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Collisional excitation by electrons of the heavy alkali-metal-like ion Sr+
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Total cross sections and collision strengths for the 5s-5p, 4d-5p, and 5s-4d transitions in Sr, cal-
culated in the Coulomb distorted-wave, Coulomb-Born, and Coulomb-Bethe approximations, are
presented. The calculations have been carried out using a unitarized three-state approximation (5s-

4d-5p) and in the LS coupling scheme, for the incident energy range 3-300 eV. The model for
alkali-metal ions, of a single outer electron, has been considered, and exchange between the optical
and incident electron neglected. The collision strengths have been processed using a new method
for interpolating and assessing collision strengths, which allows data to be extrapolated correctly up
to high energies. This new approach confirms the high-energy behavior shown in the present data.

I. INTRODUCTION

Excitation of heavy alkali-metal-like ions by electron
collisions plays an important role in the modeling of
physical processes taking place in cool stars with excesses
of heavy elements. ' We have calculated the 5s-5p,
4d-5p, and Ss-4d excitation cross section of Sr+ between
threshold and 300 eV, using a unitarized three-state ap-
proximation. Sr+ has an energy-level structure which
might be appropriate for this type of approach, since it
has a small group of low-lying states (5s-4d-5p) fairly
well separated from the rest. We have used the Coulomb
distorted-wave (CDW), Coulomb-Born (CB), and
Coulomb-Bethe (CBe) approximations in the LS repre-
sentation, omitting exchange between the atomic and in-
cident electrons. We have described already these calcu-
lation techniques in detail in connection with the excita-
tion of the Mg+ ion and the Ca+ ion. Therefore, only a
brief description of our method is given in Sec. II. To the
best of our knowledge, these are the first reported calcu-
lations of excitation cross sections for the 5s-4d and
4d-5p transitions. Previous theoretical calculations have
dealt with the Ss-5p resonant transition. The informa-
tion available on experimental excitation cross sections
unfortunately is scarce. There has been only one experi-
ment on the emission cross section of the resonant line of
Sr+, carried out by Zapesochnyi and co-workers. In
Sec. III we discuss our method of obtaining bound-state
wave functions. In Sec. IV we present our results and
compare them with other theoretical calculations and ex-
periments, and Sec. V contains the conclusions. We have
used atomic units throughout this paper, except for ener-
gies where we have used Rydberg units.

II. THEORY

The excitation cross section Q ( nl, ~n 'I,' ) of alkali-
metal-like positive ions for the transition nl, ~n'I,' can
be expressed in terms of the collision strength Q(n'I,',
nl, }by the equation

Q(n'I,', nl, )

a

where (21, +1) is the statistical weight of the initial level

nl, and E is the impact electron energy in Rydbergs. No-
tice that the spin statistical-weight factor of 2 has been
omitted in the degeneracy of the initial level nl, . The
ion, with nuclear charge Zo and N electrons, is assumed
to have a frozen core with (N —1) electrons. In the cou-
pled angular momentum representation the total collision
strength Q(n'I,', nl, } is related to the transmission T"
matrix by

Q(n 'I,', nl, ) = g QL,
I.=0

where

QL =g (2L+ 1)[ T "(n'I,'k'I'L, nl, klL ) f

(2)

and A (—:CDW, CB or CBe) denotes the approximation
in which the T matrix has been evaluated. nl, are the
principal quantum numbers of the atomic electron
(valence electron} and specify a target state, k and I are,
respectively, the wave number and orbital angular
momentum of the colliding electron, and L is the total or-
bital angular momentum of the system (ion plus incident
electron). The transmission matrix T is related to the
matrix 7 by

T(r', r)=«r' r) «r r'~y
T(y', y ) = 1+exp(2i r„)[V'(y', y ) —1] for y' =y,

(4)

(5)

where y denotes nl, klL and specifies the scattering chan-
nels in an LS coupling representation. T(y', y) may be
evaluated in the CDW, CB, and CBe approximations. In
the CB or CBe approximation the phase shift r„=O [see
Eqs. (15) and (16)] and hence T=7; The transmission
matrix T is related to the reactance matrix R by

(6)

and a similar relation holds between the matrix T and
matrix p,

2lpT—
l —ip
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We refer to these unitarization schemes as approximation
II (strong coupling). If R(p) &(1, which is valid only in
the weak coupling case, the T( T) matrix can be written
as

T= —2iR and V'= 2—ip,

with boundary conditions

F',D"(r)-O, r O

F (r)-kr ' sin(g„+sr), r~~

(14)

(15)

which is referred to as approximation I (weak coupling).

