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Differential cross sections and angular-correlation parameters
for n = 3 excitations in hydrogen by electrons and positrons
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A distorted-wave Born approximation method has been used to calculate the differential cross
sections and angular-correlation parameters for individual 1s~3I (I =0,1,2) transitions in hydro-
gen by electrons and positrons. The distortion in both the initial and final channels is incorporated
due to static, polarization, and exchange effects. Calculated results are compared with the available
other theoretical results.

INTRODUCTION

Most of the earlier work on electron-impact n =3 exci-
tations in hydrogen is theoretical. Different theories have
been mainly applied to calculating total cross sections
(TCS) for individual is~31 (1=0, 1, and 2) transitions
(see, for example, Srivastava and Rai, ' Whelan et al. ,
and Callaway et al. ). However, it is quite misleading to
judge the success of a theoretical model purely on the
agreement of the total cross sections with experimental
measurements. In fact, differential cross sections (DCS)
are known to provide better insight to a collisional pro-
cess than the TCS and should also be calculated for the
reliable assessment of a theoretical model. For n =3 ex-
citations in hydrogen, DCS results were reported by Tai
et al. in the Glauber approximation (GA) for ls~3s
and 1s~3p excitations, at 100 eV incident-electron ener-

gy and in the limited range of scattering angles (up to
50'). In addition, Syms et al. , using distorted-wave po-
larized orbital (DWPO) theory and implementing distor-
tion only in the initial channel, and van de Ree, using
noniterative integral formalism (NIF), have reported the
DCS for is ~31 (I =0, 1, and 2) excitations at the inter-
rnediate and low incident-electron energies, respectively.

An electron-photon angular-correlation experiment
yields information about a scattering process which is far
more detailed than the conventional scattering experi-
rnents and thus provides very sensitive tests for scattering
theories. From the point of view of electron-photon
correlation studies, excitation of the n =2 states of hy-
drogen has received considerable attention both theoreti-
cally ao d experimentally. On the other hand, for
n =3 excitations in hydrogen not much attention has
been paid, ' " though such excitations are more in-
teresting to study because of the involved greater multi-
plicities of the states. It is only recently that some results
of the electron-photon coincidence rates for 3 I' and

23 D states of hydrogen have been reported"' and there
is further progress in the measurements of circular polar-
ization results for these states. '

In this paper, we present our study of electron impact
n =3 excitations in hydrogen in a fairly more complete
manner, especially with a view to understanding the an-

THEORY

The T matrix is defined as'

where 4f is the unperturbed wave function in the final
channel, V is the interaction potential, and 4, is the ex-
act wave function describing the system in the initial
channel.

Now let r& and r2, respectively, be the position vectors
of the bound electron of the target hydrogen and the pro-
jectile electron (positron) with respect to the hydrogen
nucleus as origin. Then we can write

H%=E% (2)

and

gular behavior of the scattering of these excitations. We
adopt a reliable two-potential distorted-wave Born ap-
proximation (DWBA) to describe the excitation process
and obtain results for DCS and angular-correlation pa-
rameters. In fact, the distorted-wave methods have be-
come known in recent years as being rather simple and of
wide applicability for the electron-atom excitation at in-
termediate energies. '

The interest in the positron-atom scattering has been
stimulated by the intense positron-beam experiments. '"' '

There is very close similarity between the electron and
the positron collisions. The only difference between the
two cases is that, in positron collisions, there is no pro-
cess of electron exchange. Most of the theoretical
methods adopted for electron collision can be easily ex-
tended to study similar positron collisions. Some calcula-
tions are already available for elastic and inelastic scatter-
ing of positrons from the hydrogen atom. ' ' Among
these, our recent application' of a DWBA to study n =2
excitations in hydrogen has shown very interesting re-
sults. Except for the Coulomb-projected-Born (CPB) cal-
culation that results in giving the cross sections of
1s~3s excitation there is no other calculation available
for positron-impact n = 3 excitations in hydrogen. These
are therefore also considered in the present study.
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HOW=EN,

where

E =
—,
' k,2+ c, = —', k + c.f f
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1 q2 1 q2

r)

and

(3)

