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Measurements for the differential scattering of protons by helium and argon as a function of scattering

angle and impact energy are presented for the range 3—20 keV and 1'—5' laboratory angle. The
measurements are of the sum of elastic, inelastic, and charge-changing collisions. Comparison is made

with two classical calculations, one employing the Bohr screening length, the other employing separate
screening lengths for each electronic shell. For argon, the data are in significantly better agreement

with the calculation employing separate screening lengths for each electronic shell.

I. INTRODUCTION AND THEORY

Differential scattering has been used extensively
for the investigation of potential between colliding
atomic and molecular systems. The angular scat-
tering of atomic systems should be adequately de-
scribed by a classical orbital calculation when (a)
the de Broglie wavelength X of the incident particle
is small compared to the dimensions of the scat-
tering field, and (b) the deflection due to collision
is well defined within limits of the uncertainty
principle. ~ For the present situation the smallest
dimension of the scattering field can be represented
by the impact parameter of the collision p, which
is always larger than X for the present data. The
second condition gives a restriction on the scatter-
ing angle

8 » X/2ttp,

which is also satisfied by all present data.
Such classical scattering was discussed by

Bohr, ~ who introduced the potential function

2
Z&Zpe

where Z&e and Z&e are the nuclear charges, r is
the internuclear distance, and a = ap/(Zsfts+ Zest )fis

is the Bohr screening length, where ao is the ra-
dius of the first Bohr orbit. Differential cross
sections have been calculated classically by em-
ploying this potential by Everhart, Stone, and Car-
bone, 3 and by Bingham. 4 Bingham' s tables are the
more detailed and have been used to obtain cross
sections for comparison to the present data. The
calculations are tabulated for various values of
b/a, where b is the collision diameter or "head-on"
collision distance, and b= ZfZse /E (E is kinetic
energy of relative motion). These calculations can

thus be applied to a wide range of projectile-target
combinations. Smith, Marchi, and Dedrick have
also calculated differential scattering from a
screened Coulomb potential in a useful formalism
without specifying the screening length.

Many variations of the exponential screening
function have been proposed (for example, see
Refs. 6 and V). One of the simplest alternatives
has been proposed by Smith et a/. ' A potential is
used which has separate screening lengths for each
shell of electronic structure. Smith et al. ' adjusted
screening lengths for each shell to give the best fit
to data. ' '" The screening lengths they obtained
were in good agreement with the effective radius of
each shell predicted by simple hydrogenic consid-
erations connecting the screening radius with the
ionization potential for that shell. Employing this
shell-hydrogenic screening for the case of protons
incident on an atomic target, we find for the poten-
tial

2

V(r) =—Z&te " 'f
p

where n, =2, 8, 8. . . for K, I., M. .. shells, and

c» = ap(I„/It) with I„ the ionization potential of hy-
drogen and I, the ionization potential of the respec-
tive electronic shells.

The classical expression for the deflection angle
produced by collision is

p "dVr dr
E.J,

with the assumption that the distance of closest ap-
proach, ro, can be replaced by p for the lower lim-
it of the integral (valid only for small-angle scat-
tering). For a potential of the form V= Z„,e /r
(where Z,f f is a constant) the integral is readily
evaluated, giving
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PEG. 1. General experimental schematic.

eE=Z, ff e /p .
Dose" has set

"dV(r) dr Z «e
dr (r ' —p')'~' p

and has evaluated the integral with Smith's poten-
tial (2), thus obtaining Z,«. That is, at the particular
impact parameter chosen, Z,«has been adjusted
so that the potential Z,«e /r will result in classi-
cal scattering to the same angle as the multiple-
screening-length potential used in evaluating the in-
tegral. The utility of g,« is that the differential
scattering cross section is readily calculated from
the well-known classical formula of Rutherford,

(e) eff
dQ 4 2E sin 2g

Recently, Rice and Bingham ~ have undertaken
another calculation of the differential scattering by
employing Hartree-Fock-Slater electron probabil-
ity densities to obtain the potential between collid-
ing atomic system. s as a function of the nuclear
separation. This approach allows for the shell
structure, assuming that the electrons remain in
their unperturbed orbits during collision. Rice and
Bingham compare results of their calculation with
the screened-Coulomb (Bohr), the shell-screening
(Smith), and available differential scattering data
(including much of the present data). The potential
derived using the Hartree-Pock-Slater probability
densities gives differential scattering in better
agreement with data than either of the other two po-
tentials, but is generally in good agreement with
the hydrogenic-shell screening results for the col-

lision systems and range of angle and energy dis-
cussed here.

