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Differential cross sections for the proton-impact 1'S~2'S and 1'S~2'P excitations of atomic helium are

calculated at 25-, 50-, and 100-keV proton energies using the Glauber approximation. The sum of the results are

compared with an earlier multistate eikonal calculation as well as with a very recent measurement. The angular

dependence of the cross sections predicted by the Glauber theory is in reasonable agreement with the eikonal results

and the observed data.

I. INTRODUCTION

Extensive investigations have so far been made
about direct excitation of neutral atomic targets
in fundamental ion-atom collision processes. '
However, almost all the calculations and measure-
ments concentrate on the determination of cross
sections integrated over the scattering angles.
Whereas the agreement between theory and experi-
ment is more or less satisfactory in the high in-
cident-energy region, this can hardly be said about

intermediate-energy collisions. Considering,
for example, the case of H'-He collisions, the
calculated' and measured' total cross sections
at intermediate proton energies show a spread over
a wide range of absolute values which greatly ex-
ceeds the estimated uncertainty limits of the in-
dividual data. This calls for a more detailed
study of the underlying physical processes. It is
well known that a knowledge of the differential
cross sections can furnish important information
in this respect and can provide a better test of
the theoretical models against experimental ob-
servations than do the total cross section data.
However, the data of differential cross sections
for excitation in fundamental ion-atom collisions
in the intermediate energy region have so far been

very scanty in general. The lack of experimental
data is a testament to the severe problems of
measurement of the angular differential cross sec-
tions at intermediate ion energies. On the other
hand, the usually applied theoretical methods are
based on the semiclassical impact-parameter
formulation which cannot furnish exact quantal
differential cross sections. For H'-He colli-
sions, the only calculation' which reports the dif-
ferential cross sections for direct excitation of
the 2s, 2p, 3s, and 3p states of the target hydro-

gen employ the Glauber approximation. '~ Sim-
ilarly, differential cross sections in H -He
collisions have been calculated employing only
the multistate eikonal' and the Glauber" theories.

For both the systems, however, the differential
cross sections predicted by the first Born approx-
imation (FBA} have also been presented for com-
parison. In the absence of any experimental data,
one could only note from these calculations the
wide difference of the FBA cross sections from
the Glauber'" and the multistate eikonal pre-
dictions" except at very high incident energies.

However, of late, the situation has changed
very much. Park et al.'~'" have been able to over-
come the difficulties of measurement of the angu-
lar differential cross sections for the scattering
of intermediate-energy protons from atomic hydro-
gen' and helium. " They have presented the cen-
ter-of-mass differential cross sections for excita-
tion of the n = 2 level of either target (without dis-
tinguishing the substates} by 25-, 50-, and 100-
keV protons. For H'-H collisions, the measure-
ments of Park et al."are in remarkable agree-
ment with the predictions of the Glauber approxi-
mation' in respect to both absolute magnitude and

angular dependence. The FBA differential cross
sections differ appreciably from the measurement
and the Glauber results except at the highest ener-

gy in the forward direction.
For excitation of atomic helium, although a

number of Glauber calculations with electrons as
projectiles are available (cf. Yates and Tenney, '4

Franco, " and Thomas and Chan"}, proton-impact
excitation of helium has been studied only by Chan

and Chang" and by Sur and Mukherjee' using the
Glauber method. However, whereas Chan and

Chang present the total and differential Glauber
cross sections for the 1'S-2'P excitations of

He, Sur and Mukherjee report the total Glauber
cross sections for 1'S n'S (n= -2, 3, 4} transitions.
The measurement by Park et al."of the angular
differential cross sections for proton-impact n = 2

excitation of He, hence, cannot be compared with

either of the above calculations. '" The multistate
eikonal calculation of Flannery and McCann" gives
the proton-impact angular differential cross sec-
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tions for 1'S-2'S and 1'S-2'P excitations of
He. Since the contribution to the cross sections
froM the triplet state is negligible because of spin
conservation, the eikonal results are readily com-
parable to the measurement.

In view of the remarkable success of the Glauber
theory in predicting the observed differential cross
sections for excitation in O'-H collisions" as
mentioned above, we undertake in the present work
a study of the Glauber-predicted angular differen-
tial cross sections for 1'S-2'S and 1'S -2'P ex-
citations of He by the impact of intermediate en-
ergy protons and compare the sum with the mea-
surement of Park et al." The method of calcula-
ting the Glauber cross sections for 1'S -n'P ex-
citations is an extension of our earlier work for
studying the 1'S-n'S excitations'" and has been
described elsewhere. '

where o., and PI involve wave-function parameters,
and t, and p, take integral values.

