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The elastic small-angle scattering of 15- to 25-keV electrons yb He Ne and Ar shows

a rapid increase towards decreasing scattering ang ples su erimposed with a diffraction

h b d cess of the elastic differential cross section as compared with

ction is due to the coupling to the inelastic cha~~els. It may be a so ex-

plained as a diffraction into the shadow of the inelastic scattering w zc om

forward direction.

It has been well known for a long time (see Mott
and Massey)' that the differential cross section
for the elastic scattering of low- and medium-en-
ergy electrons (below 1000 eV) at small scatter-
ing angles exceeds that given in first Born ap-
proximation. A summary of the experimental
work on the rare gases was given by Bromberg
in his papers' ' on absolute differential cross
sections.

A first attempt to explain these deviations at
small scattering angles was due to Massey and
Mohr. They include the influence of the inelastic
channels on the elastic scattering in a second
Born approximation. Their calculation led to a
complex expression from which a contribution
could be separated having the nature of an effec-
tive polarization potential acting on the incident
electron. This is the way along which the elec-
tron-scattering experiments have mostly be inter-
preted: deformation of the electronic charge
cloud under the influence of the incoming electron.
This charge-polarization effect is commonly be-
lieved to be at least small for keV electrons and
the Born approximation is believed to be valid in

the limit of vanishing momentum transfer.
In a paper, ' to which less attention has been

paid hitherto, Mohr studied the channel-coupling
effects on the elastic scattering from atomic hy-
drogen by a partial-wave analysis and came to a
quite different conclusion. He found that even for
34-keV electrons an elastic forward peak still
exists with a half width of a few tenths of a de-
gree. The aim of the present experiment is to
resolve this contradiction.

Figure 1 shows the experimental arrangement.
The length of the collision chamber was 6 mm

and the pressure in it was pH, =2 Torr, pN, =0.1
Torr, and PA, =0.08 Torr. The intermediate-
image filter lens' forms an image of the demagni-
fied electron source (diameter 8 p, m) at the final
screen (photographic plate) without altering its
size. Electrons which have lost more than 8 eV
energy are reflected by the filter lens. Each
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FIG. 1. Schema of the scattering apparatus and tra-
jectory of rays.

measurement was followed by a test run without
a target gas in order to subtract the stray back-
ground (5 to 201o). The angular range measured
was between 0.4 and 7.5 mrad and continued ear-
lier measurements" ' with higher precision to-
wards smaller scattering angles.

The results of the measurements are presented
in Figs. 2-4, and the curves drawn through the
data points should be understood as guides for the
eyes. The Born elastic differential cross sec-
tion, which is almost flat in this angular range,
is also shown for comparison. The angular dis-
tributions were plotted in such a way that the
outermost data points agree with the Born cross
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FIG. 2. Angular distribution of the elastically scat-
tered electrons (25 keV) by helium. The elastic dif-
erential cross section for hydrogen and 34-keV elec-

trons as calculated by Mohr (H,ef. 5) is also shown 0
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section. This normalization is not exact, but
earlier measurements' showed that this should
be a reasonable estimate. The general behavior
of all the distributions measured is the same
a strong increase towards smaller scattering
angles. This increase seems to be steeper and
concentrated to a narrower angular ra th

higher the energy of the electrons. Furthermore,
the angular distributions exhibit distinct diffrac-
tion effects, most impressive for 15-keV elec-
rons.

The channel-coupling calculation for hydrogen
by Mohr' does not show any diffraction effects,
nevertheless the computed differential cross sec-
tion has quite the same tendency as the experi-
mental results for helium, where the structure
is rather weak (Fig. 2). On multiplying the theo-
retical distribution by an arbitrary factor of 2
this comparison is made more convenient. The
diffr ti rac ion effect discovered in the present study
can be understood in terms of '

shadow scatter-
ing. " Shadow scattering was first introduced into
atomic collision physics by Beth ' ' Fe. ' For our
purpose Fig. 1 of Ref. 7, which displays the dif-
erential cross sections for the scattering of 25-

keV electrons by helium between 10 ' and 10'
mrad, will help to illustrate the following con-
siderations.

The total scattering of electrons into angles
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FIG. 3. Angular distribution of the elastically scat-
tered electrons by neon. The Born cross section
(dashed line) is independent of energy in this angular

other.
range, and the curves are displaced against hns eac
o er. The figures at the arrows give the order of the
diffraction minima (see Table I).

smaller than about 10 mrad is dominated by in-
elastic processes — the maximum diff erential
cross section is due to the excitation of the reso-
nance line. The ratio of the inelastic to the elas-
tic differential cross section at zero scattering
angle is of the order of a,'&,', where k, is the
wave number of the primary electrons and a, the
Bohr radius. This ratio amounts to as much as
2x10' f2 1 ' or 25-keV electrons. Thus for sufficient-
ly small scattering angles almost all electrons
are scattered inelastically, and behind the filter
lens, which is impervious to these electrons, the
atom looks like a black circular disk. This disk
must in turn give rise to a diffraction pattern.
The radius of the disk can be derived by regard-
ing the angular distribution of the inelasticall
scattered electrons as a zeroth-order diffraction

ica y

maximum with half the half-width 8s =E/2E, . E
is the energy loss due to excitation of the reso-
nance line and E, the primary electron enerergy.
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TABLE I. Measured angles of diffraction minima
and the corresponding radii R of the apparent atomic
disk according Eq. (2) for Ne and Ar. The radii,
R(calc.), calculated by using Eq. (1) and the energy
losses F. =16.9 eV for Ne and E =11.7 eV for Ar are
also given for comparison.

