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We report on a study of total and differential excitation cross sections for the electron-impact
excitation of hydrogenlike carbon for the transitions 18 S ~ 2s S and 2p P. These calculations
have been performed for electron-impact energies ranging from 28.2 to 29.5 Ry using the close-
coupling R-matrix method. This energy region has been chosen because in addition to the direct
excitation of 2s and 2p, there is a sizable contribution to the excitation cross section from the
doubly excited two-electron states (3l3l'), which decay predominantly to n = 2 via autoionization.
Differential cross sections both for the direct nonresonant channel and in the vicinity of several
autoionizing resonant states are presented. The differential cross sections in the vicinity of the
autoionizing resonant states are shown to be very rich in structure. We discuss the relevance of these
calculations to a recent experiment that measured the electron emission spectra for the collision of
C'++H, .

PACS number(s): 34.80.Kw, 34.50.Fa, 32.80.Hd

I. INTRODUCTION

An understanding of inelastic electron-ion collisions is
of fundamental importance for diagnosing laboratory and
astrophysical plasmas. Due to very low ion target den-
sities, experimental studies of electron-impact excitation
of ions are extremely dificult. Despite these diFiculties,
several experimental [1—4] and theoretical studies [5—12]
have been published that report total excitation cross
sections.

However, measurements of inelastic difFerential scat-
tering cross sections (DCS's) have only been reported for
a very limited number of electron-ion collision systems.
Chutjian and co-workers [13—15] have reported inelastic
DCS's for a range of angles extending from 4 to 17'
for Zn+(4s -+ 4p), Cd+(5s m 5p), and Mg+(3s ~ 3p).
The energy of the incident electrons in these experiments
ranged &om 30 to 100 eV, which is well above the exci-
tation threshold, and they found that the inelastically
scattered electrons were peaked in the direction of the
incident beam. Huber et al. [16] have reported inelas-
tic DCS's for the 3s —+ 3p excitation of sodiumlike Ar +
at angles ranging from 13 to 39 . This experiment was
perforxned at 100 eV which is again well above the excita-
tion threshold, and the measured DCS's peaked around
20'. Finally, Dunn and co-workers [1,17] have been able
to deduce the "gross features" of the inelastic DCS's for
Ar +(3s -+ 3p) and Os+(2s ~ 2p) near the excitation
threshold and have found that the inelastic DCS's tend
to be very strongly peaked in the backward direction at
these low energies.

As a result of the limited number of inelastic DCS mea-
surements for electron-ion collisions, relatively few theo-
retical studies have been performed. Among the theoret-
ical studies, several difFerent xnodels have been used in
the calculation of inelastic DCS's. Close-coupling results

have been reported by GrifBn and co-workers [18—20] for
Si +, Ar +, Ar +, Zn+, and Li+. Berrington and co-
workers [21,22] have also reported close-coupling results
for He+ and Li+. Among the authors using the distorted-
wave approximation to calculate inelastic DCS's are Zou
and Shirai [23], who have performed extensive calcula-
tions for H-like ions, Itikawa and co-workers [24—26], who
have reported studies for He-like ions and H-like ions,
and Pangantiwar and Srivastava [27], who have calcu-
lated inelastic DCS's for Zn+(4s —+ 4p), Cd+(5s + 5p),
and Mg+(3s -+ 3p), which agree very well with the
experimental work of Chutjian and co-workers [13—15].
Finally, Herviuex and Guet [28] have calculated DCS's
for the excitation of alkalilike ions by electron impact
using the generalized Born approximation and a semi-
classical approximation and were able to show that the
two approximations give very similar angular distribu-
tions. To determine the differences between these var-
ious models, GrifFin and Pindzola [20] have compared
nonunitarized distorted-wave, unitarized distorted-wave,
and close-coupling calculation and have found that the
inelastic DCS's can be significantly difFerent, although
the total excitation cross sections are in good agreement.
Similarly, Pindzola et aL [29] have compared inelastic
DCS's calculated using a quantal distorted-wave approx-
imation and a classical-trajectory Monte Carlo method
and have found the classical results to be qualitatively
in agreement with the quantal distorted-wave calcula-
tions, but the classical results are unable to reproduce
the detailed difFraction pattern of the DCS's. It should
be noted that all of the theoretical studies mentioned
so far deal exclusively with the angular differential cross
sections for nonresonant excitation and to our knowledge
only the study of Griffin et al. [30] examines the angular
DCS s in the vicinity of autoionizing resonance transi-
tions. Griffin et al. [30] have calculated angular DCS's
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for the transitions 3s S + 383@ P, 3s S ~ 383@ P,
and 383p 3P ~ 383@ 1P in the Mg-like ions Sj.~+ and
Ar +. These calculations have been carried out in the
threshold energy region, which has been shown to ex-
hibit strong resonance structures for both ions. Due to
the lack of studies regarding the angular DCS's for reso-
nant contributions to excitation, considerably more the-
oretical and experimental work needs to be done in this
area.