On substitution for @~@, from Eq. (5} in (2}, we
obtain the single-scattering amplitude for 1'S -g S
transitions as

Fs(q) =~ QCqFb)(q),F f
(7)

where

F„((() f[rr(r„r) + r,(r„r)]y(b, r) e"'bd 'b drdr,
(8)

Using the expression (6) in Eq. (8), we can ex-
press Ff,(q) as

Fs,(q) =A(p&, P,)D(q, a„tI)+A(a» tI)D(q, p»p&) y

where (~)

A(e, y)= fe e'dr

H. THEORY

For the excitation of a helium atom from an in-
itial state q,(r„r,) to a final state +~(r„rm) due to
the impact of a particle of charge Z, and relative
velocity v„ the Glauber scattering amplitude F(q}
(Refs. 6 and 7) in the center-of-mass (c.m. ) sys-
tem can be expressed as"' (using atomic units
throughout)

F( -f;q)=F, (q) F.(q),

where F,(q) and F,(q) have been termed" the sin-
gle-scattering and double-scattering amplitudes,
respectively, and are given by

= 4))((y+ 2)!/x""

D(q, e, y)= fe e""'r'T(b, r)d bdr.

We now introduce the generating function

XF

l, (q, e)= fe"' (br,yr ) d bdy

in terms of which D(q, x, y) becomes

( g )@+1

D(q, x, y}=l I I,'(q, x).

(10)

(12)

(13)

F,(q) = ' qi'~I'(b, r,}%, ' ed''b dr, dr, , (2}

ik,F.(q) =-

x +&1 b, r, F,r, +, e~ d'b r,dr, . 3

Here q(= k,. —k~) is the momentum transfer, k,. and

k are the incident and final wave vectors in thef
c.m. system, respectively, and

r(b, r~)= -(Ib-syl/b}"" (4)

with q= -Z, /v, . and s, being the projection of r,
onto the plane of b.

@„bs + & s Q C
g [XI(rb y r()) + Xy(rgb rg) ] y

f

with

(5)

A. 1 S~n S transitions

The usual type of approximate He wave functions
of the product form without correlation terms
can be expressed as

The function If(g, x) can be reduced to a closed
form following the procedure employed by Thom-
as and Gerjuoy'0 for 1s-ns transitions in hydrogen
glVlIlg

If(q, x) =-16w ill'(1+i')1'(I - iq}qm("~«~@~

x F (1 —in, 1 —in;1; -«'/q'). (14)

Combinmg Eqs. (7), (9), and (13), we obtain for
the single-scattering amplitude for 1'S—n'S trans-
itions in He

F,'(C) = t g C, A(p„p, )
I

I'~"I,'(q,-a,)

a l'~ s( edq)(e-r~ r, (q, d,),BP ]]
(15)

A(x, y) and If(q, x) being given by Eqs. (10) and
(14), respectively.

For evaluating the double scattering amplitude
Fs(q) for 1'S-n 'S transitions, we substitute from
Eq. (5) in Eq. (3), obtaining

X,(u, v) =s'iv'ie (6) F,'(q)=-' ' QC, Fs, (q),
7T

(16)
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where

det(tt) fr=(r„r )I'(S, r )r(te, r )e"' d'I dr dr, .
(1'0

Performing the azimutha1 integration on the b
plane, we have

det(tt) = be f db tet (rb)R(o „,t„b)tr(d „,bt, b),

(18)
where

tt, (e', r, b)= fe "r"r(br)dr,

for 1'8—n'P transitions in helium to give the full
Glauber amplitude

E(l 'S -n'P; q}= ~q}+E',(q} (26)

with

@bbg= Q &)[XI(rgb rm) + XI(rmb rx)] b
hatt f

(2V)

X (u v) =u'&v &e '~" PP (cose )e ' '~ (28)

proceeds in a manner similar to that for 1'8-n'8
transitions described above.

%e take the usual type of approximate He wave
functions to ferrite

%e now introduce the generating function

xr

r, (», q, h) = r(b, r)dr,r
in terms of which R, becomes

@+1

z,(«, y, h}=~, r, («, q, h).
( ~X

(2o)

(21)
E,'(q)= „' Q~yEi)(q) (28)

where P, represents the usual Legendre polynomi-
al of order (1 -m), other notations being the same
as before.