Recent literature contains other contributions of
experimental and theoretical work to determine po-
tentials for atom-atom scattering from differential
scattering (for example, see Hefs. 15-18). Most
of this work has been carried out for slower colli-
sions where polarization and quantum effects be-
come important. The results presented here will
be compared to the two simple classical calcula-
tions employing screened-Coulomb (Bohr) and
shell-screening (Smith) potentials.

The experimental work of Taylor, Thomas, and
Martin' demonstrates that the Bohr potential gives
quite satisfactory agreement with experiment for
more energetic collisions (120-830 keV) than those
studied here.

II. EXPERIMENT DESCRIPTION

A. Apparatus

The apparatus, shown schematically in Fig. 1,
has been discussed previously. ~ ' A more com-
plete discussion of factors pertinent to the absolute
measurement of total differential scattering cross
sections wil1. be presented here.

A beam of protons enters the scattering chamber
through two 1.00-mm apertures separated by 25. 9
cm, The measured width of the beam at 18.6 cm
from the second aperture was 1.25 mm, indicating
divergence of the proton beam to be less than
+0.04 in the scattering region.

The particle detector and scattering-angle-de-
fining apextures are located in an externally rotat-
able housing. The first aperture, defining scat-
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The primary quantity to be determined is the dif-
ferential cross section for scattering from the tar-
get gas. For the present case we will be detecting
all particles scattered by the target including those
which have changed charge or have lost energy dur-
ing the collision. The number of scattered parti-
cles incident on the detector is given by the rela-
tion

dQ (5)

where No is the number of incident particles, p is
the target-gas density, / is the length of the beam-
target interaction region viewed by the detector,
do„,/dQ is the desired differential cross section,
and 20 is the solid angle of scattered-particle ac-
ceptance. If AQ is sufficiently small that do„,/dQ
is nearly constant over AQ, then the integral be-
comes (da„,/dQ)/&Q.

In terms of actually observed quantities (assum-
ing do„,/dQ is nearly constant over sQ),

do'q 8 e 1 1
~t (6)

dQ &„Q arP (/bQ)'

tered-particle-acceptance ang1. e, is formed by the
knife edges of two rectangular beam-collection
cups. The slit formed is 0. 513 mm horizontally
by 31.8 mm vertically, and is located 1.63 cm
from the rotation (and scattering) center. The
second acceptance-geometry aperture is 12.66 cm
from the first and is a rectangular hole 1.01 mm
horizontally by 3.V3 mm vertically. The maximum
spread of acceptance angle in the horizontal plane
allowed by this geometry is a 1/3 '. The particle
detector is a bare 13-stage electron multiplier
with Cu-Be dynodes mounted with the dynode string
perpendicular to the beam. The entire housing as-
sembly opens into the scattering chamber only
through the first acceptance-geometry aperture.
The housing is thus differentially pumped maintain-
ing approximately ~ of the chamber target gas
pressure in the detector housing.

It should be emphasized that the construction of
the apparatus was for the purpose of measuring
charge transfer to the excited states H(2s) and

H(2p) at particular impact parameters (scattering
angle times energy). ~0' ~ In order to obtain the
charge-transfer fractions, it was also necessary
to measure the total scattered flux at the particul. ar
angle. The data presented here were acquired si-
multaneously with those of Ref. 20. The differen-
tial cross sections for scattering with charge
transfer to all states of H and with charge transfer
to the 2s or 2p states can be obtained by multiply-
ing the present total differential scattering cross
sections by the appropriate charge-transfer frac-
tion from Refs. 20 or 21.

B. Quantities to be Measured

where S is the number of detected particles (equal
to e„N), e„ is the particle-detector efficiency, Q
is the total charge passing through the scattering
chamber (equal to Noe), P is the target-gas pres-
sure, and n~ is the temperature-dependent propor-
tionality factor between pressure and density (nrP
= p). The quantities to be observed experimentally
are S, Q, and P, and apparatus quantities which
must be determined are &„and lhQ.

C. Determination of Experiment Quantities

The quantity /AQ is a function of apertures and

angle setting. As shown in Fig. 2, a portion of the
beam length d is subtended by the entire area of the
second aperture. However, additional parts of
beam length are subtended by only a portion of the
second aperture.