(4)

we shall mention later would be such that distortion of
the projectile due to the static field of target and polariza-
tion of target is taken into account. However, we shall
see that U is only a function of r2 as it greatly simplifies
the calculation' and the first term in Eq. (8) drops out
due to orthogonality of target wave functions. Therefore
for an inelastic process we have

(10)

H=Ho+ V

such that

V=Z' 1

r2
(7)

where g satisfies in general the following equation:

(Ho+ U)X=EX . (9)

The choice of U is arbitrary and in principle
mathematically can be chosen anything so long as the re-
lation U = V —W is exactly satisfied. Our choice which

Z'= —1 for electron and +1 for positron. k, and kf are
the initial and final momentum vectors of the projectile
electron (positron). c; and e& are initial and final eigenen-
ergies of the target hydrogen atom.

On dividing the interaction potential V into two parts
such as V= U+ W and using the two-potential formula-
tion, we can write the T matrix in the following exact
form:"

Since 4,+, the exact solution of Eq. (2), is not possible to
obtain, ' ' we adopt the following approximation for +,
which is obtained using the distorted-wave polarized or-
bital method as suggested and used by McDowell and his
co-workers as well as in our previous works

=[@,(r, )+$„„~(r,, r2)]F, (k, , r2)

+s6z, (b, (r, )F+(k, , r, ) .

Here P, ( r, ) is the unperturbed initial wave function of
the target and P„„~(r„r2) represents its polarization
term. ' s is +1 or —1 depending on the total spin of the
scattering function in singlet or triplet mode. F,+(k, , r )i
is the outgoing distorted wave and is expanded as

, ;s ti,. 2) ui'(k, , r2)

1=0 Vk;
(12)

where 6& is the phase shift of the tth partial wave and P&

is the Legendre polynomial of order l. Now we use this
expression [Eq. (12)] in Eq. (11) which finally satisfies Eq.
(2) to give the following integrodifferential equation:

d'
2 l(/+1)

z
+k; —

2
—2V„„(r)—2V„,~(r) ut'(k;, r) =sfiz, ~XI'(r)R i, (r),

dr r
(13)

where V„,, (r) and V„„~(r) are, respectively, the static and
polarization potentials having forms

V„„(r)=&/, V $, &=Z' 1+— e
1

r

and

ui'(k;, r) —0
r-- 0

1
u('( k, , r ) — — sin k, r-

r

t~
t'

(17a)

(17b)

V ~(r) = — [1—e "(1+2r +2r + ~ r + ',r--
r

+ —,', r')] .

We can write the following choice for gf .

Xf ( r &i irz ) = (t & ( r, )g ( k&, r2 ) (18)

The nonhomogeneous term X&'(r) is due to electron ex-
change as given below:

Xfi'(r)=(e„—k; )6IoI R i,. (t)u~'(k, , t)t dt

I

+ —f R„(t)u,'(k„t) , ,
dt . -

2I +1 o
" ' '' r'+'

c„ is the eigenenergy of the ground 1s state of hydrogen.
Further, Eq. (13) is to be solved with the usual following
boundary conditions:

U(r) = V,.„,(r)+ V„„i(r) . (19)

With the use of this choice for U and using the following

where P&(ri) is the final bound-state wave function of the
hydrogen atom and r) (k&, r2) represents an ingoing
distorted-wave function to be obtained from Eq. (9). For
U we have the following choice as used previously with
success by various authors' ' ' which takes into ac-
count the distortion of the projectile by static and polar-
ization potentials:
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expansion for ri (ki, rq):

] u] (kl, r~ )
(kl, r~)= g (2l'+i)i'e P((kl r2)

QkI ] =p rz

we see that u] (kl, rz) satisfies

(20)

I'(1'+ 1) —2V„„(r,)
—2V...(r, ) u, (k&, r, )=0

dr2

and has to be solved by using similar boundary conditions
as given by Eq. (17).

