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The first measurements of elastic differential cross sections have been carried out for 25-,
50-, and 100-keV protons scattered through very small angles by helium atoms. The
University of Missouri—Rolla energy-loss spectrometer provided the required high angular
resolution and also separated the elastically scattered ions from the inelastically scattered
ions. The data are compared to our Born, Glauber, and classical calculations as well as a
four-state calculation. All of the measured elastic differential cross sections are more
sharply peaked than theory for the smallest scattering angles. At the larger scattering an-
gles all of the measured elastic differential cross sections are below the theoretical calcula-
tions. However, if the classical calculation is interpreted as a total differential scattering
cross section, it compares well with our estimate of the sum of the elastic, charge-transfer,

and inelastic differential cross sections.

INTRODUCTION

The measurement of the elastic scattering cross
section for 25- to 100-keV protons scattered from
helium atoms is complicated by the necessity to dis-
tinguish the elastically scattered ions both from the
inelastically scattered ions and from the unscattered
ions. The University of Missouri—Rolla (UMR)
differential ion energy-loss spectrometer! provides
the needed high resolution in both energy loss and
scattering angle. The high resolution in energy loss
permits positive identification of inelastically scat-
tered ions. The high angular resolution permits
measurements at very small scattering angles.
Therefore, the UMR differential ion energy-loss
spectrometer is the ideal apparatus for studying
elastic scattering.

This measurement is the first published report of
an elastic differential cross section in the intermedi-
ate impact energy range. There have been several
previous measurements of total scattering cross sec-
tions in the keV ion impact energy range.>~® These
measurements did not result in a genuine elastic dif-
ferential cross section because the inelastic and elas-
tic scatterings could not be adequately separated.
All experiments including the one reported here
suffer from an inability to distinguish elastically
scattered ions from the transmitted unscattered ions
near zero scattering angle.

The present measurements are of elastic differen-
tial cross sections for proton-helium scattering at
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very small angles. The angular resolution is 120
urad (0.007°). The total angular range of the experi-
iment is from 0.5 to 3.0 mrad (0.172°) in the center-
of-mass frame which is less than the angular resolu-
tion of the previous total scattering cross-section
measurements in the keV energy range. The nega-
tive aspect of the high angular resolution is a low
count rate which rapidly decreases with increasing
scattering angle. It is this factor which limits the
angular range of the experiment. The positive as-
pect of the high resolution is that the measurements
provide differential cross sections covering an angu-
lar scattering region which has been previously
unaccessible.

Similarly there are surprisingly few theoretical
calculations of elastic differential cross sections in
this energy range. Most of the available theoretical
calculations use classical approaches which are ex-
pected to be invalid for very small angle scatter-
ing.”~!® Included in this paper are our calculations
of the elastic differential cross section using Born,
Glauber, and classical approximations with the stat-
ic potential. The four-state results of Flannery and
McCann!” are also compared with our measure-
ments.

EXPERIMENTAL METHOD

The differential ion energy-loss spectrometer and
the general method employed have been discussed
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in detail elsewhere®!®~2! in connection with the

measurement of inelastic differential cross sections.
The experimental method employed in the present
experiment only differs from the method employed
to measure inelastic cross sections in that there is no
inelastic energy loss. The elastically scattered ion
beam is unambiguously distinguished from the
inelastically scattered beam by the energy resolution
of the energy-loss spectrometer.

The apparatus is a linear accelerator-decelerator
system. The accelerator section includes the ion
source, extraction lens, velocity filter, beam focus-
ing, steering, and profile monitoring elements. The
decelerator contains the energy analysis and beam
detection apparatus. The collision region and mass
analyzer are located between the accelerator and de-
celerator sections. The accelerator section and col-
lision region are rotated as a unit about an axis that
passes through the collision point, allowing the
measurement of cross sections which are differen-
tial in both scattering angle and energy loss.

In a collision of an ion and a target atom, the
scattered ion loses energy due to the recoil of the
target atom even if no inelastic process is involved.
The recoil energy loss is calculated and set by the
controlling minicomputer for each measurement.
The measurement scattering angle, count time, tar-
get pressure, and transmitted ion current are con-
trolled and/or monitored by the minicomputer
which simultaneously corrects the measurements
for scattering chamber pressure deviations, instru-
ment and residual gas caused background, and nor-
mal incident beam drift.

