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Proton-impact excitation of helium to the n =2 sublevels
in the distorted-wave Born approximation
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Differential and total cross sections for proton-impact excitation of helium to the n =2 sublevels

are calculated in the distorted-eave Born approximation. Many-parameter correlated seve func-

tions are used to describe the helium atom. A comparison ~ith recent theories and experimental

measurements is made. The present calculations for differential cross sections for the n =2 sub-

states yield good agreement with the measured values of Park et al. and Kvale et al. and the multi-

state eikonal calculations of Flannery and McCann.

I. INTRODUCTION

Considerable effort has gone into the study of discrete
excitation of atomic helium by electron impact but rela-
tively few studies are available for proton-impact excita-
tion. ' The proton-helium system provides one of the
simplest types of heavy-particle collisions and is interest-

ing both theoretically and experimentally because of the
numerous applications of their cross-section data to the
physics of the earth and planets of high atmospheres as
well as to controlled thermonuclear fusion processes.
Most of the theoretical or experimental studies done in the
recent past concentrated only on the determination of the
total cross section. Park et al. and very recently Kvale
et al. have been successful in measuring angular dif-
ferential cross sections (DCS's) for excitation of helium to
the n =2 level and the individual n =2 sublevels, respec-
tively, in the intermediate-energy region of proton impact.
Obviously such angular measurements would provide a
more reliable test in assessing the suitability of the
theoretical approaches in understanding discrete excita-
tions.

Looking at the theoretical literature for proton-helium
excitation, we find that the various approaches developed
for electron-helium excitation were logically extended to
proton-helium studies as well. Among these studies, the
work of Baye and Heenen using a second-order diagonal-
ization method, that of Joachain and Vanderpoorten us-

ing an eikonal distorted-wave method, that of Flannery
and McCann employing a multistate impact-parameter
method, and that of Sur and Mukherjee and Sur et al.
using Glauber approximations are ~orth mentioning. The
latter two approaches also reported the differential-
cross-section results for the 1 'S—2 'S,2 'P excitations of
helium.

In recent years, the distorted-wave approximation and
its variants' have proved to be quite successful in produc-
ing both differential and total cross sections for electron-
helium excitation in the intermediate-energy region. %e
therefore feel that it would be desirable to perform similar
calculations for proton-impact excitation of the helium
atom for the above two transitions. In order to test such
suitability, we present in this paper our results for both

the DCS's and total cross sections for the 1'S—2'S,2'P
excitations using an earlier version" of the distorted-wave
Born approximation (DWBA). In this approach, we in-
corporate the distortion in both incoming and outgoing
channels of the projectile due to the Coulomb field of the
target nucleus. The model we use is reasonably good and
easily accessible as the expressions for the DCS can be ob-
tained in closed form. The closed-form expressions have
been given in an earlier paper (see Kumar et al. ") for
both the trivial (s-s) and nontrivial (s-p) transitions. To
avoid further uncertainties in the cross sections due to the
input bound-state wave functions, we have used accurate
target wave functions of the many-parameter correlated
type (Weiss' ). Instead of repeating the analysis, we shall
outline in Sec. II briefly the present theoretical methodol-
ogy. Results and discussion will be presented in Sec. III.

II. THEORY

with

Vif(R)=(pf(I2 r3)
~

V(rg r3 R)
~
p;(ri, r3)) (2)

P; and Pf are the initial and final bound states of the heli-
um atom. p, is the reduced mass of the system. Vis the
interaction potential expressed as

Ze
Y(r2, rs, R)=

R

here R and r2, r3 are the coordinates of the projectile and
the. bound electrons, respectively. Z is the nuclear charge
of the helium atom. 7+ and Xf are, respectively, the in-
cident and scattered waves with k; ~f~ as the associated
wave vectors, given by

The scattering amplitude for the excitation of the heli-
um atom from an initial state (i) to a final state Q by
proton impact in the distorted-wave Born approximation
is given as

1 &Pr
Tf = — J dRXf' '(R)Vtf(R)X~(+'(R)
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with a; {f) ip, Z /k; {f), Z' is the screened nuclear
charge' and is always taken as —1.4. Now, after taking
the Fourier transform of the interaction potential given in
Eq. (3), Eq. (2) becomes

2

V~f(R) = f dqq e 'q "ff'(q),
27r2

here fI(q) is the transition integral defined as

3

ff(q)= f«2«iaaf( 2 3) g 0'( 2 3)
j=2

%e have used properly orthonormalized many-parameter
correlated wave functions' for both initial and final states
of the target for calculating f&f(q). Using Eqs. (6) and (5)
along with Eq. (3), Eq. (1) for the scattering amplitude
can be evaluated in closed form. The closed-form expres-
sions for both transitions 1'S—2'S and 1'S—2'P are
given in the recent paper by Kumar, Srivastava, and Tri-
pathi. "
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III. RESULTS AND DISCUSSION

A. Differential cross section

Figures 1 and 2 show our results for the DCS's at 100
keV (where our model is expected to work well) for the
1 'S—2 'S and 1 'S 2'P excitat—iona, respectively. We
have also included in these figures our first-Born-
approximation (FBA) calculation along with the calcula-
tions of Flannery and McCann using the multistate (two-
and four-state) eikonal approximation and the calculation
of Sur et al. using the Glauber approximation (GA).