Now we have defined gf and '0,+ in the expression
[Eq. (10)j for T&, which finally can be written as

Ts Tdir+ &Texif if' if (22)

~here T;f" and T,f are direct and exchange T matrices,
respectively, given as

If ]o I'

If]p +2lf]] I'-

Re( f ]of]] )
o(0, d )

Im(f *,g„&
o (0,$)

oo(0, $)
op(0, ]}] )+2o](0,$)

(28)

(29)

and

Tf ( ]1 (kf r2)]t]f(r] }I ~l]I},(r] )F,'(k„r2) & (23)

Ty=(rl (kf, r~)yf(r])I wig;(r~)F, +(k;, r]) )fiz ] .

(24)

f, p and f, , are the excitation amplitudes for the 3pm

magnetic sublevels with m =0 and 1 and can be obtained
from the T matrix [Eq. (26)j in the usual manner.
oo(0, $) and o(]0,$) are the corresponding diff'erential
cross sections. o (0,$) =op(0, $)+2o ](0,$) is the total
differential cross section summed over the magnetic sub-
state and ( ) denotes the spin-averaged value.

Following previous works' ' ' ' "and carrying out the
straightforward but lengthy standard angu1ar-momentum
algebra as well as adopting the well-known Ochkur-
Bonham approximation ' for the exchange T matrix
(i.e. , T&), we obtain the transition matrices for individual
Is~3l (l =0, 1,2) excitations. The full details are, how-
ever, given elsewhere. The radial Eq. (13) is solved for
u]'(k, , r) by the noniterative procedure of Marriot. ~ In
general, the normalization of u&(k, r) and phase shift are
obtained by comparison with JWKB solution.

From the T matrices the differential cross sections for
each transition in Is ~31 (l =0, 1,2) excitations of hydro-
gen are evaluated in the conventional manner. The gen-
eral way of writing the differential cross section is

kf
[~ IT].-3]m I

+
4 IT]. =3]m I 1

For 1s ~3d excitation

I zo
I'

A.p(3d) =
lfgo I +2lfp] I +2lfpp I

o~o(0 4)
o ~o(0, $)+2o2](0,(b)+2o ~2(0, $)

2I
A, ](3d) =

If~o I
+2lf 2] I

+2lf p2 I

2o ~](0,$)
opp(0 ]t])+2o2](0~0)+2ozz(0~4)

(30)

(31)

Also of interest to us in the case of 1s~3d excitation
are the following similar angular-correlation parame-
ters:

with

~dir +Tex
1s 31m ~ 1s 31m — ls —»3tm

(2S) as well as some relevant parameters obtainable through
the rea1 and imaginary parts of the bilinear combinations
of the scattering amplitudes averaged over initial spins
and summed over final spins, viz. ,

Angular-correlation parameters

Information regarding the population of the magnetic
substates can be obtained by measuring the angular
correlation between the electron which excited the 3p (or
3d) level and subsequently emitted photon. These mea-
surements together with the differentia1 cross sections
completely define the scattering process.

For 1s ~3p excitation

Similar to 1s~2p excitation in hydrogen for the case
of 1s —~3p excitation, the following are the angular corre-
lation parameters: ' '

Here f2 and o2 (0,$) with m =0, 1,2 are, respectively,
the excitation amplitudes and differential cross sections
for 3dm sublevel excitations which are related in the usu-
al manner by the corresponding T matrices [Eq. (26)].
o =o 2o(0, $)+2o „(0,$)+2o 2z(0, $) is the total differ-
ential cross section summed over all magnetic substates.