The angular distributions of the incident and
elastically scattered beams are measured by record-
ing the transmitted ion current while pivoting the
apparatus about the scattering center. The incident
beam’s angular distribution and all corresponding
background current distributions measured in this
manner comprise a sequence of angular data.

Data were taken using two different target
chambers. Initially data were taken with the exist-
ing target chamber while a second target chamber
whose scattering interaction length could be accu-
rately determined was being designed and built.
The existing target chamber was designed using exit
and entrance cones. This arrangement minimized
scattering from defining aperture edges. However it
prevented an accurate measurement of the scatter-
ing interaction length which is needed in order to
determine an absolute differential cross section.
The second target chamber was designed both to
eliminate scattering from defining apertures and to

permit an accurate determination of the interaction
length. The pressure in this chamber was measured
by both an MKS Baratron 170 and an older Bara-
tron 77. The pressure was maintained constant dur-
ing a measurement by a microcomputer-based pres-
sure controller using the analog signal from the
MKS Baratron 170.

Absolute differential cross sections were calculat-
ed using the techniques discussed below for the
second chamber when both the target gas pressure
and the interaction length were accurately mea-
sured. Relative data from the chamber whose in-
teraction length was uncertain were normalized to
the absolute differential cross sections using a single
normalizing constant. The statistical errors shown
as error bars on the graphs were calculated using all
the data.

The “zero energy-loss” current I detected at the
analyzer is the sum of the transmitted and elastical-
ly scattered ion beams. Analysis of the scattering
process?! provides a rate equation for the detected
ion current which has not suffered any inelastic en-
ergy loss. This equation which includes second-
order processes is given by

dl ' [ a09L (£)%% ek
Tl 0= Jagd® [ a0 Zon ik k)
~I(6)or, (1

where k is a unit vector in the direction of the in-
cident ion, k' is a unit vector in the direction of the
scattered ion, do,/dQ) is the elastic differential
cross section, AQQ is the solid angle subtended by the
detector, and o is the total cross section for all
processes: elastic, charge transfer, and inelastic.
The angle 0 is the angle between the accelerator axis
and a line from the center of the collision region to
the center of the detector. The integration over d )
is over all incident ion directions and the integration
over d{}' is over all scattered ion directions that are
seen by the detector. This deceptively simple equa-
tion is the fortuitous result of the cancellation of
several terms which appear in its derivation. Equa-
tion (1) is actually a series of coupled equations at
various angles 6. The series of equations can be
solved by expanding I(0) as a function of nl; name-
ly,

I(0)=I1y(0)+nIB(8)+(nl)*B,(0)
+ ... ,

where I,(6) is the incident ion beam current. To
lowest order in n! this approach yields
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Ao 0 4% 1y
a0 “aq
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The terms I, B;, B,, etc., can be determined from
transmitted ion beam measurements taken at vari-
ous pressures. Measurements were also taken from
pressure sweeps at fixed angles. To first order,
B1=(I—Io)/nl

At angles which exceed the angle where the in-
cident beam distribution falls to zero [Iy(6)=0],
Eq. (2) can be solved using the same technique em-
ployed in the determination of inelastic cross sec-
tions. At smaller angles B, is negative and
—B,=Iyor. For very small angles,

(Igor+B;)<< | By | .

At zero angle the statistical noise in the data would
need to be reduced to less than 0.2% to obtain reli-
able values for Iyor+B;. For this reason the cross
sections are not reliable for angles where Iyor+ B,
is less than the uncertainty in B;; however, an esti-
mate of Iyor+B; is needed for all angles in order
to use the unfolding technique.! Because
B(0)=—oI, at very small angles, o7 can be es-
timated from the data. At these very small angles
this estimated value of or is used with the mea-
sured values of B;(6) to fit the data to a second-
order polynomical in 6. The value for Ao, /AQ at
zero angle obtained as a result is used to correct the
original estimate of o and the fitting process is re-
peated.

The elastic differential cross section do,/dQ is
extracted from Eq. (2) using techniques developed
for the calculation of inelastic cross sections.! The
data-analysis method relates the convolution in-
tegral in Eq. (2) to the elastic differential cross sec-
tion do,/dQ. The analytical representation of the
convolution integral involves an integration of
do,/dQ over the measured incident beam distribu-
tion and the solid angle subtended by the detection
window. The numerical method employed extracts
do,/dQ by equating the measured values of
B(0)+1y(0)or to its integral representation at
each acquisition angle. The process is described in
detail in Ref. 1.