Substitution from Eqs. (2V) and (28) in Eq. (2)
for the single-scattering amplitude makes the in-
tegral involving the term X,(r„r,) vanish and gives

The function I', can be reduced as in Ref. 16 to
give where

1"0(»,qb 5}= -16«)qKO(»b gb b) b

where KD is given by (cf. Refs. 2 and lq)

(22) E„{q)=A{P,,p,)G(q, a, , f,) (30)

( 5) 22 (r) -1 (~q} d d
f ~0(f}

r(l -zq), f'+»25' '

(23)

d(tber)= f e *'r'r(((r)e"'P, (ooee)e' 'd'bdr,

(31)

x —
~

Ko(p»@be) .
BPI)

(24)

The method of evaluation of Ko(», )i, f)) and its var-
ious derivatives with respect to x has been dis-
cussed in detail in Refs. 2 and 17, whence the in-
tegral in Eq. (24) can be evaluated numerically.
The full Glauber scattering amplitude for 1'8-n'8
transitions is then obtained from Eq. (1) as

F(l 'S-n'S q) = ~(Eq) E~+(q) (25)

Eb~ and E2~ being given by Eqs. (15) and (24), re
spec tlvely

8. 1 ~ S~n ~P transitions

Reduction of the singl'e-scattering amplitude
[E~b(q}] and the double-scattering amplitude [E~Q)]

The double-scattering amplitude for 1'S»n'8
transitions obtained by combining Eqs. {16), (18),
and (21)-(23) can be written as

F2(q) = 512iv'q-k,
OO 8 ~

d~eb

x d5 aZ, (q5) gC,
~

—
~

K,(a„q, 5)
o

A(», y) being given by Eq. (10). As before, G(q, », v)

can be expressed in terms of a generating function

xt'

I, (q, ») = ~I'{b,~)es ~P, (cose)e ' df'bdr
(32)

G(q, «, y)=( ( I, (f[,«) ~

I-8 ~" ~

The single-scattering amplitude (29) for 1'S -n'P
transitions hence becomes

E, (q)=' ' QG, A(P„p,) ~
I, (Q, a,), (34)

where I~ can be reduced along the lines of Ref. 20
to give

IP(q») 32«2ge-(tttooq&em(r) ~~(t)

xl' 1 {in+}I'(2—iq)

x [,E,(2 iq, 1 iq; 2; «-2/q')--
-(l-ig),E,(2-iq, 2-iq;2; -«*/q )].

t (35)
The double-scattering amplitude is obtained by

substitution. from Eqs. (2V) and (28) in Eq. (3) and
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subsequent reduction, as

F2~(q) = — ' QC, F2~, (q), (36)

Xy'

I', (x,q, b)= rI'(S, r)PP(cos8)e ' odr, (40)
y

and can be reduced to give
where

deb}}=2 }e ' J dbbd}eb)R (deb„b}R,(s„t„b},
(37}

r, (x, q, 5) = -16w q[(1 +i@}K,(x, q, b)+ ~,( x, q, b)],
(41)

with

with

eb( ,erb =}fe*'r"r(br p}, ( eos ee}'" dr.

Here R, can be put in the form
(36}

K~(xb}ebb)=x b (ixb) '"22,„,,(ixb).

The integral for E, is given by

b}O

(42)

de,(, , b} ()I=;(, , s},b

where

(39) The double-scattering amplitude for 1'S- n P
transitions are obtained by combining Eqs. (36),
(37), (39), and (41):

P +1

E2~(q) = 512w'}is@,. e ' d db hl, (qb) pC,
~

—
~

Ko(p» }lb b)
o y ( spy i

~
[(I+i~}K.(~ ~ &)+&o(~ ~ &)] .e

Ba& )
(44)

We have discussed earlier (cf. Sur and Mukher-
jee") the method of evaluating K, (x, }1,b) and its
various derivatives with respect to x. The integral
in Eq. (44) can then be calculated numerically.