A. Coulomb distorted-wave approximation

+ [1 5(nl,—I, n 'I,'I')]

X g fr, (l, l, l,'I', L)y&(P„& P, [r)
k&0

(10)

y denotes nl, !L, P„I (r) are the target bound-state waven

functions, the angular coefficients fz are tabulated alge-
braic quantities,

In this approximation, allowance is made for the effect
of the short-range and long-range static field of the atom-
ic system on the incident and scattered Coulomb waves.
The CDW matrix element p(y', y ) is given by

cDW(yi y) f FcDW(r)W (r)FcDW(r)dr
0

with the collisional potential

W =2 [1 5(n—, n')]5(1,1,1,'I')so(P„I P,&, ~
r )

ZelF( r)
Vr ( r )=2 so (P—„t.,P„I I

r )
—g fiyr

A, &0
(16)

where Z' (r)lr so(P„&—,P„I ~r ) is a local, central short-
a a

range potential, which accounts for the ion core and

gi ~0 fiyg terms may include long-range even mul-

tipole contributions, corresponding to the y channel.
The sum over A, (for A, )0) in the p (y', y) matrix [Eq.
(9)] has a finite number of terms, which may include di-
pole ( A, = 1 ) and multipole transitions ( A. ) 1 }.

The function Z'~(r) measures the increase in nuclear
charge as an electron penetrates the core: Z' ( ~ )=0,
Z' (0)=N —1 and is defined in Sec. III:

where z=Z0 —N+1 is the atomic charge seen by the
atomic electron (core charge} and kr =ET+c„, , where

a

ET is the total energy of the system (ion+e). ET =0 cor-
responds to the frozen core plus two free electrons of zero
kinetic energy and c.„I is the binding energy of the atomic

a

state specified by the quantum numbers nl, . ~y is the
phase shift due to the static potential

+r"f P, (g)g 'P„, (g)dg

is the usual multipole potential, and so(P„I,P,I, ~r) is a

short-range interaction term given by

so(P„&,P,, ~r)= f P, (g)g 'P„I (g)dg

gr
=kr r + l—n(2kr r )+sr I,lm (z —1}

"y

with

. (z —1)
cr& =argI I+1 i-

k

(17)

F (r) satisfies the equation

d2

dr

l(1 +1) + 2(z —1}+ & („}+k2 FCDW(
r 2 r y

r
y y r

(12)
B. Coulomb-Born and Coulomb-Bethe approximations

(y', y) = —f Fr (r) Wrr (r)F&.(r)dr,
0

where Fr(r) is a regular Coulomb function and

(19)

The Coulomb-Born reactance matrix element is given
by

Wyy =2 Z' (r)
5(n, n'}+so(P„I,P, , ~r) 5(1,1,1,'I')+ g f&(l, l, l,'I', L)yi(P„i,P,I, ~r)r (20)

In the Coulomb-Bethe approximation it is assumed that
only the long-range part of the interaction is important.
So that, using

the R '(y', y) matrix element is given by Eq. (19) with

W&&. =2 g f&(l, l, l,'I', L}
& f P, , (r)r P„I (r)dr .

yz(r)- z+, P, (r}r P„I (r}dr,n (21)
(22)
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C. Contribution to the collision strength
from large values of the angular momentum

Equation (2}may be rearranged as

Q(n'1,', nl, }=g g Q
1=0 1'

where

Q,.I =g (2L+1)
~
T(n'1,'k'1'L, nl, klL )~z .