A simple formula for lhQ for such geometry was
first given by Jordan and Brodea~:

/b, Q= W~W~hgY'Rsina

(quantities are as in Fig. 2). This simple formula
will be least accurate at small angles 8. A more
exact numerical evaluation (for abeam of negligible
width) was carried out. For the present geometry
the more exact evaluation agreed with the simple
formula to within l. 5% at 1'. The Jordan-Brode
formula has been used for data analysis.

An additional source of error in the quantity /aQ
is the accuracy of angle determination. The angle
setting was measured to be reproducib1. e to better
than +0.03', but could be additionally inaccurate
owing to incorrect alignment of the first defining
slit on the line between the scattering center and
the second defining aperture. Including the esti-
mated accuracy of the alignment procedure, the
angle accuracy is +0.05'. The alignment error is
most sensitively tested by comparing the measured
cross section on either side of the zero-degree
position. Such a comparison is shown in Fig. 3.
The discrepancy observed is slightly less thin al-
'lotted by the estimated accuracy of the alignment.
Owing to the symmetry, the cross section, inde-
pendent of alignment, should be given by the aver-
age of the measured value left and right of zero.
All other data presented were taken at angles right
of zero, and corrected by a linear function con-
structed from the data of Fig. 3. The correction
varied from 11% at 1 ' to 3% at 2', and was ne-
glected at angles above 2

The effect demonstrated by Fig. 3 could also
arise from a nonuniform spatial distribution of
protons in the finite-width beam. In this case the
direct correction applied might not be appropriate,
so that an uncertainty of the same order as the
correction has been allowed.

Another significant error is made in the assump-
tion that do„,/dQ is constant over hIi. For the
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FIG. 2. Scattered-particle acceptance geometry, viewed from above.

present classical scattering, the significant varia-
tion of the expected cross section is the variation
with angle, 1/sin'-,'8. In order to test the error
in assuming do„,/dQ constant over bQ, we numer-
ically evaluated

ldll
~~g Sin 28

for the present geometry (but with a beam of neg-
ligible width), and compared the result with

1
ldQ .

„EA

The results indicate that the observed cross sec-
tion may be as much as 25% higher than the true
cross section at 1 ', but the discrepancy reduced
to about 4% by 2' and continued to reduce at higher
angles.

Further, at angles less than 2. 0', part of the
primary ion beam misses the beam-collection cup
and thus passes through the first defining aperture
into the housing. None of the primary particles can
pass directly through both apertures for angles
greater than Q. 5' (considering beam width plus
spread of acceptance angle). However, reflection
of primary particles by the first slit through the
second aperture was observed. This problem
caused background count rates at 1' (with scatter-
ing chamber evacuated) to be as high as 15% of the
signal for the case of helium target. Even though
the background was measured and subtracted for
each data point, some uncertainty is introduced.

In addition to the background increase, missing
the beam-collection cup interferes with the mea-
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FIG. 3. Apparent differential cross section for pro-
tons on argon at 8E= 20 keV deg. Scattering angles left
of zero: +; scattering angles right of zero: ~ .

surement of Q, the total charge passing through the
chamber in any trial, thus introducing additional
uncertainty of about a 5% in the measurement of this
quantity.

All of the above small-angle difficulties add signif-
icantly to the error in the measured cross sections
for angles less than 2. 0'.

Target-gas pressure was monitored continuously
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geometry constructed so that each atom which gave
up a photon subsequently struck the first dynode of
the electron multiplier. The ratio of total counted
photons to coincidence count between photons and
fast particles provides a direct measure of the
multiplier-detection efficiency. The efficiency was
assumed equal for protons and hydrogen atoms of
the same velocity. This assumption has been pre-
viously used ' and has been supported by experi-
mental results. ~ The efficiency z~ employed in
the present data analysis contains the additional
factor for transmission of pulses by the amplifica-
tion scheme employed, which included discrimina-
tion. The accuracy of the values of &„ used is ex-
pected to be better than a 10/o.

The sources of error in measured quantities are
pressure: + 10%; multiplier efficiency (&~):+ 10%;
total incident charge: + 5%,' geometry product (&I):
+2%. In addition, at small angles (less than 2')
the incident-charge uncertainty rises to about
+ 10%, and the error associated with the acceptance
geometry rises from a few percent to about 25%.