III. RESULTS AND DISCUSSION

A. 1 S~2 Sexcitations

Our results of the center-of-mass differential
cross sections in the Glauber approximation for
1'S-2'S excitations of He at 25- and 100-keV
proton energies are plotted in Figs. 1 and 2, re-
spectively. The excited state He wave functions
used in our calculation are those given by Winter
and Lin," while the ground state wave function is
due to Green et al.2~ We have also included our
FBA calculations in these figures. The only other
available calculation is due to Flannery and Mc-
Cann who have used multistate eikonal approx-
imations and the FBA method in their work.
These results are also compared in Figs. 1 and 2
with our FBA and Glauber results.

From a comparison of the curves for the pres-
ent full Glauber (G) and the corresponding single-
scattering Glauber (SSG) results of Figs. 1 and 2,
it is seen that the relative contribution of the dou-
ble-scattering term (F,) in the Glauber scattering
amplitude (E) is appreciable at low energies and
inclusion of this term lowers the G cross sections
significantly at small scattering angles from the

1p

H +He(1'S) ~H +He(2 S)

cd )p
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FIG. 1. Angular differential cross sections (in the
center-of-mass system) for 2 $ excitation of He by
the impact of 25-keV (laboratory energy) protons.
Present calculation: (—), Glauber (G); (- -), single
scattering Glauber (SSG); (——), first Born approxima-
tion (FBA). Calculation of Flannery and McCann (Ref.
10): (---), two-state eikonal (T); (—-- —), four-
state eikonal (F).
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FIG. 2. Same as Fig. 1, but by the impact of 100-keV
protons.

corresponding SSG results. Since the contribution
to the integrated Glauber cross sections comes
predominately from the small-angle region, this
causes a consequent reduction of the total Glauber
cross sections from the corresponding single-
scattering results. With the increase of energy,
the G and SSG curves of Figs. 1 and 2, however,
approach each other in the forward direction, ex-
plaining the agreement of the integrated G and
SSG results at high energies as already observed
by Sur and Mukherjee. ' The common agreement
of both of these Glauber results also with the in-
tegrated FBA results in the high-energy region
can be similarly explained. At intermediate en-
ergies, however, the behaviors of the differen-
tial FBA cross sections are completely different
from those of the G or SSG results, as may be
seen from Fig. 1.

An interesting feature of the differential (G) cross
sections at 25 keV is the minimum occurring at a
scattering angle of 0.026 (Fig. 1). At a proton
energy of 50 keV also, this minimum in the dif-
ferential cross sections (not presented here) is
observable and occurs at 0.0344 . With increasing
energy, however, this minimum flattens and the
G curve at 100 keV (Fig. 2) shows no such mini-
mum. The overall nature of the Glauber differ-
ential cross sections of Figs. 1 and 2, especially
the minima in cross-section-scattering-angle

10 H +He () 'S) ~H +He(2 P)
25keV

o
I-
O
LLI

10
IrI

O

I-

g &0

O

10 I I I I I

002 004 0.06
SCATTERlNG ANGLE (degree )

FIG. 3. Same as Fig. 1, but for 2 P excitation of He.

0 00

curves at lower energies, resemble the corre-
sponding trends obtained in the H'-H differential
Glauber cross sections for 1s-ns excitations. ""
The SSG curve of Fig. 1 also shows a broad min-
imum near 0.04'.

As regards the relative behavior of our present
Glauber differential cross sections and the multi-
state eikonal results of Flannery and McCann,
Figs. 1 and 2 show that there is appreciable dif-
ference between the predictions of the two cal-
culations for small-angle scattering. In particu-
lar, the small-angle minima occurring in the
Glauber curves of Fig. 1 being absent from the
eikonal curves, the absolute values of the two sets
of results differ by orders of magnitude near the
scattering angles concerned. In the forward di-
rection also, the absolute values of the Glauber
and the multistate eikonal cross sections show a
large difference. It should be noted, however,
that the two eikonal calculations themselves ap-
preciably differ from each other in absolute val-
ues in the forward direction —the four-state (F)
results overestimating the two-state (T) ones al-
most by an order. The agreement between the re-
sults of the present Glauber and the multistate-
eikonal calculations improves with the increase of
incident proton energy when, as mentioned al-
ready, the minima in the Glauber curves gradually
flatten. The angular dependence of the Glauber
and the eikonal cross sections becomes similar
also with the increase of the scattering angle at
any given proton energy. We would like to mention
here that although the wave functions used in the
present work are different from those employed
in the eikonal calculations, " our present FBA
cross sections agree closely with those of Flan-
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With increasing energy, as before, each of the G
and SSG curves approaches the FBA curve in the
forward direction (cf. Fig. 4).