THEORY
Various theoretical calculations were carried out

for comparison with the experimental results. The
Born approximation, the Glauber approximation,
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and the classical approximation were all calculated
using the static potential field of the target helium
atom. Cox and Bonham?? expressed the static po-
tential as a sum of screened Coulomb potentials and
used a least-squares method to fit this analytical
form to the potential obtained from Hartree-Fock
wave functions calculated by Clementi and Roetti?*
for helium. The various theoretical calculations
were simplified considerably by using this analytical
form of the static potential.

Both the Born and Glauber approximations** are
straightforward if the static potential is represented
by a sum of screened Coulomb potentials. The
Born scattering amplitude is obtained in analytical
form. The Glauber scattering amplitude is reduced
to an integral over the impact parameter. This in-
tegral was carried out numerically using standard
techniques. The elastic differential cross section for
each approximation is given by the absolute value
of the appropriate amplitude squared.

The classical approximation’ for small-angle
scattering was also carried out. In this approxima-
tion straight-line trajectories are assumed and the
transverse momentum is related to the impulse dur-
ing the collision. This approximation yields a
scattering angle which is a function of the impact
parameter for a given straight-line trajectory. The
elastic differential cross section is then calculated in
the usual manner.

RESULTS

The measured elastic differential cross sections
are shown in Figs. 1—3. The error bars shown
represent only the rms statistical errors. Possible
systematic errors resulting primarily from the cali-
bration and analysis technique are not included.

The possible sources of systematic error are mini-
mized by the measurement technique. The incident
current is measured immediately before and after
the measurement of the scattered ion current and
because the analysis uses the ratio of these currents,
this possible source of error is small in the present
measurement. The uncertainty in the pressure was
less than 5%. The interaction length and the solid
angle subtended by the detector were known to
within 1%. However, the effects of error in the
solid angle are minimized by the data-analysis tech-
nique.! The data-analysis technique itself is, of
course, a potential source of error. While the
analysis of the data is very complex at very small
angles, the same analysis has minimal effect at the
larger scattering angles reported. At angles greater
than 1 mrad in the center-of-mass system, the elas-
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FIG. 1. Elastic differential cross section for proton-
helium scattering in the center-of-mass frame for a pro-
ton with a laboratory energy of 25 keV. @, present data;
, Born calculation; — — —, Glauber calculation;
——, classical calculation; —- —-—- , four-state calcula-
tion of Flannery and McCann (Ref. 17). The error bars
indicate random errors only. Systematic errors are dis-
cussed in the text.
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FIG. 2. Elastic differential cross section for proton-
helium scattering in the center-of-mass frame for a pro-
ton with a laboratory energy of 50 keV. @, present data;
, Born calculation; — — —, Glauber calculation;
— —, classical calculation. The error bars indicate ran-
dom errors only. Systematic errors are discussed in the
text.
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FIG. 3. Elastic differential cross section for proton-
helium scattering in the center-of-mass frame for a pro-
ton with a laboratory energy of 100 keV. @, present data;
, Born calculation; — — —, Glauber calculation;
— —, classical calculation; —-—.—. , four-state calcula-
tion of Flannery and McCann (Ref. 17). The error bars
indicate random errors only. Systematic errors are dis-
cussed in the text.

tic differential cross section is very nearly!
Ao, /AQ=1/(I,nlAQ), where I, is the total current
of the elastically scattered beam. The use of I, in
place of the total incident beam current corrects the
measurements for beam loss due to charge-changing
collisions.'® Comparisons of this “apparent” dif-
ferential cross section with the output of the
analysis program indicate that the analysis program
is not contributing any significant systematic errors.
Systematic errors other than those arising from the
data-analysis technique would tend to affect the
magnitude of the cross section but have little effect
on the curve shape.

Our calculated elastic differential cross sections
are also shown in Figs. 1—3. Our Born approxima-
tion result is essentially identical to the Born ap-
proximation calculation reported by Flannery and
McCann.!” All of the calculations except the Born
become very similar to the classical calculation at
larger scattering angles.