It is the purpose of this paper to present total and dif-
ferential inelastic scattering cross sections for the 1s —+ 28
and 2p excitation of C + for impact energies between 28.2
and 29.5 Ry. We report on the eKects of interference be-
tween the direct excitation and the autoionization chan-
nels on the DCS's. Contribution to the excitation cross
section from the doubly excited two-electron states (3l3l')
that decay predominantly to n = 2 via autoionization is
also presented. The relevance of these calculations to a
recent experiment [33] is also discussed.

In Sec. II we discuss our calculational method followed
by results and a discussion of the total and difFerential
cross sections for e+C + in Sec. IIIA. Section IIIB con-
tains doubly differential cross sections for C ++ H2, and
we present a summary of our results in Sec. IV.

II. CALCULATION METHODS

The electron-impact excitation cross section was cal-
culated in the close-coupling approximation using the B-
matrix method of Berrington et al. [34,35]. The total
(N+1)-electron wave function for the collision system can
be described within the LS-coupling scheme as

where y, are the target orbitals coupled to the spin-angle
function of the &ee electron, u;z are the continuum basis
orbitals, A is the antisymmetrization operator, and 4j
are the bound-state (N+1)-electron wave functions. The
lowest 15 hydrogenlike orbitals, up to n = 5, have been
used to represent the target in the B-matrix internal re-
gion. For the present calculation, the B-matrix boundary
radius is taken at 13 a.u. and 40 continuum orbitals have
been included in the expansion of the total wave function.
All (N+1)-electron symmetries with even and odd pari-
ties up to total angular momentum I= 12 were used. For
impact energies up to 29.5 Ry, the calculation of partial
waves to L = 12 is sufficient to ensure the convergence
of the cross sections.

We have written a program to calculate DCS's that is
similar to an earlier program written by Salvini [36] and
have followed his theoretical formalism. We denote the
initial target state as N; with orbital angular momentum
L~,. and spin momentum S~, The final target state is
labeled Nf with orbital angular momentum L~~ and spin
momentum S~&. The initial and final orbital angular mo-
menta of the scattered electron are designated by l; and
lf the momentum transfer is jq ——ly —l; = L~, —L~~,
and k~, is the wave vector of the incident electron. The
total orbital and spin angular momenta and parity of the
electron-target system are given by I, S, and II, respec-
tively.

Angular DCS's can be calculated by taking the axis of
quantization along the electron-beam direction and the
scattering angle 8 is defined with respect to this axis.
The DCS at an angle 8 for inelastic scattering &om an
initial state N; to a final state Nf within the LS-coupling
scheme can be written as

@k(&li ~ ~ ~
~ &N+1)

cijkXi (2'1 ~
~ ~ ~ ~ +mi rN+1 & &N+1)rN+1&ij (rN+1)

CLO

dO
(N; ~ Nj~8) = ) Ak(N, m Ny)Pk(cos8), (2)

+ ) djk4'j(+1) ~ ~ ~ ) +N+1) ) where P&(cos 8) are Legendre polynomials of order A and
the Ap are given by

A (N +N ) = i~" '~+'~ " e
1

Sk2 [IN ][SN]. .