L

(23)

(24)

la of Burgess. ' In the case of the 5s-4d quadrupole tran-
sition, two methods, each of them suitable in a different
range of the incident electron energy, have been used to
evaluate the infinite sums in Eqs. (2} or (27). For low in-
cident electron energies, such as from threshold to 2.2443
Ry, the usual geometric series method has been applied.
The infinite sum in Eq. (2) has been split into two parts,

L0

Q(4d, 5s)= g QL+ Q QL,
L =L0+1

At high incident energies and for optically allowed
(k= 1 } and optically forbidden (A, =2) transitions, the
sum over 1 in Eq. (23) is slowly convergent. We have split
the infinite sum in Eq. (23) into two parts,

in which a value Lo has been found such that

nL =a =const for L &Lo,
QL

(29)

Q(n'1,', nl, }=QI +QI +, , (25) hence

where

(26)

QL =QL +, g a'=
L =Lo+1 t=0

+L +1

1 —a
(30)

and

(27)

The sum from 1=0 to 1=10 has been evaluated in the
CDWII, CBII, or CBeII approximations and the sum
from 1=10+1 to 00 has been estimated using the CBel
approximation. By choosing a high enough value lo, the
ratio Q& &/Q& I" can be made as near to unity as desired.
Typical values of lo are lo=15 for an incident electron
energy k&, =0.22444 Ry, and 10=55 for k5, =22.443
Ry. For the 5s-Sp and 5p-4d dipole transitions the con-
tributions 01 + &

were evaluated using the analytic formu-
0

Q( ~) = —",8 (Ss,4d;2)(z —1) S( +(, (31)

where

Illustrative examples are, for k5, =0.45627 Ry, Lo=25
and a =0.703, and for ks2, =2.2443 Ry, La=45 and
a =0.924. At energies greater than 2.2443 Ry the previ-
ous method becomes impractical because the ratio
QL /QL, converges extremely slowly to a constant value
as L becomes large. At these higher energies an analytic
method has been developed, in which the assumption
has been made that k-k' and 1 ))1. The contribution
01 +& to the total collision strength 0 for this range of

0

energies and angular momentum is given by

TABLE I. Total collision strength 0 in the CDWII approximation for the Ss-4d transition. The
contribution 0( and 0( + &

to Q are shown separately, together with error estimates.
0 0

E(Ryl

4.0

6.7329

12.0

22.443

I0

15
30
40

11
25
33
50

15
29
44
59

15
29
44
55

4.412
5.112
5.219

2.894
4.655
4.890
5.073

2.938
4.447
4.843
4.982

2.035
3.843
4.531
4.731

0(0+1

8.728 x 10-'
2.128 X 10
1.181x10-'

2.713
5.164 x 10-'
2.940x 10-'
1.257 X 10

2.555
6.786 X 10
2.910x 10-'
1.590X 10

4.736
1.265

5.434 X 10
3.437 X 10

5.285
5.325
5.337

5.607
5.171
5.184
5.199

5.493
5.126
5.134
5.141

6.771
5.108
5.074
5.075

0( +) as
0

percentage
of 0

17
4
2

48
10
6
2

47
13
6
3

70
25
11
7

Percentage

absolute error
in Q

7
1

&1
&1

34
1

&1
(1
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B(5s,4d;2) =f P5, (r)r P4&(r)dr,
0

oo
1

00

S& +, =a3(a.) g —+a4(s7)
l =10+ 1 l =10+ 1

(32) d2

dr

l, (l, +1) 2 Z (a~r)+ +2
r r r

—e; P;(r)=0,

(38)

+a5(a} 1

. I

K
—2

a3(I7) =—,

(33)

(34}

where c,; =I—E; is the observed binding energy of an
electron in subshell i. I=88964.0 cm ' is the ionization
energy of the valence electron and E; are the term ener-

gies of Sr+. The experimental energies quoted are
weighted means of terms belonging to the same
configuration given by

(P)
+~

(1 e
—2~lr) —I (35) (39)

(g) ( 1 e 2m'—
)
—2

8
(36)

1K=
(z —1)