DISCUSSION

Direct comparison with earlier work is not mean-
ingful both because the earlier measurements could
not isolate the elastic scattering and because the an-
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gular resolution of the present measurement is so
much better than the earlier measurements. The
Fitzwilson and Thomas® measurement of do/dQ
for elastic plus inelastic scattering (excluding charge
transfer) of 20-keV protons by helium reaches
5% 1015 cm?/sr at their smallest scattering angle
of 10 mrad in the center-of-mass frame. This com-
pares to 2.0X 10™!* cm?/sr at our largest angle of
2.5 mrad at 25 keV. The scattering measurements
of Fitzwilson and Thomas® and of Crandall,
McKnight, and Jaecks? are in general agreement
with classical scattering theory.” However, at the
smallest angles covered in their experiments, the ex-
perimental cross-section curves are noticeably below
the classical theoretical curves. This trend is con-
sistent with the observed differences between the
theoretical calculations and the present experiment.

A possible source of the discrepancy between the
theoretical and our experimental results is the
failure of the theoretical treatments to adequately
account for the effects of the various inelastic chan-
nels; particularly ionization and charge-transfer.
The agreement between theory and experiment is
fairly good for total differential scattering cross-
section measurements>® which include the inelastic
channels. This suggests that theoretical treatments
do not completely isolate the elastic channel from
the inelastic channels.

Measurements previously reported from this lab-
oratory can be used to obtain a rough estimate of
the total differential scattering cross section. The
UMR differential ion energy-loss spectrometer has
been employed to measure the differential cross sec-
tion for excitation of helium to the n=2 singlet lev-
el by proton impact! and for charge-transfer to all
states in the proton-helium collision.”> The excita-
tion differential cross section can be used to esti-
mate a total excitation differential cross section by
using the n 3 scaling rule.?® While it is recognized
that ionization and excitation differential cross sec-
tions are unlikely to have the same angular depen-

dence, the excitation differential cross section can
]

do

Ea(charge transfer)

do do .
0 (total)= 70 (elastic)+

o(total ionization)

+ |2} i n734
n=2

This estimation is shown in Fig. 4 along with the
classical calculation. The data in Ref. 1 have been
extended by us to larger scattering angles since its
publication. This extended data was used for the
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FIG. 4. Estimated total differential cross sections for
proton-helium scattering in the center-of-mass frame for
a proton with laboratory energies of 25, 50, and 100 keV.
M, estimated total differential cross section; — —, classi-
cal calculation for elastic differential scattering using the
static potential.

also be used to estimate an ionization differential
cross section. Both the total ionization cross sec-
tion and the total excitation cross section increase
monotonically with nearly the same slope over this
energy range with peak values around 100 keV.!>?’
If the ionization differential cross section is as-
sumed to have the same angular dependence as the
excitation differential cross section, the ionization
differential cross section can be estimated as the ex-
citation differential cross section times the ratio of
the total ionization cross section to the total excita-
tion cross section. Using the assumptions discussed
above the total differential cross section for the
proton-helium collision can be estimated as

g . .
o(total excitation) | dq Ccitation, n.=2). (3

[

larger scattering angles. The estimated total dif-
ferential cross sections are in strikingly good agree-
ment with the classical elastic differential cross sec-
tion using the static potential.
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The results shown in Fig. 4 show that the elastic
differential cross section does not dominate the to-
tal differential scattering cross section. This can be
seen by considering the percent contribution to the
total differential cross section according to our es-
timation. At 25 keV and at 2.5 mrad the contribu-
tions to the total differential cross section from the
excitation, charge transfer, elastic, and ionization
channels are estimated to be about 7, 35, 29, and
29 %, respectively. Likewise at 100 keV and at 1.5
mrad the contributions are estimated to be about 10,
40, 13, and 37 %. At 100 keV the most significant
contributions to the total differential cross section
are coming from the charge-transfer and ionization
channels.

The calculations presented in this paper use the
static potential to calculate the elastic differential
cross sections. The static potential does not take
into account any effect of the other open channels.
Likewise the four-state calculation of Flannery and
McCann!” only contains the effect of the n=2-level
of helium on the elastic channel which is small.
Thus the results of all of the theoretical calculations

presented in this paper are expected to yield a total
differential scattering cross section instead of a true
elastic differential cross section.

There is obviously room for additional, more so-
phisticated, theoretical efforts. Additional experi-
mental work extending the range of the scattering
angles is also needed. The present effort, however,
does provide the first measurement of an elastic dif-
ferential cross section in the 25-—100-keV impact
energy range as well as additional information on
the importance of the inelastic contributions to the
proton-helium differential cross section.

This experiment emphasizes the importance of
doing a complete calculation. For elastic scattering
no channel can be safely omitted in considering
ion-atom scattering in the intermediate energy
range.
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