Figure 1 shows the DCS results at 100 keV for the
1 'S—2 'S transition. In the small-angle region
(8, &0.02'), the present calculation underestimates the
DCS by an order of magnitude compared to the four-state
calculations of Flannery and McCann as well as with the
experiment. For scattering angles 8, & 0.02', the
present results are higher within a factor of 2 than those
of the four-state calculations. In this angular region our
results are overall in better agreement with experiment.
It should be noted that the two eikonal calculations, i.e.,
the two- and four-state calculations differ over the entire
angular region. The Glauber calculations of Sur et al.
also show a large difference when compared to the present
calculations. In particular the GA calculations show a
broad minima around 0.04'. This feature is absent in our
calculations as well as in the multistate eikonal calcula-
tions of Flannery and McCann.

Figure 2 shows the DCS results at 100 keV for the
1'S—2'P transition. The general trend of variation and
the relative agreement with other theoretical calculations
are similar to those noted in the 1 '5—2 'S excitation case.
The present calculation shows a better agreement with the
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FIG. 2. Differential cross section for H++ He(1 'S)
~H++He(2 'P) at 100-keV proton-impact energy. Same as
Fig. 1.

FIG. 1. Differential cross section for H++ He(1 'S )

~H++He(2 'S) at 100-keU proton-impact energy. Theoretical
calculations:, D%'BA results; —X—,first Born results;—"—,Glauber results (Ref. 9); ———,two-state eikonal re-

sults (Ref. 7); ————,four-state eikonal results (Ref. 7); I,
experiment (Ref. 4).
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recent experimental measurements for this transition in
the entire angular region except in the angular region
0.025'&8, &0.045'. However, in this angular region,
the four-state results of Flannery and McCann compare
better with experimental measurements. The Glauber re-
sults of Sur et al. differ vastly from the present calcula-
tions. The Glauber calculations improve the situation
only over the FBA results at large angles (8, m &0.05')
where the predictions of the FBA are well known to be
unreliable. '

Figure 3 shows the total DCS for the n =2 transition
of helium at 100 keV. The results of the present calcula-
tions are compared with the angular differential cross-
section measurements of Park er al. i and with the recent
experimental measurement of the Kvale et a/. for the
n =2 state. The present as well as other theoretical calcu-
lations are only the sum of the contributions from the 2 'S
and 2'P states. It is well known that the contributions
due to transitions from the ground state to any of the trip-
let states are negligible because of spin conservation. ' In
the small-angle region, all the calculations show almost

similar behavior and also agree with the experimental
measurements. ' %ith an increase in scattering angle, the
Born and Glauber results decrease rapidly and show a
large discrepancy from the measurements whereas the
present DWBA results remain mostly within the error
bars of the experimental measurements. Among all the
calculations, the four-state results show overall good
agreem. ent with the measurements in the entire angular re-
gion. The reason that our D%BA method does not repro-
duce well the experimental data as compared to the four-
state eikonal method could be the simplicity of our
D%BA method. For example, we have not included the
effect of polarization of the target by the proton projectile
in the distorted waves. It seems that one has to go to
higher-order terms in the distorted-wave Born series to be
able to account for this feature.

In Figs. 4 and 5, we have displayed all our other results
for the differential cross sections of both transitions at en-
ergies where our model should provide good results; these
may be useful for comparison purposes in the future.

B. Total cross section

)Q9

L

The total cross section for the n =2 state is obtained by
summing the contributions from the 2 'S and 2'P states
and is displayed in Fig. 6. We have shown the curves for
the n =2 cross section obtained from the various theoreti-
cal models along with the experimental results. ' ' On
comparison, we find that the first Born calculation
overestimates the cross section near the maximum value
of the cross section. It can also be seen that the different
models predict total cross sections which differ by an or-
der of magnitude before the peak value of the cross sec-
tion. In general, the total cross section peaks between
70—100 keV. Beyond 100 keV, the differences among the
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FIG. 3. Differential cross section for H++ He(1 'S )
~H++He(2 'S+2 'I') at 100-keV proton-impact energy. Same
as Fig. 1. 0, experiment (Ref. 3}.

FIG. 4. Differential cross section for H++ He(1 'S )

~H++He(2 'S) at 200-, 300-, 400-, and 500-keV proton-impact
energies. Same as Fig. 1.
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FIG. 5. Differential cross section for H++He(1'S)~H+
+He(2 'P) at 200-, 300-, 400-, and 500-keV proton-impact ener-
gies.
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different theoretical results become smaller. They all seem
to merge to the first Born results in the region beyond 400
keV. In the region between 100—400 keV, the present cal-
culation underestimates the cross section by 40% com-
pared to other calculations. It merges with all the results
around 1000 keV. The second Born results of Holt
et al. ' and the second-order potential results of Begum
et al. ' agree better with the experimental data of Park
and Schowengerdt' in the entire energy region where data
are available. The large experimental uncertainties in the
measurements preclude choosing the most rehable ap-
proach from among the different theoretical results ob-
tained using different models.

FIG. 6. Total cross section for H++ He(1 'S)~H+
+ He(2'S+2'P). Theoretical calculations:, DWBA re-

sults; —x—,first Born results; ————,four-state eikonal re-
sults (Ref. 3);, second-order diagonalization (Ref. 5);—)& X—,first-order potential (Ref. 6); —.—,second-order
potential (Ref. 18); ———,second Born (Ref. 17); —~ ~—,
Glauber results (Ref. 6); 0, experiment (Ref. 3); Q, experiment
(Ref. 16); 4, experiment (Ref. 4).
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