The reproducibility of data is expected to be pri-
marily dependent on the reproducibility of the angle
setting. The reproducibility of the data was taken
to be +3 standard deviations of the mean of five or

FIG. 4. Total differential scattering cross section for
protons on helium. Present data: x, 0, +, 6, 0 for im-
pact parameters 0.45, 0.25, 0.14, 0.094, and 0.057 a, u. ,
respectively. Data of Fitzwilson and Thomas (Ref. 27):
~ . Solid curve: calculation from the work of Dose (Bef.
13). Dashed curve: calculation of Bingham (Ref. 4).
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by a Bayard-Alpert-type ion gauge and was stable
to 1-2/o during data trials. The ion gauge was cali-
brated against a McLeod gauge which operated in
the pressure range lx10 ~-2x10 3 mm of Hg. The
McLeod gauge was cooled with dry ice and liquid
nitrogen trapped. Considerable care was taken
to minimize and test for the known systematic er-
rors associated with the McLeod gauge. + The re-
sidual systematic error in the McLeod gauge should
not exceed + 7% with over-all accuracy of pressures
measured with the ion gauge expected to be better
than +10/o. Target-gas pressures between 2x10 '
and 1&& 10 mm of Hg were used in the experiment
with linearity of signal intensity versus pressure
being employed to ensure single-collision condi-
tions. Background pressure in the scattering cham-
ber was 1&&10 '-5x10 ' mm of Hg.

The efficiency of the bare-electron multiplier for
detection of hydrogen atoms was measured directly
by a unique method which has been reported. The
technique exploits the presence of hydrogen atoms
in the 2s state after scattering, which can be in-
duced to radiate 1216-A photons by application of
electrostatic fields. Such quench-induced photons
were detected from the fast-scattered atoms with
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FIG. 5. Total differential scattering cross section for
protons on helium at a fixed impact energy, 6. 25 keV.
Present data: o. Solid curve: calculation from the work
of Dose (Ref, 13). Dashed curve: calculation of Bingham
(H.ef. 4).
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more data trials, and was typically observed to be
about +6% for angles greater than 2', and+12% at
g

0

The total error has been taken to be the root of
the sum of the squares of the listed errors plus the
square of three standard deviations. This procedure
typically gives a 16% for the total error in mea-
surements at angles greater than 2', with the er-
ror rising to + 32% at 1 '.

III. DIFFERENTIAL CROSS SECTIONS

A. Helium

q0.5-
b'a

~' 0.3-

0.2-

O,I2 7 Io 20 30
gE (keV deg )

50

FIG. 6. Reduced differential cross sections for pro-
tons on helium. Present data at fixed OE: small dots;
at 6.25 keV: &&. Data of Fitzwilson and Thomas (Ref. 27)
at 10 keV:y. Solid curve: calculation from work of Dose
(Ref. 13). Dashed curve: calculation of Bingham (Ref.
4)

The differential cross section for scattering of
all particles from protons incident on helium is
shown in Fig. 4, for several values of the product
of incident energy and scattering angle (corre-
sponding to particular impact parameters). Most
of the data points in Fig. 4 lie closer to the Cou-
lomb-potential results than to the hydrogenic-
shell-screening -potential results. However, the
difference between the two theoretical calculations
is quite small and the accuracy of the data is not
really sufficient to distinguish between them.

Figure 5 displays the differential cross section
at a fixed incident energy as a function of impact
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FIG. 7. Total differential scattering cross section
for protons on argon at a fixed impact parameter, p = 0. 53
a. u. Present data:n . Data of Fitzwilson and Thomas
(Ref. 27): . Solid curve: cal'culation with separate
screening lengths for each electronic shell [Dose (Ref.
13)]. Dashed curve: calculation with the Bohr screening
length [Bingham (Ref. 4)].

FIG. 8. Total differential scattering cross section for
protons on argon at fixed energies. Present data at 6.25
keV: o. Dataof Fitzwilson and Thomas (Ref. 27) at 10
keV:~ . Solid curves: calculation with separate screen-
ing length for each electronic shell [Dose (Ref. 13)J.
Dashed curves: calculation with the Bohr screening length
[Bingham (Ref. 4)]. (Note offset between scales of 6. 25
and 10 keV. )
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FIG. 9. Total differential scattering cross section for
protons on argon at fixed scattering angle of 3 . Pres-
ent work: o. Solid curve: calculation with separate
screening lengths for each shell [Dose (Ref. 13)]. Dashed
curve: calculation with the Bohr screening length [Bir.ghs. m
(Ref. 4)].

parameter. For the most distant (smallest-angle)
scattering, the data begin to fallbelow the predicted
values with the Coulomb (Bohr) potential in some-
what better agreement with the data. All quantities
are for the laboratory reference frame for Figs. 4
and 5. The error bars shown represent the total
error, as discussed previously.