S~gt

x ( l)~ + [ji] Cooo Co~()()~ W(l lyl lj'ji%)M) )~ '(N'mNg) Mi f (N'mNy)'

C *',
,

'
~, and W(abed;ef) are the Clebsch-Gordan and

Racah coefficients, respectively. Notice that when the
Fano-Racah convention is used, the factor i~ ' ~+ ~ '~ is
set equal to unity in the expression for Ap. The Coulomb
phase shifts are defined as vari

= argI'(l + 1 —in), where
n = q jkN, , with q as the asymptotic charge of the target,
and k~, is given by

kN ——k + 2(EN, —EN~). .

k is the energy of the incident electron and E~,. and
E~& are the energies of. the ¹thand Neth target state.

The M matrices are defined as

Mi f'(N; m Ng) = ([l,][lf][S]) ) (—1) [L)

x W(l, LN, lfLN~ Lj, )

xTi i (N; m Nf) .

The transition matrix elements T&i(N; -+ Nj) for e+,

C5+ were calculated using the B-matrix codes developed
by Berrington et aL [35].
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III. RESULTS AND DISCUSSION

A. Total and differential cross sections
for e + Cs+(ls)

The collision strengths for this study were calculated
using the B-matrix codes developed by Berrington et al.
[35]. Our calculations for the ls ~ 2s and ls ~ 2p
transitions in the energy region of interest are in excel-
lent agreement with those calculated by Aggarwal and
Kingston [31], who also used the B-matrix approach.
These results agree to within 10% with the pseudostate
expansion calculations of Abu-Salbi and Callaway [32).

We have chosen to present the results from the R-
matrix calculations in terms of total cross sections. The
relationship between the total cross section and the col-
lision strength is given by

0;, = (u;k;o;, (vrao),
2 . . 2

where u, is the statistical weight of the initial state and
k2 is the energy of the incident electron in rydbergs. In
Fig. 1, the total excitation cross sections for the 1s —+
2s and 1s + 2p transitions in units of m'ao are plotted
as a function of the electron-impact energy. In order
to accurately represent both the position and shape of
each resonance appearing between 28.2 and 29.5 Ry, we
have calculated the total excitation cross section with an
energy mesh of 0.0025 Ry.

The very rich resonance structure dominating the ex-
citation cross sections between 28.2 and 29.5 Ry is asso-
ciated with the process

e + C +(1s) + C +(3l3l') ~ C +(2l) + e . (7)

We have identified the ten resonances appearing in Fig.
1 by the following procedure. We calculated the energies,
autoionization rates, and radiative rates for all states be-
longing to the 3l3l' complex making use of the Hartree-
Fock model with the inclusion of electron-configuration

TABLE I. Identification and energy in rydbergs for the
3L3L' doubly excited states compared with calculated values
of van der Hart and Hansen [37] for singlet states.

Peak no.
1
2
3
4
5
6
7
8
9
10

State
s~ '

383p P
2 1D

3s3p P
3p3d I'
3s3d D
3d D
3p3d I'
3s3d 'D
3p3d P

Present
28.573
28.593
28.650
28.710
28.733
28.773
28.850
28.985
29.100
29.173

Hart and Hansen
28.575

28.655
28.722

28.779
28.862
29.002
29.126
29.196

Ho and Bhatia, Ref. [43].

mixing. In all cases, the Auger branching ratio to the
ground state is much smaller than to the n = 2 states.
If one were to ignore the interference effects, the cross
section to n = 2 would be proportional to the product of
the Auger rate to the ground state times the branching
ratio to 2l. By examining this product, we can identify
the 3l3L' states that will be significant in the total 2s and
2p excitation cross sections. The observed. doubly excited
3l3l' states are labeled in Table I and the energy positions
of these doubly excited states are compared to theoretical
calculations by van der Hart and Hansen [37]. The trun-
cated diagonalization method with a second-order energy
correction in a B-spline basis has been used by van der
Hart and Hansen [37] to calculate the energies of the
3l3l' singlet levels of C +. They have compared their en-
ergies with calculations by Martin et al. [38], Abu-Salbi
and Callaway [32], and Ho [39,40] and have found their
energies to be in excellent agreement with these earlier
calculations.