N E 0 N
C) 140—I-

13O—

120—(f)

CL 110-

25 keV 20 keV 15 keV

R/R

100-

SO-

UJ 80-
LL

O 70
BO
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70-
BO

60-

1.76 26. 7 2.00 26. 2 2.04 30.0
3.05 31.6
3.95 35.3

3.82 29.3

5.38 30.2

4.12 39.6 5.20 35.1 6.93 30.6

4.95 41.2

5.70 42. 9
6.60 42. 3

70-
BO

~—

60 I I I I I I I I

0 1 2 3 4 5 6 7 8 mrad

SCATTERING ANGLE

R 38.6

R(calc. ) 38
32.0

ARGON

30.0
30

FIQ. 4. The same as Fig. 3 for argon.

The radius is then given by

R =(ko8~) '.
Note that the radius of our hypothetical disk de-
pends on the energy of the incident electrons.

According to Fraunhofer diffraction theory" the
angular positions of the diffraction miirima are
obtained from

1
2

3

5

6

7

4.81 50.9
5.87 47.9

5.94 46.1

49.4
R{calc.) 51

44 37.5

39

1.75 34.9
2.05 47.0 2.90 38.6

3.25 42.9 4.10 39.5

3.40 48.0 4.31 42. 3 5.70 36.9
4.03 50.6 5.31 42.9

3 =nc„A/R =2&nc„Emh. '/h' (2)

provided the diffraction angle is small. n denotes
the order of the diffraction minimum, c„anum-
ber between c, =0.61 and c, =0.52 depending on
the ordern, andm and~ the mass of the electron
and its wavelength, respectively. The diffraction
minima rather than the maxima have been chosen
since they are easier to identify. Their positions
vary with the square of the electron wavelength
and are labeled with the number of the diffraction
order n in Fig. 3 and 4. Table I shows a compari-
son of the results for Ne and Ar: the scattering
angles for the diffraction minima, the radii of the
apparent atomic disk calculated from the diffrac-
tion pattern using Eq. (2), and the radii following
from Eq. (1). The agreement between calculated
and measured radii is surprisingly good. By the
way, the dips in the angular distribution of heli-

um fit also the model with R =29 A obtained from
E =21.22 eV. The model could still be refined
by choosing a weak sphere with a partly penetra-
ble surface layer instead of the circular disk.

From the point of view of the present work the
anomalous behavior of the differential cross sec-
tion of helium reported by Bromberg' appears
quite normal: Because of its low atomic number,
inelastic scattering compared to elastic scatter-
ing is exceptionally strong (see, e.g. , Ref. 7).
This circumstance will cause the shoulder of the
shadow scattering to surpass 2, Bromberg's low
angular limit at electron energies below 700 eV.
With increasing energy the shadow scattering is
confined to smaller angles beyond the angular
range of his apparatus and agreement with the
Born cross section is obtained. For the heavier
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rare-gas atoms the situation is invalid through-
out for the electron energies applied (Ref. 10,
page 243).
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A kinetic description is presented of ponderomotive effects which originate from a time-
dependent high-frequency (hf) field. The solution of the corresponding generalized diffu-
sion equation shows the appearance of a nonlocal term which reflects a memory of the
plasma. It leads to significant changes of the plasma properties during and after the du-
ration of the hf field. The plasma is'irreversibly heated and a region of high density and
high temperature appears at the center of hf activity in the time asymptotic limit.

The concept of ponderomotive force, ' the sim-
plest effect of high-frequency (hf) waves on slow
plasma motion, is proven to be applicable in laser
fusion and magnetic confinement. Profile modifi-
cation, parametric instability, hf end plugging,
etc. , are pronounced examples of its usefulness.
Recent progress" has revived interest in this
phenomenon as more details of the general pon-
deromotive effect have been figured out. The ob-
jective of this Letter is to bring attention to anoth-
er effect which arises from the transient nature
of the hf waves. Time variation of the hf fields
is, in fact, unavoidable in any relaistic experi-
ment. Some of the reasons are the turning on and
the switching off of the external pump, internal
dynamics (soliton-flash), or dissipation and con-
vection of the hf waves.

I investigate the long-term behavior of the plas-
ma electrons which react passively to a hf longi-

tudinal field. The analysis is based on the one-
dimensional Vlasov equation

Lf= tE exp(- it) + c.c.]9„f,
where the Vlasov operator I- is given by

L =~&+ v~„+y ~„. (2)

The notation and normalization are standard.
The ambipolar field cp'(x, t) and the amplitude of
the superimposed hf longitudinal field E(x, t) are
assumed to be slowly varying functions of x and
t. The perturbative treatment of (1), used as usu-
al, demands both quantities to be small. Resonant
particle effects are thus negligible. Then applica-
tion of the method of characteristics leads to the
following generalized diffusion equation

Lf= g'&„f+ (P+ vg')6„2f+ 2(6+6„f.
Here f includes the second-order distribution,
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