The theoretical values for the separate electronic
shell screening were obtained by substituting
Dose's' values of Z,« into the, Rutherford formula
(4). The theoretical curves required interpolation
of the work of Bingham and Dose, 3 which was ac-
complished graphically. The error introduced by
the graphical procedure should not exceed + 5%.
The impact parameters shown in the figures are
obtained from the work of Dose. '3

Figure 6 displays allof thepresent datafor H'+ He,
as well as data from Fitzwilson and Thomas in the
reduced cross- section representation suggested by
Smith and co-workers. '9 The agreement between
the two calculations and the data is reasonable, but
with different slopes and a departure of theory and
experiment for the most distant collisions. The
data of Fitzwilson and Thomas are generally lower
than the present data, but the discrepancy is within
quoted errors (Fitzwilson and Thomas quote + 13%
systematic with + 5% reproducibility).

In general, the theoretical results are not ex-
pected to be greatly different in the proton-helium
case, since there is only one electronic shell. The

20—
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eE {keV deg)

IOO

FIG. 10. Reduced differential cross section for scat-
tering of protons by argon. Present data for OE=20 keV
deg: small dots at 6.25 keV: &&, at O'. O. Data of Fitz-
wilson and Thomas (Ref. 27) at 10 keV: ~ . Solid curve:
calculation with separate screening lengths for each shell
[Dose (Ref. 13)]. Dashed curve: calculation with the
Bohr screening length [Bingham (Ref. 4)].

similarity of the calculations, together with insuf-
ficient accuracy of the data, preclude any strong
conclusion as to the superiority of any theory for
this case. The calculation of Rice and Bingham 4

(not shown) gives slightly better agreement with the
data than either of the calculations shown. The
greatest discrepancy between the data and all of the
theories is for distant collisions with the hydrogen-
ic-shell-screening results appearing poorest.
Possibly, when the electron cloud is not deeply pen-
etrated none of the potentials employed is suffi-
ciently accurate.

B. Argon

The absolute differential cross section for scat-
tering of all particles from protons incident on ar-
gon is shown for the three different modes in which
the data were taken: for a fixed impact parameter
(Fig. I), for fixed collision energy (Fig. 8), and
for a fixed scattering angle (Fig. 9). In argon
there are separate electronic shells, and the the-
oretical predictions are significantly different. In
the range of collisions tested by the present data,
the calculation employing separate hydrogenic-
screening lengths for each shell is in significantly
better agreement with the data.

While the absolute values of experiment and the
shell-screening calculation agree well for most of
the range tested, the theory and experiment depart
abruptly for distant collisions. In Fig. 10, showing
all of 'the data, the departure is seen to occur at an
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impact parameter of about 0. 7 a. u. The 6. 25-keV
data of Fig. 8 show the departure at approximately
2' corresponding to this same impact parameter.
The data of Fig. 9 do not extend to sufficiently dis-
tant collisions (low energies) to show the depar-
ture, with the result that the agreement between the
data and the shell-screening calculation is excel-
lent for the range shown in Fig. 9. The failure of
the shell-screening calculation for distant colli-
sions is similar to that indicated in the helium
case, but more dramatic for argon. The data of
Fitzwilson and Thomas show the same trend away
from the shell-screening calculation for distant
col.'isions, but lie lower than the present results
and thus do not show clear agreement with either
theory.

The calculation of Rice and Bingham 4 (not shown)
provides some improvement in the distant collision
range, but over the range tested it gives results
similar to the hydrogenic-shell-screening results
and the accuracy of the data is not sufficient to dis-
tinguish between these two theories.

For sufficiently close collisions the theories and
the data apparently come into good agreement. oth-
er data for closer collisions have shown excellent
agreement with the screened-Coulomb (Bohr) re-
sults.

The suggestion of this work is that in the limited
range tested, the shell-screening potential is signif-
icantly better than the Coulomb screening (Bohr)
in predicting the absolute value of total differential
scattering cross sections for systems that have more
than one electronic shell. For the most distant col-
lisions observed, this agreement fails, with some
indication that the Coulomb (Bohr) potential begins
to give better agreement. However, the data avail-
able do not conclusively determine whether the Cou-
lomb (Bohr) potential will give significantly better
results for more distant collisions. The relative
shapes of the theories and data in both the helium
and argon cases indicate both theories rising faster
than the data, but with the Coulomb (Bohr) potential
having a shape somewhat closer to the experimental
results.
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