First we present DCS's for the 1s ~ 2s and 2p tran-
sitions at two energies where only the direct excitation

e + C (1s) —+ e + C '(2s) e + C '(1s) -+ e + C '(2p)

0.0030 0.0080

0.0060-

0.0020
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cv

0.0040
0

0.0020-

6

10

FIG. 1. Electron-impact to-
tal cross sections in vra0 versus
electron-impact energy in ryd-
bergs for 1s —+ 2s and 1a -+ 2p
excitations.
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channel is open. Figure 2 contains the DCS's versus scat-
tering angle for an impact energy of 27.2 Ry, which lies
well below the energy region where resonances associated
with the 3l3l' manifold are found. Note that the DCS's
are very strongly peaked in the backward direction for
both the 18 ~ 2s and 2p transitions. In Fig. 3, the
DCS's versus scattering angle are plotted at 29.49 Ry,
which is higher than the 3p3d P resonance but below
the 3/4l' series of resonances. For the 18 —+ 28 transition,
the DCS's are strongly peaked in the forward direction,
but the DCS's for 18 —+ 2p exhibit only a slight forward
peaking.

The DCS's versus scattering angle are presented for
the following resonances: 38 ~S, 3p D, 3p3d F, and
383d D in Figs. 4—7. These resonances correspond to

peaks 1, 3, 8, and 9 in Fig. l.
The angular distribution of the (Auger) electron re-

sulting from the deexcitation of the doubly excited 3l3l'
states to the 2l states can be used in elucidating the
resonance structure appearing in the DCS's, calculated
with the inclusion of the interference between the direct
nonresonant and resonant amplitudes. In general, Auger
electrons resulting &om the depopulation of a doubly ex-
cited resonant state will have a nonisotropic angular dis-
tribution that depends on the magnetic substrate popu-
lation of the doubly excited state. If the doubly excited
state is labeled by ISMI,Mp, the final state after Auger
decay is labeled by I"8"Ml'Ms, and the outgoing elec-
tron is labeled by lam~m„ then the angular distribution
of the Auger electron is given in atomic units by [41]

W(8) = 2a[J"][L][S] ) P(SLJM) ) (+i) e' 'e ' 'Yi ~, (8, @)A(SL + S"L",sl)

(Lii SII Jliit( Sii s S& ( L" I Lt( L S
(ML, Ms M ) I Ms MS) i ML l ML) (ML Ms —Mi (8)

where ( ) is the 3j symbol of Wigner, [j] =
mQ m2 m3

2j+1,A(SL ~ S"L", sl) is the transition amplitude, and
P(SLJM) is the magnetic substrate population of the
doubly excited state. Since the orbital magnetic quantum
number of the outgoing electron is equal to zero when the
axis of quantization is taken along the beam direction,
one finds that when only one partial wave contributes in
Eq. (8), the angular distribution of the outgoing electron
at the resonant energy is given by

when the interference between the direct nonresonant
and resonant amplitudes is ignored.