' 1/2
k2+k'2

2
(37)

III. TARGET ION: Sr+

The radial orbitals P;(r) for the target ion satisfy the
equation

and z —1=1 for single ionized ions. For the energies
considered, the coefficients a3(i), a4(i), and as(a) are al-

ways less than 6.0. The error term (gi"
& +, l

max
g& '&—+, l™)is O(l,„+' ), so we summed the series

0
in Eq. (30) to l,„=300to obtain their values correct to
four decimal places. Equation (32) gives the value
B(5s,4d;2)= —13.44 for the transition 5s-4d. We show
in Table I, for the transition Ss-4d and at each incident
electron energy, the two contributions Ql (in the

0

CDW II approxitnation} and 0I +„to the total collision
0

strength Q for various angular momenta. The percentage
contribution to Ql +1 to 0 is also shown as well as an es-

0

timate of the percentage error in 0 due to the use of the
analytic formula (31). The error estimate is only for this
e8ect, not for the CDW II approximation which is of the
order of 1%. The procedure followed to obtain an esti-
mate of this error has been explained in detail in a previ-
ous paper.

—g (q —5")Y (P ~r)= —+
r J 'j 0 "i r rj=1

where a stands for the set of scaling parameters,

Yo(P ~
r ) =—f "P (g)d g+ f "P (g)

and

(40)

(41)

PSTO(r) 1

Q(2n )!

2Z
+

j j
nj

Zjajr
r 'exp

n~

(42}

are Slater-type orbitals (STO) which are used to compute
the average screening by electrons in subshell j, with

j—1

Z =Zo —g q,
—

—,'(q —1),
r=l

(43)

n the principal quantum number of subshell j, and a an

adjustable scaling parameter. Z,' (a~r), which is short
range, has the following analytical form

Nonlinear scaling parameters in the function Z (a~r) are
adjusted so that the correct experimental energy is ob-
tained as part of the solution of Eq. (38). It is assumed
that each electron moves independently in a potential
which is generated by the nuclear charge Zo and the
charge distribution of the other electrons. For an N-

electron ion with nuclear charge Z0, N, atomic subshells,
and with q electrons in each subshell j, the potential of
an electron in subshell i is given in terms of Z,' (a~r) by
the equation

2nj —1 2n —m
Z (a~r)=(N —1)—g (qj —5~. ) 1 exp( —p—i) g, pj

2n~ rn .
(44)

with

pi=2 Z ra/ n (45}

In the preceding equation we have adopted a more com-
pact notation which does not show that a. and p. also de-
pend on i. This potential has the important property that
the right-hand side of Eq. (44) can be expressed as a
power series in r with an infinite radius of convergence.

I

We have assumed that the core, which has N —1=36
electrons and N, =8 subshells, is frozen during the col-
lision and therefore that we require only orbitals for the
outer valence electron. These orbitals are solutions of
(38) with Z (a~r)—=Z„'I which includes the scaling pa-

a

rameters a =0.01392 and a.=1.65613 for j=2, . . . , 8.
All of the orbitals nl, =5s, 4d, and 5p have been calculat-
ed using the same a set (given above) and therefore the
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TABLE II. Binding energies and o. of Sr+.

State

c,„i (Ry)

Theory' Observed Transition Theory' Experiment

5s
4d
5p

0.81079
0.676 52
0.586 36

0.81070
0.676 52
0.589 72

5s ~5p
4d ~5p

5.64
0.60

4.76 4.7 +0.2
0.55+0.1

'Present results
Reference 9.

'Present results, Burgess and Sheorey (Ref. 5).
Reference 11.

same Z' (r). In Table II our theoretical binding energies
are compared with the spectroscopic binding energies.
Also shown is the quantity

1
o (a.u. ) = P, (r)rP„I (r)

4I 2 1 0 n'la aa)
where l, & is the greater of I, and 1,', computed from
wave functions obtained using the Z' (r) described
above. The values of 0. obtained for the resonance line
and the transition Sp-4d are compared with Burgess and
Sheorey's theoretical result and with those experimental-
ly deduced by Gallagher. " Our value of a, for the tran-
sition 5s-5p, is slightly larger than the value derived from
experimental data. Burgess and Sheorey, in order to get
good agreement with the o obtained from experiment,
adjusted the binding energies for the Ss and Sp states,
while keeping the transition energy the same as that ob-
tained from spectroscopic data.