At 25 keV, although the Glauber (6 and SSG) and
the multistate eikonal (T and F) differential cross
sections show some spread in absolute values,
the angular dependence of these results in the
range of scattering angles shown in Fig. 3 are in
reasonable agreement. The FBA cross sections,
however, considerably overestimate the other
theoretical predictions. At 100 keV, on the other
hand, the behavior of the Glauber and the eikonal
curves of Fig. 4 (the T and F curves are now co-
incident) appreciably differ at larger scattering
angles. The FBA results are now in better ab-
solute agreement with the Glauber results in the
forward direction, but fall much more quickly in
comparison with other theoretical results as the
scattering angle increases.

10

3
10

0 00 002 0.04
SCATTERING ANGLE (degree)

FIG. 4. Same as Fig. 1, but for 2 P excitation of He
by the impact of 100-keV protons. Calculation of
Flannery and McCann (Ref. 10): ("-), two- and four-
state eikonal (T, F).

nery and McCann. ' This indicates that the dif-
ference in absolute values as mell as in the angu-
lar dependence between the two sets of results as
discussed above may not be attributed only to the
difference in the wave functions employed. Hence
the full elucidation of the matter should await an
absolute measurement of the 1'S-2'S differential
cross sections.

B. 1 S~2 Pexcitations

In Figs. 3 and 4, we present our differential
Glauber (G and SSG}as also the FBA cross sec-
tions for 1'S-2'P excitations of He by 25- and
100-keV protons at various scattering angles and
compare the results with the calculations of Flan-
nery and McCann. " It is morth mentioning that
our present results agree closely with the earlier
Glauber calculations of Chan and Chang" employ-
ing a different set of He wave functions.

Again, the effect of the double scattering term
(F,) on the full Glauber amplitude (E} is appreci-
able at the intermediate-energy region and is
found to lower the G cross sections from the cor-
responding SSG results at small scattering angles.

C. Excitation of the n =2 levels

I

-9
10 ~- 4i. F-

H'+He(~ 1)~H +He("

F5A

0 10
i0

cO
rA
O
C3

-11
10

I-
R
4J
lK
W
U
LL

CI

10"

0.0 0.5 1.0
SCATTERING ANgLE (mrad )

FIG. 5. Same as Fig. 1, but for (2 S+2 P) excitation
of He by 25- and 50-keV protons. Experiment: (),
Park et al. (Ref. 13).

As mentioned earlier, the contribution from the
triplet states in the excitation of n= 2 levels of He
is negligible because of spin conservation. Hence
we compare the sum of our calculated 1'S -2'S
and 1'S -2'P differential cross sections with the
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FIG. 6. Same as Fig. 5, but by 100-keV protons.

corresponding results of Flannery and McCann, "
and with the measurements of Park et a&."at 25-
and 100-keV proton energies. At 50 keV, the
multistate eikonal results are not available.

In the range of scattering angles considered, the
present G and SSG curves of the differential cross
sections displayed in Figs. 5 and 6 do not differ
much in shape and both agree qualitatively with
the observed angular distributions.

The present Glauber results in general under-
estimate the observed cross sections. But the
absolute agreement between the two results in the
forward direction improves at higher energies and

is within the accuracy of measurement at 50 and
100 keV. On the other hand, although the present
FBA results show some agreement with the measure-
ment in the forward direction at high energies,
they fail to predict the observed angular distri-
butions. The four-state results (F) of Flannery
and McCann' are in excellent agreement with the
experiment in both curve shape and absolute mag-
nitude.

It is worth noting here that Park et al."make
no estimate of the possible systematic errors in
their measurement, which may arise chiefly from
the data-analysis method and also from the ab-
solute measurement of the interaction length and
pressure. As a result, the shapes of the curves
are more reliable, according to the aughors, "
than the absolute magnitude and the authors com-
ment that the excellent agreement of their mea-
sured cross sections with the four-state eikonal
results' is perhaps fortuitous, especially with re-
spect to magnitude. We may also note from the
work of Park et al."that their integrated results
which correspond to the measured angular differ-
ential cross sections overestimate the earlier cal-
culations and measurements of the total cross
sections 24 In view of these facts, the underesti-
mation shown by our differential Glauber (G) re-
sults of Figs. 5 and 6, in comparison with the
eikonal calculations and the measurement, isprob-
ably not serious.
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