For an electron-impact energy corresponding to the
3s S resonance, the DCS's to both 28 and 2p are shown
by a solid line in Fig. 4. In this and the following three
figures, the solid curve will correspond to the DCS at the
resonance energy, the dotted curve will correspond to the
DCS at an energy 0.01 Ry lower than the resonance en-
ergy, and the dashed curve corresponds to the DCS at an
energy 0.01 Ry higher than the resonance energy. Based
on the above considerations [Eq. (8)], the angular difFer-
ential cross section for the inelastically scattered electron

e + C '(1s) ~ e + C '(2s) e + C '(1s) ~ e + C (2p)
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FIG. 2. DifFerential cross
sections in a.u. /sr versus scat-
tering angle in degrees at 27.2
Ry, which lies below the ob-
served resonance structure as-
sociated with the 3l3l' doubly
excited states, for 1s + 2s and
1s -+ 2p excitations.
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e+ C (1s) ~e+C '(2s) e + C '(1s) -+ e + C '(2p)
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0.0002
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FIG. 3. Differential cross
sections in a.u. /sr versus scat-
tering angle in degrees at 29.4
Ry, which lies above the ob-
served resonance structure as-
sociated with the 3l3l' doubly
excited states, for 18 —+ 2s and
1s ~ 2p excitations.
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at the 38 S resonance is expected to be isotropic. The
structure appearing in Fig. 4(a) is due to the interference
between the resonant and the direct nonresonant chan-
nels. For 38 8 —+ 2p P+ e, the angular distribution of
the inelastically scattered electron according to Eq. (8)
is given by ~Yq o~, which is zero and symmetric about
90 . The asymmetry of the DCS in Fig. 4(b) at large
and small scattering angles is due to interference. The
sensitivity of the DCS in the vicinity of a resonance is
also shown in Fig. 4.

The calculated DCS for the 3p D resonance is plotted
in Fig. 5. For excitation to 28, the angular distribution
from Eq. (8) has the form ~Y2 o~, which has minima at

54.74 and 125.26 . The asymmetry observed at
large and small scattering angles in Fig. 5(a) is again
due to interference between the direct nonresonant and
resonant channels.

For the 3p3d E resonance, the DCS to 28 versus scat-
tering angle is shown in Fig. 6(a). The angular distribu-
tion is ~Ys o~ according to Eq. (8). The dramatic devia-
tion of the DCS &om this shape is indicative of the strong
interference between the direct nonresonant channel and
the resonant channel.

For the 3s3d D resonance, the angular DCS's to both
28 and 2p are presented in Fig. 7. The angular distribu-
tion for 3s3d ~D ~ 2s 2S+ e is expected to be ~Y2 o~

ignoring the interference between the resonant and non-
resonant channels.

For the last three resonances discussed above, there are
always two partial waves that are relevant in Eq. (8) for
the 1s —+ 2p transition. The angular distribution for such
cases depends on the matrix elements appropriate to the
deexcitation of these states to 2p and is not discussed
here.

e + C '(1 s) -+ e + C '(2s) e + C '(1s) —+ e + C '(2p)
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FIG. 4. DifFerential cross
sections in a.u. /sr versus scat-
tering angle in degrees in the
vicinity of the 3s S resonance
for 18 —+ 28 and 18 —+ 2p
excitations. Solid curve, cal-
culations at resonance; dotted
curve, calculations at 0.01 Ry
below resonance; dashed curve,
calculations at 0.01 Ry above
resonance.
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To add further insight into the nature of the inter-
ference between the direct nonresonant channel and the
resonant channel, the DCS's at fixed angles are presented
as a function of the electron-impact energy between 28.2
and 29.5 Ry. The DCS for the 1s -+ 2s transition is
presented at 5 and 50 in Fig. 8 and at 90 and 178

in Fig. 9. Notice the dramatic decrease in magnitude
for many of the resonances in Figs. 8 and S. This de-
crease at 50 can partly be understood by noting that
the angular distribution without interference for 3p D,
3s3d D, 3d D, and 3s3d D ~ 28+ e is expected to
be of the form ~Y2 o~2, which vanishes at 54.74'. Simi-

e + C '(1s) ~ e + C '(2s) e + C '(1s) -+ e + C '(2s)
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e + C '(1s) ~ e + C"(2s) e + C '(1s) ~ e + C '(2s)
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FIG. 8. DifFerential cross sections in a.u. /sr versus elec-
tron-impact energy in rydbergs for 1s + 2s at 8 = 5' and
8=50 .