However, (f2 f2 ) values do not directly define the
quantities that are actually measured in a correlation ex-
periment. As described by Andersen et al. a set of four
relative parameters would be adequate to describe a S-D
excitation, the alignment angle y, the angular momentum
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L~, the linear polarization P&, and density-matrix element

pop which measures the relative height of the charge
cloud. A correlation experiment may determine at the
most three of these quantities, namely, y, P&, and poo. In
order to calculate these three parameters we use Eqs.
(17a)—(17c) of the paper of Chwirot and Slevin' which
define these three parameters in terms of the normalized
multipole components S2&(3D) of the reduced density
matrix of the 3 D state of hydrogen atoms. The

Sz& (3D) values are obtained through the (f2,„f,* )
quantities as described by us in our previous paper. '

RESULTS AND DISCUSSION

Since most of the other theoretical or experimental re-
sults for hydrogen are available at incident-electron ener-
gies (E, ) 54.4 and 100 eV we have also obtained our vari-
ous results only at these energies. The DCS results for
Is ~31 (1 =0, 1, and 2) transitions and angular-

correlation parameters for 3p and 3d excited states in hy-
drogen are calculated, both by impact of electrons and
positrons. All our results are displayed through Figs.
1 —5 and Table I. In the different figures other theoretical
results ' ' " where available are included for compar-
ison. First-order Born approximation (FBA) results are
also calculated and compared in these figures.

Figures 1 —3 show the DCS results, respectively, for
1s~3s, 1s 3p, and 1s~3d excitations. First, we dis-
cuss the comparison of our electron-impact DCS results
with those obtained using FBA, GA, CPB, ' DWPO,
and NIF (Ref. 6) methods. On comparison we find our
DWBA results are in overall best agreement with the
NIF results at 54.4 eV. At 100 eV our results compare
favorably with the DWPO results. However, the
difference between our DWBA results and the DWPO
(Ref. 5) calculation is basically due to the inclusion of the
distortion in the final channel in our model which was
not considered in the DWPO method. As is well known,

TABLE I. Correlation parameters for 3p and 3d excited states of hydrogen by electron impact. The
numbers in square brackets represent the power of 10 by which the preceding number is to be multi-
plied.

Energy (eV)
Angle
(deg)

For 3p excitation
R I Poo

For 3d excitation
P( y (deg)

54.5

100.0

0.0
5.0

10.0
15.0
20.0
25.0
30.0
40.0
50.0
60.0
70.0
80.0

100.0
120.0
140.0
160.0
180.0

0.0
5.0

10.0
15.0
20.0
25.0
30.0
40.0
50.0
60.0
70.0
80.0

100.0
120.0
140.0
160.0
180.0

2. 12[ —4]
3.19[—I ]
3.45[ —I ]
3.1 I[ —I ]
2.31[—I ]
2.55[ —I ]
2.25[ —I ]
1.25[ —I ]
1.59[ —2]

—2.63[ —2]
—3.92[ —2]
—3.58[ —2]

1.61[—2]
7.99[ —2]
1.07[ —I ]
7.42[ —2]
0.00
6.41[—4]
3.45[ —I ]
2.69[ —I ]
2.31[—I ]
2. 13[—I ]
1.98[ —I ]
1.77[ —I ]
1.18[—I ]
6.20[ —2]
8.90[ —2]
7.48[ —2]
8.71[—2]
9.93[—2]
9.78[ —2]
6.04[ —2]
4.46[ —2]
0.00

—1.52[ —6]—2.79[ —2]
—5.55[ —2]
—8.47[ —2]
—1.19[—I ]—1.60[ —I ]—2.07[ —I ]—2.69[ —I ]—1.62[ —I ]

1.35[ —2]
1.32[ —I ]
2. 1 I[ —I ]
2.49[ —I ]
2.21[—I ]
1.55[ —I ]
7.20[ —2]
0.0

—2. 12[ —5]
—2.63[ —2]
—5.24[ —2]
—8.15[—2]
—1.22[ —I ]—1.84[ —I ]—2.56[ —I ]—2. 17[—I ]