IV. RESULTS

Total collision strengths, for excitations of the Ss-5p,
4d-Sp, and Ss-4d transitions, obtained using a unitarized

E„z= 1 ln(c) /ln(E—J /E;1 +c),
Q„~=Q/In(E) /E;, +e ), (48)

where E is the energy of the colliding electron after exci-
tation, E," is the transition energy, and c is an adjustable
parameter chosen to optimize the distribution of data

three-state CDW II, CB II, and CBe II approximation are
presented in Tables III and IV. The new method of Bur-
gess et al. ' for interpolating and assessing collision
strengths has been used to treat 0, in the CDWII ap-
proximation, for the optically allowed Ss-Sp and 4d-Sp
transitions and the Ss-4d transition. An interactive pro-
gram with graphica1 display for the application of this
method has been developed by Burgess. ' By suitable
scaling of the collision strength and colliding electron en-
ergy [mapped onto the interval (0,1)], the entire variation
of Q is represented on a single graph or table. The scaled
Q is usually represented to a good accuracy ( (1%)by a
five-point cubic spline, which simplifies considerably the
storage of data, since only five points are needed to repro-
duce 0 in its entire range. For the optically allowed tran-
sitions Ss-Sp and 4d-Sp the 0 varies at high energies as
Q-const X ln(E) and the data are reduced as'

TABLE III. Total collision strength for the 5s-5p and 4d-5p transitions in Sr . Energy of the collid-
ing electron after excitation E, (Ry). hE equals transition energy (Ry).

E,

1.0 x 10-'
8.98 x10-'
6.957 x 10-'
1.431x 10-'
2.318x 10-'
3.619x 10-'
4.489 x 10-'
5.756x 10-'
7.756 x 10-'
1.276 X 10

2.020
3.776
6.508

1.178x 10
2.222 x 10

CDW II

8.373
8.851

11.96
15.50
19.27
24.47
27.11
30.88
35.43
45.35
56.73
73.10
86.33

101.10
116.3

5s-Sp
hE =0.22443

CB II

10.33
10.75
13.43
16.42
19.59
24. 11
26.55
30.30
35.25
45.09
55.29
71.17
84.76

100.00
115.7

CBe II

13.25
13.72
16.75
20.18
23.86
29.10
31.98
36.37
42.23
54.04
66.61
87.34

105.90
126.40
147.80

CDW II

33.0
34.08
40.53
46.89
53.03
59.91
63.43
67.71
73.53
87.66

103.89
122.89
137.30
152.40
168.20

4d-Sp
hE =0.090 16

CB II

26.12
27.28
34.34
41.50
48.69
57.28
62.03
68.04
75.76
89.54

102.69
120.54
135.57
151.40
167.70

CBe II

31.72
33.05
41.38
50.12
59.22
70.47
76.97
85.36
96.63

117.93
139.69
172.95
205.36
245.50
296.60



6112 M. C. CHIDICHIMO 38

EJ

1.0 x10-'
1.0 x10-'
9.017x 10-'
9.914x 10-'
1.597 x 10-'
2.332x 10-'
3.220 X 10
4.521x10-'
5.390x 10-'
6.657 X 10
8.657 x 10-'

1.366
2.110
3.866
6.599
11.87
22.31

CDW II

3.538
3.648
4.7
4.789
5.286
5.684
5.925
5.985
5.915
5.803
5.722
5.704
5.604
5.337
5.199
5.141
5.075

Ss-4d
CB II

2.316
2.352
3.968
3.976
4.027
4.077
4.118
4.187
4.200
4.246
4.279
4.324
4.352
4.352
4.340
4.327
4.414

CBe II

6.689
6.810
6.088
6.130
6.413
6.733
7.063
7.553
7.791
8.193
8.712
9.861

11.28
13.21
14.25
16.07
18.97

TABLE IV. Total collision strength for the Ss-4d transition
in Sr . Energy of the colliding electron after excitation E,. (Ry).
Transition energy equals 0.13427 Ry.