FIG. 9. DifFerential cross sections in a.u. /sr versus elec-
tron-impact energy in rydbergs for ls -+ 2s at 8 = 90' and
8=178 .
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larly, this decrease in the DCS for the 3s3 P 3s3 P
p3d P resonances at 90 corresponds qualitatively

are valid for the 3p3d E and 3p3d E resonances The
strong backward peaking of the DCS for 1s ~ 28 is ap-
parent in Fig. 9.

The energy deferential inelastic cross sections for 1s ~
2p at 5, 50, 90, and 178' are plotted in Figs. 10 and 11.
Strong interference eKects can be seen between the direct
nonresonant channel and the resonant channel. Note the

at 5' and 178, which is associated with the interference

e + C (1s) ~ e + C '(2p) e + C '(1s) ~ e + C '(2p)
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FIGIG. 10. DifFerential cross section s in a.u. y'sr versus elec-
tron-impact energy in rydbergs for 1s —+ 2s pat = 5 and

FIG. 11 DiFerential cross sections in a.u. /sr versus elec-
tron-impact energy in rydbergs for 1s —+ 2 t 8 =
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C '(1s) + H, ~ C (2s) + H,
'

C (1s) + H, ~ C (2p) + H,

4
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FIG. 12. Doubly differential
cross sections in 10 cm j
eV sr versus laboratory
electron energy at 8& b —— 1
for 8.6-MeV C +(1s) + Hg
C'+ (2s) + Hs+ + e aad
C +(1s) + H2
C + (2p) + H + + e.
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between the direct excitation channel and the Ss 8 res-
onances.

The strong resonance structure appearing between 28.2
and 29.5 Ry makes this collision system an excellent can-
didate for future electron-ion experiments. The calcu-
lated DCS's that we have presented can provide impor-
tant information regarding the planning of experiments
and designed to measure the differential inelastic scatter-
ing cross sections for electron-Cs+ collisions.

B. Doubly difFerential cross sections for Cs+ + Hs

One of the motivating factors behind this study was
to calculate doubly difFerential electron production cross
sections (DDCS's), which qualitatively reproduce the
rich resonance structure observed in a recent experiment

by Hvelplund et aL [33]. In this experiment, the elec-
tron spectra were measured at laboratory scattering an-
gles ranging from 1' to 5' for the collision of 8.6-MeV
C + + H2 within the energy range of the Auger electrons
corresponding to the 3l3l' doubly excited states of C4+.

In order to calculate the DDCS, we have utilized the
impulse approximation [42], which is expected to be valid
whea the projectile (Cs+) velocity is much larger than the
typical electron velocity of the target atom. When this
condition is satisfied, the bound electrons of the target
(H2) can be treated as quasi-Bee-electrons having a char-
acteristic momentum distribution given by the Compton
profile J(Q). The DDCS for the ion-atom collision can
then be related to the DCS for the electron-ion collision
in the projectile frame as

82.(e,) (8.(e) i ( J(q)
808e ( 80 ) (q+ Vp)

)

C (1s) + H, -+ C (21) + H,
' C (1s) + H, -+ C (2I) + Hm'

10 10

4

E ~ 8.6 MeV

8-

e~1

E ~ 8.8 MeV

- —- - 4 ~ 2.4 eV
6=1.2 eV FIG. 13. Doubly difFeren-

tial cross sectioas ia (10
cm /eV sr versus laboratory
electron energy at 8& b = 1'
for 8.6-MeV C +(1s) + Hq -+
C +(2l) + Hs+ + e with "in-
Saite" resolution aad C +(1s)
+Hg ~ C +(2E) +Hq+ + e coa-
voluted vrith a 2.4-eV FTHM
Gaussiaa (dotted curve) aad a
1.2-eV FTHM Gaussian (solid
curve .

0 '
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I
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FIG. 14. Experimental electron yield versus laboratory
electron energy at 8& b

——1 for 8.6-MeV C + collisions with
molecular hydrogen as observed by Hvelplund et al. [33].