6.39[—2]
1.36[—I ]
2.70[ —I ]
2.31[—I ]
2.36[ —I ]
2.05 [ —I ]
1.47[ —I ]
7.48[ —2]
0.00

6.12[ —I ]
3.93[—I ]
3.98[ —I ]
4.03[ —I ]
4.06[ —I ]
4.08[ —I ]
4.08[ —I ]
3.91[—I ]
3.63[ —I ]
3.52[ —I ]
3.70[ —I ]
4. 13[—I ]
4.64[ —I ]
4.22[ —I ]
4.23[ —I ]
4.04[ —I ]
3.88[ —I ]
6. 12[ —I ]
3.95[ —I ]
4.01[—I ]
4.06[ —I ]
4. 14[ —I ]
4.22[ —I ]
4.23[ —I ]
3.86[ —I ]
3.62[ —I ]
3.83[ —I ]
4.27[ —I ]
4.92[ —I ]
5.06[ —I ]
4.43[ —I ]
4.28[ —I ]
4.09[ —I ]
3.88[ —I ]

0.00
3.94[ —2]
1.87[ —2]
3.58[ —2]
3.97[ —2]
3.99[—2]
3.74[ —2]
2.35[ —2]
1.20[ —2]
2.01[—2]
2.50[ —2]
3.09[ —2]
2.52[ —2]
2.22[-2]
2.57[ —2]
2.03[ —2]
1.06[ —5]
0.00
2.57[ —2]
4.37[ —2]
4.51[-2]
4.54[ —2]
4.42[ —2]
3.68[ —2]
2. 18[—2]
3.11[—2]
3.48[ —2]
3.73[ —2]
3.49[ —2]
1.52[ —2]
3.59[—2]
3.88[ —2]
2.90[ —2]
1.56[ —5]

0.0
—31.0
—47.6
—54.9
—57.6
—57.8
—56.2
—49.8
—43.4
—39.9
—38.2
—36.0
—12.5

6. 1

5.5
3.1

0.0
0.0

—50.0
—63.7
—67.2
—66.9
—63.5
—56.9
—40. 1

—33.2
—32.4
—32.9
—31.0

5.9
16.7
13.5
6.2
0.0



DIFFERENTIAL CROSS SECTIONS AND ANGULAR- . ~ . 1293

10

10 (

ls ~35
E -54.4eV(1)

GA and FBA results compare well with our DWBA re-
sults only in smaller scattering angles while failing to fol-
low our results at larger scattering angles. The CPB re-
sults for 1s ~3s excitation are also in good agreement
with our results at 100 eV.

Further, from Figs. 1 —3, when we compare our
electron- and positron-impact results for each transition
(i.e., ls~3s, 3p, or 3d), we find that they do not differ
much at 100 eV. However, they differ slightly for larger
scattering angles at 54.4 eV. The difference in the
electron- and positron-impact results at lower incident
energies and for larger scattering angles is quite expected
and is mainly due to the dominant contribution of elec-
tron exchange and polarization distortion effect at such
energies.

Our calculated X values for 3p excitation in hydrogen

are plotted against angle of scattering (0) in Fig. 4. At
100 eV of incident-electron energy, present results are
compared with the (JA (Ref. 10) results as well as with
the FBA results. First we compare our electron-impact
results at two different energies. Since k denotes the rela-
tive contribution of the differential cross section from the
m =0 sublevel excitation of the 3p state to the total DCS
for 3p excitation, we find from Fig. 4 that in our results
for scattering through 0 & 25' and 0)65, the excitation
of the m = + 1 sublevels dominates with increasing
incident-electron energy, except near the forward (0=0)
and backward (H=rr) angles when only m =0 sublevel
excitation occurs. As we know the total cross section is
dominated by the contribution of the DCS coming from
near forward scattering angles, therefore, we can say that
in the case of 3p excitation the total cross sections at high
energies are primarily controlled by m =+1 sublevel ex-
citations. The comparison of our electron-impact results
at 100 eV with the available GA results up to 50' and
FBA results suggests that GA and FBA are not much
different from each other but differ considerably with
ours at higher scattering angles (9& 10'). This feature is
quite expected as GA or FBA gives DCS results which
differ at intermediate and backward scattering angles
with distorted-wave calculations because of the absence

