46 (1834), 983,
- ||l Childs and Massey, Proc. Roy. Sec, A, 142 (1933}, 609,
1§ Shaw and Snyder, Phys, Rev, 58 {1949), 600,
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Fia. 99, Comparison of cbserved and caleulated angular dzst.ubutmns of electrons
elestioally scattered by mercury atoms.

mean static potential ¥, of the atom or rather the Hartree or Hartree—
Fock potential. For low energies, however, this is not adequate, Thus
Holtsmark found it necessary to include an additional potential which
had the asymptotic form. (—ae?/r!) expected from a polarization effect
but which "otherwise was continued inwards to join smoothly to the
Hartree field in an adjustable fashion so as to reproduce the observed
results for argon and krypton, including the BamaauerTownsend effect.
Even this empirical potential did not reproduce satisfactorily the ob-
served angular distribution for electrons with energies below 4 V.

The obvious failure of the static field as a representation of the effec-
tive potential for slow collisions presented by electron seattering from
helium atoms has also been pointed ont.

As disoussed in Chap. XVII, § 2, the most important modification, of
the static field approximation in the theory of electron scattering by
hydrogen atoms arises from electron exchange. It is natural, therefore,
to examine the contribution which exchange makes to the scattering
for other atoms.

The method usged for including electron exchange in the one-body
approximation for helium has already been outlined in Chap. XV, § 1.33.
It involves the solution of integro-differential equations of the same