40 I
I } I

I

red
I

30—
I

}

I

I

I20— I

I

I

I

I

I

l0—

I

I

I I
I

0.2 0.4

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I
I0

0.0
I

0.6

I I
I

)

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

0.8 l.O
Eed

B(nl„n'I,';1)=f P„& (r)rP, (r)dr, (51)

FIG. 2. Scaled total collision strength Q,~ " for the 4d-Sp
transition in Sr+ plotted against scaled energy E,~. +, reduced
data;, spline St to the reduced data. Adjustable parame-
ter c =8.

IH
Q„d(1)=4w;f;

lJ

(49)

where w; is the statistical weight of level I, f; is the ab-
sorption oscillator strength, and IH =13.6058 eV. For an
ion with a single outer electron the absorption oscillator
strength is defined by

points. The scaled energy E,~ is defined to be zero at
threshold, i.e., when EJ =0, and unity when EJ = ao. The
scaled collision strength Q„d(0} is the threshold value of
Q and Q„d(1) is given by'

E.jE.
red

&J

(52}

I, & is the greater of I, and I,' &,b,E is the transition ener-

gy, and the spin statistical weight factor 2 has been omit-
ted in the degeneracy of the initial level i=nl, in Eq.
(49). Consistent with such an omission is the neglect of
the spin variable in Eq. (50), which gives the values

f (Ss, Sp) =1.265 and f (4d, 5p) =0.107 for the Ss-Sp and
4d -Sp transitions, respectively. For the quadrupolar
transition 5s-4d, Q varies at high energies at Q-const
and the data are reduced as'

I, )f(nl„n'I,' }= B (nl„n'I,';1)
a H

(50) O„d=Q . (53)

where Typical examples of the reduced data and spline fit to the

30
Q, d

25—

20—

l5—

0
0.0

I

I

}

l

I

I

I

I

I

I

I

0.2

I I

I

}
I

I

I

I

Q4

I } I
) ( I

I

I
I

+i I

I
1

I

}
I

I

I I

I
I

I I

I I
I

I
I I

I I

I I

I I

I I

I I

I I

I I

I I
I » l

0.6 0.8
E red

I.Q

6—
Ared

0
0.0

I

I

I

I

I

I

I

}

I

l

I

I

I

I

I

I

I

I

I

I

I i I

0.2 Q.4 0-6

I
' '

I
'

I
I I

I I

I I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

t

I

I

I

I I I
I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

l

I

I

I

I & I I

0.8 I.O
red

FIG. 1. Scale total collision strength Qc~ " for the 5s-5p
transition in Sr+ plotted against scaled energy E,~. +, reduceddata;, spline fit to the reduced data. Adjustable parame-
ter c=2.8.

FIG. 3. Scaled total colhsion strength Q„d " for the 5s-4d
transition in Sr+ plotted against scaled energy E„d. +, reduced
data;, spline St to the reduced data. Adjustable parame-
ter c =6.3.
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TABLE V. Interpolated reduced collision strength O„d at
the five energy knots, in the CDWII approximation, for the
5s-5p, 4d-5p, and 5s-4d transitions in Sr+. Reduced energy

E„d. The values of c have been chosen to optimize the distribu-
tion of data points.
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reduced data are presented in Figs 1, 2, and 3 for the
transitions Ss-Sp, 4d-5p, and Ss-4d, respectively. The
values of Q„d, in the CDW II approximation, at the Sve
knots are tabulated in Table V. A graphical comparison
of the original data (Q) and the spline fit, which
represents the data to an accuracy of a fraction of a per-
cent, is shown in Figs. 4, 5, and 6 for the transitions
Ss-5p, 4d-5p, and 5s-4d, respectively.