C

10
V
OJ
tlt

IJt
IJl
O

3
10

O

C

L

10

10 '1

b

1O

—5
10

—6
10 I

30
I

60 90

Ang le ( deg)

I

120

2

I

150 180

2
10

a
C
i
Ol

3

FICs. 1. Differential cross sections for the 1s~3s transition
of hydrogen at electron-impact energies 54.4 and 100 eV. The
curves numbered 1 and 2 are, respectively, at 54.4 and 100 eV.
The positron results are shown by circles and triangles,
respectively, at 54.4 and 100 eV. present DWBA
results. —- ——,close-coupling results of van de Ree (Ref. 6).

DWPO results of Syms et al. (Ref. 5).
Coulomb projected Born results of Saxena (Ref. 40). —~ ~ -—
-- —,Glauber results of Tai et al. (Ref. 4). ———,first-order
Born results.

-4
10

-5
30 60 90

Ang le (decI )

I

120
(

150 180

FIG. 2. Same as Fig. 1 but for the ls~3p transition in hy-
drogen.
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10

3d

4eV (1)
eV (2)

-2
c 10

0 3
10

a
c
0)

0)

10
C5

10
30 60 90 120

Pngle (deg )

150 180

of appropriate distortions of the incident electron in their
formulation. When we compare our positron-impact re-
sults at two different energies we find that the comparison
is similar to that as in the case of electron impact. Fur-

FIG. 3. Same as Fig. 1 but for the 1s ~3d transition in hy-
drogen.

ther comparison of k values for the electron-impact case
to the corresponding positron suggests that the positron-
impact k curves are having much deeper and broader
minima than the electron impact. Consequently, we can
say, for 3p excitation by positrons, the m =+1 sublevels
contribute more to total cross sections as compared to
impact of similar energy electrons.

Similar to Fig. 4, Figs. 5(a) and 5(b), respectively, show
our results of A, o and X, for 3d excitation in hydrogen as
defined by Eqs. (30) and (31). First, we compare in Fig.
5(a) our results for ko which is the relative contribution of
the DCS for the m =0 sublevel of the 3d state to its total
DCS having contributions from m =0, +1, and +2 sub-
levels of the 3d state. The behavior of ko with respect to
scattering angles and incident projectile energies is quite
similar to that presented in Fig. 4 for A, in the case of 3p
excitation. However, for A,o in the case of 3d excitation,
the first minimum at each energy extends roughly in the
~ider range of scattering angles and is having relatively
much lower values of A,o. From Fig. 5(b), which shows
results for Xi (i.e., relative contribution of DCS from
m =+1 substates to total DCS), we find that the k,
curves have almost reverse behavior to that of ko curves
as displayed in Fig. 5(a). If we remember that 1 —ko —k,
represents the relative contribution of the excitation of
m =+2 substates to the total DCS then we can easily as-
sess from Figs. 5(a) and 5(b) the individual contribution
of the excitation of each substate of the 3d excited state.
By careful comparisons of ko and k, curves and following
the discussions as presented for Fig. 4 we can easily show
that the total cross section for 3d state excitation is dom-
inated by its m =+1 and +2 substate components. The
effect of increasing the incident-electron energy on total
cross section is to have more contribution from m =+2
substates to it followed by the contributions of m = + 1

and 0 substates.
Further intercomparison of our electron and positron

results [in Figs. 5(a) and 5(b)1 at each incident projectile

1.0&

0 9

0 6—

0-5—

0.4—

0.3—

0-2—

0.1—

0 i i i i i 1 I i t l t l i

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180
Ang le ( deg )