IV. SUMMARY AND CONCLUSION

We have presented the results of extensive calculations
on the total and differential excitation cross sections for
the electron-impact excitation of hydrogenlike carbon for
the transitions 18 8 ~ 28 2 8 and 2p P. These cal-
culations have been performed for electron-impact ener-
gies ranging Rom 28.2 to 29.5 Ry with an energy mesh

where V„ is the velocity of the projectile and Q
~2 (ge + Et, —V„). Here e is the energy of the incident
electron and Ep is the binding energy of the electron.
DDCS in the laboratory frame can be easily obtained
&om Eq. (10) by standard transformations.

In Fig. 12, we have plotted the DDCS's for the 18 ~ 28
and 2p transitions for C ++H2 at 8.6 MeV and 8~ b

——1,
which corresponds to a scattering angle of 178' in the
projectile frame. Since the DDCS's to 28 and 2p cannot
be experimentally resolved, we have plotted the DDCS
for 18 ~ 2l in Fig. 13 with "infinite" resolution and con-
voluted. with a 1.2-eV and a 2.4-eV full width at half
maximum (FWHM) Gaussian. The latter of these two
resolutions is consistent with the experimentally observed
resolution of 0.4% reported by Hvelplund et al. [33].

By comparing the DDCS of Fig. 13 with the exper-
imental electron spectra in Fig. 4(a) of Hvelplund et
aL [33], reproduced in Fig. 14, one sees that our calcu-
lated DDCS's do qualitatively reproduce both the po-
sitions and shapes of the experimentally observed reso-
nance structure. A direct comparison between the calcu-
lated DDCS and the experimental electron spectrum is
not possible because the electrons observed in this spec-
trum are due not only to the 1s ~ 2L channel but also to
a number of additional processes that give rise to elec-
trons in this energy region. It is hoped that this study
will motivate future ion-atom experiments so that a more
detailed comparison can be made with theory.

of 0.0025 Ry using the close-coupling B-matrix method.
This energy region has been chosen because in addition to
the direct excitation of 2s and 2p, there is a sizable con-
tribution to the excitation cross section &om the doubly
excited two-electron states (3l3l'), which decay predom-
inantly to n = 2 via autoionization. Differential cross
sections for the direct nonresonant channel at electron
impact energies of 27.2 and 29.49 Ry were presented. The
differential cross sections for excitation to 28 and 2p show
strong peaking at backward angles for an impact energy
equal to 27.2 Ry. For an impact energy of 29.49 Ry,
the DC S's show a similar behavior for the excitation to
2s in contrast to the 2p excitation results in which case
the DCS's are peaked slightly in the forward direction.
All the resonances that belong to the 3L3l' complex and
contribute significantly to the 28 and 2p excitations are
identified and the resonance energies agree very well with
the accurate calculations of van der Hart and Hansen and
of other authors.

The differential cross section at the resonance energy
and at +0.01 Ry with respect to the resonance energy
are presented for several resonances to show the sensi-
tivity of the DCS. We have reported on a qualitative
description of the angular distribution for several cases
to provide insight on the role of the interference contri-
butions. The DCS's at fixed angles (5', 50', 90', and
178 ) are also presented as a function of the electron-
impact energy. The resonance contribution including the
Fano-type profile are strongly dependent on the observa-
tion angle. These results, which are available from the
authors, can provide useful and important information in
planning DCS experiments. It is our understanding that
several groups are considering such experiments using the
merged-beam or crossed-beam techniques.

The impulse approximation has been used to calculate
DDCS's for C +(1s) + H2 m C +(2t) + H2+ and these
DDCS's were found to qualitatively reproduce the reso-
nant structure observed in a recent experiment reported
by Hvelplund et al. [33] and shown in Fig. 14. A proper
background subtraction is essential in the determination
of the absolute cross sections. We anticipate that fu-
ture ion-atom experiments will be able to provide a more
stringent test of theory.
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