Following a more traditional approach, we plot in Fig.
7 the excitation cross section for the Ss S&/2-5p P3/2
transition in Sr+ as a function of the colliding electron
energy E. Our CDWII and CBII results are compared
with the Coulomb-distorted two-state (Ss-Sp) calcula-
tions of Burgess and Sheorey and the experimental re-
sults of Zapesochnyi et al. The experimental data on the
absolute excitation cross section of the resonance line of
Sr+ do not exclude the cascade transitions from the
6 Sj/2 and 5 D3/2 ]/2 levels to the 5S&/z level. In Sr+
there are two channels for the radiative decay of the
5p P states: to the 5 S ground state and to the metasta-
ble D ground states. The emission measurements were
converted to excitation cross sections, using the experi-
mental branching ratio of 0.936,"for the 5p-5s versus the
5p-4d decay modes. Zapesochnyi et a/. have given an

FIG. 5. Total collision strength 0 " for the 4d-5p transi-
tion in Sr+ plotted against electron energy after excitation E, .
+, original data;, spline fit to the data.

experimental value for the 5s-5p excitation cross section
at threshold of 32+6X10 ' cm, which compares quite
well with our CDW II result at threshold of 32.8X10
cm . The two-state calculations of Burgess and Sheorey,
on the other hand, overestimate the excitation cross sec-
tion at threshold by 47%, which shows that the al-
lowance for the 4d state, as we have done in our calcula-
tions, produces a large reduction in the total 5s-5p cross
section. At slightly higher energies, our CDW II results
are within 17% of the experimental values, and above 13
eV both sets of data differ by less than 5%. Burgess and
Sheorey's results are in good agreement with these two
cross sections for energies greater than 20 eV. Our CB II
cross section lies above that of the CDWII approxirna-
tion from threshold to 7 eV and slightly below for larger
energies, until they merge at about 100 eV. For the
4d-Sp and 5s-4d transitions we have been unable to find
either experimental or theoretical results to compare with
our calculations.
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FIG. 4. Total collision strength 0 for the 5s-5p transi-
tion in Sr+ plotted against electron energy after excitation E,-.
+, original grata;, spline fit to the data.

FIG. 6. Total collision strength Q " for the 5s-4d transi-
tion in Sr+ plotted against electron energy after excitation E,.
+, original data;, spline fit to the data.
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FIG. 7. Excitation cross section Q (10 '6 cm') for the
Ss S&&2

—5p P3/2 transition in Sr+ plotted against incident
electron energy E; in eV. , present CD% II results;
———,present CBII results; —.——,two-state (5s-Sp) dis-
torted wave (Ref. 5); b, experimental points (Ref. 6).

V. CONCLUSIONS

The analysis of our CDW II calculations and compar-
ison with other theoretical and experimental data, where
available, suggest, on the whole, the validity of the fol-
lowing propositions.

(i) In the case of Sr+, for the resonant transition Ss-Sp,
the comparison between experiment and the present data
seems to suggest that exchange does not play as impor-

tant a role near threshold as it does in the case of Ca+
ion and the Mg+ ion. This is a tentative conclusion,
drawn from the good agreement between the CDW II cal-
culations, which neglect exchange, and the experimental
data of Zapesochnyi et al. Their measurements have yet
to be confirmed by further and new investigations of the
excitation of the resonant line of Sr+.

(ii) The coupling of the Ss and Sp states to the 4d state
has a drastic effect on the total Ss-5p excitation cross sec-
tion at threshold. The allowance for the 4d state pro-
duces a large reduction in the total 5s-5p cross section.

(iii) For the optically forbidden transition Ss-4d, the
use of the analytic formula derived by the author to esti-
mate the contribution to the total collision strength from
large values of angular momentum gives data with the
correct high-energy behavior.

(iv) The new method for interpolating and assessing
collision strengths developed by Burgess and Tully' cor-
roborates the correctness of the behavior of our Ss-5p,
4d-5p, and 5s-4d collision strengths at high energies. Im-
portant advantages of their method are that the high-
energy behavior of the collision strength is treated
correctly by their program [see Eq. (49)] and printing and
computational errors in the original data can be detected
visually.
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