FIG. 4. k parameters for the 3p state of hydrogen by electron and positron impact. —,present DWBA results at E; =100 eV
(electron). ——-, present DWBA results at E, =54.4 eV (electron). —-. - —,Glauber results of Chan and Chang (Ref. 10). 6, present
DWBA results at E; = 100 eV (positron). a, present DWBA results at E; =54.4 eV (positron). ———,first-order Born results.
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energy as well as mutual comparison of positron results
at two different energies suggest that positron-impact A.o
and ki results show large variations in the results with
the increase of incident energy as compared to electron-
impact results and also favor more the excitation of
m =+2 substates as the positron-impact energy is in-
creased. Finally, the Glauber results' when compared
with our results are found to give A,o and k, values some-
what different in magnitude than ours but showing simi-
lar shape and nature. FBA results, as well known, fail to
reproduce our results at larger scattering angles except
belo~ 10 of scattering angles.

In our previous paper' using our present calculation
of the scattering amplitudes for 3p and 3d excited states
at E; =54.4 and 100 eV for scattering angles of 20' and
25' we reported electron-photon coincidence rates which
showed very good agreement with the experimental re-
sults of Chwirot and Slevin. ' Since there are no other re-
sults available for further comparison with our R and I
correlation parameters for 3 P excitation, we simply
compile our electron-impact results for these parameters
in Table I. However, the behavior of our R and I results
with respect to scattering angle is of a similar nature as
one sees for 2 P excitation in hydrogen.

In Table I we have also displayed our electron-impact

results for y, PI, and pz, parameters for 3 D excitation.
We find our results for the alignment angle y of the
charge cloud varies with scattering angle such that first a
deep negative minimum occurs and then it shows a posi-
tive maximum before becoming zero at 180 of scattering
angle. While the linear polarization PI and poo which
measure relative height of the charge cloud vary in oscil-
lating manner with respect to scattering angle but there is
not much variation in their magnitudes. However, for
3 D excitation, results for y, P&, and poo parameters are
also obtained for only two scattering angles, viz. , 20' and
25' by Chwirot and Slevin' which they derived from
their electron-photon coincidence rate measurements, but
their results differ significantly from ours and do not pro-
vide any meaningful comparison. Until more measured
data are available it would be premature to comment
about these parameters. We have also obtained first-
order Born results for the three parameters by setting in
our DWBA code the distortion potential and exchange
contribution to be zero. Our so obtained first-order Born
results for the alignment angle y are found to match ex-
actly with the first-order Born results tabulated by An-
dersen et al. at 54.5 and 100 eV of energies for 20 and
25' of scattering angles. Although we do not present here
comparison of our DWBA and FBA results for the three
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parameters, we wish to mention that both the results
compare in the usual expected manner, i.e., DWBA re-
sults differ with FBA more at lower energies and at inter-
mediate and backward scattering angles. We hope all our
results presented in Table I will be useful for future corn-
parison purposes.

Finally, we wish to add that our use of the Ochkur-
Bonham approximation (OBA) to evaluate the exchange
T matrix (for electron excitation) in the present DWBA
calculation may raise some doubts as to the reliability of
our results. In fact, justification of the use of OBA has
been discussed in many earlier papers ' and reviews.
Also, some reliable calculations have used this ap-
proximation recently. However, in our present paper,
since the results reported are at 54.4 and 100 eV (which
are nearly more than four times the threshold excitation
energies of n = 3 excitations) we strictly believe that
whatever approximation is adopted to evaluate the ex-

change T matrix at such energies would give the same
contribution for exchange as obtained through OBA. To
have an idea about the error which may get introduced
by the use of OBA we repeated the calculation of Shelton
et al. for 1s~2s excitation in hydrogen but using the
OBA for evaluation of their exchange T matrix. We
found our so calculated results for DCS at 54.4 eV
differed with their reported results within only 7%.
Similar uncertainty in our present electron-impact results
for n =3 excitations may also be expected by the use of
OBA.
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