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Electron collisional data are required for population kinetics modeling and spectral predictions of
highly ionized ions in high-temperature plasmas. Nickel-like ions are especially interesting for their

potentia1 use in soft-x-ray laser schemes pumped by electron collisional excitation and recombina-

tion. For highly stripped ions of moderate to high Z, relativistic effects begin to play a role in the

atomic-physics calculations. %e have used a relativistic multiconfigurational distorted-wave model

for the calculation of electron excitation cross sections and rate coefficients between the 3s'3p 3d'
Ni-like Gd ground state and the singly excited states with an X-shell electron.

I. INTRODUCTION

Nickel-like ions have been suggested as possible candi-
dates for implementing an electron collisional excitation
scheme for creating an amplifier in the extreme ultraviolet
euv and soft-x-ray spectral regimes. ' The nickel-like ion
contains 28 electrons, and for a relatively highly strip-
ped system, has a ground-state configuration
ls 2s 2p 3s 3p63d' 'So. This state is an analog of the
ls Zs 2p 'So ground state of neon-like ions, which serves
as the starting point for the neon-like collisional excitation
scheme. ' As the neon-like system has shown signifi-
cant amplification in selenium' ' and, since the nickel-
like system is a relatively close analog, it is likely that the
implementation of the collisional scheme in nickel-like
ions wiH prove to be interesting.

We have previously analyzed the population kinetics of
nickel-like europium2 as a possible laser candidate, and
found that the nickel-like Eu ion occurs under tempera-
ture and density conditions similar to that of the neon-like
Se ion. In light of the successful experimental results ob-
tained in selenium, it is compelling to keep proposed ex-
perimental conditions as near as possible to those which
have been previously demonstrated, and this has guided
our interest in ions in the vicinity of 6&Eu and ~od. One
advantage of the nickel-like system is that the candidate
laser transition frequencies of the 4-4 transitions in Gd
occur at nearly twice the frequencies of the 3-3 transitions
in neon-like selenium, while the target design and input
optical laser intensity is roughly the same for both sys-
terns.

We know of no previous published results for electron
collisional excitation cross sections in nickel-Hke Gd, or
any other nearby highly stripped nickel-like system. %'e
are aware of some unpublished distorted-wave results of
K. Reed in nickel-like tin which were done with the
University College London code Dsw, "and studies of M.
Klapisch using his relativistic distorted-wave code.

Previous work in the area of relativistic electron col-
lisional calculations is relatively sparse, although there are
some very good works published. The first fully relativis-
tic distorted-wave calculations of electron scattering of

which we are aware was reported by Walker. ' The
close-coupling equations for electron-hydrogen scattering
have been published by Carse and Walker o and results
for hydrogenic ions have been given by Walker. '22 A
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FIG. 1. Angular momentum coupling scheme used for the
present set of calculations. The 1sl/2 orbital is described by Jj;,
and the L-shell orbitals have J values J2, J2p, and J2p1/2 P I/2 P3/2

The two 2p orbitals are coupled together to form J2p, which is
coupled with the 2s orbital to form JL. The E-shell and L-shell
momenta are coupled to form an intermediate momentum J~L.
The M-shell orbitals with angular momenta J3 J3p J3pP1/2 P3/2

J3Q and J3~ are coupled together as shown in the figure,
3/2 5/2

with intermediate rnomenta J3p J3D J3pa, and J~. The EC-

shell and I.-shell coupled momentum J~L is coupled with J~ to
form the core momenta J„„.Two excited-state orbitals are in-
cluded {J& and J~ ), and are coupled to form J~. The core

1 2'
electrons and the excited electrons are coupled to form the total
atomic state angular momentum J„, . %'e note that the final
results obtained will be independent of angular momentum cou-
pling scheme.
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general program for calculating relativistic distorted-wave
electron collisional cross sections was presented by
Chang and some results in Ne'er were later published
(Ref. 24). A very general relativistic 8-matrix code has
been developed by Norrington and Grant which is com-
patible with the widely used relativistic structure code of
Grant. As this paper is being written, the general
package just mentioned has not yet been released for gen-
eral use among the scientific community. Relativistic
distorted-wave results using an earlier version of the code
described here are tabulated for a number of neon-like
systems in Ref. 29. Cross sections for 2-3 excitation in
the relativistic distorted-wave model have been presented
for F-like selenium by Hageistein.

II. STRUCTURE CALCULATIONS

The calculations described here are based on multicon-
figurational relativistic structure calculations and
distorted-wave Dirac continuum states. %e have em-

ployed YODA which is an atomic-physics package of
Hagelstein and Jung, ' and which calculates energy levels,
oscillator strengths, photoionization cross sections, col-
lisional cross sections, and Auger rates for a restricted an-

gular momentum coupling scheme. YODEL. has been used
extensively for the support of non —local-thermo-
dynamic-equilibrium (NLTE) kinetics-model development
at Lawrence Livermore National Laboratory for several
years, and was employed in the construction of models
used for the design efforts described in Rosen et al. '

The calculations being with spherically averaged rela-
tivistic Hartree-Fock central field orbitals which are com-
puted using a fictitious 28-electron state which has a
ls 2s 2p 3s 3p 3d core and one excited electron which
is distributed equally between the possible 5-shells orbi-
tals. This approach to orbital calculations is similar to
methods used in the relativistic structure code (RAC) of
Scofield. The numerical methods used are standard and
are described in a review of Grant. Given the single-
electron orbitals from the relativistic Hartree-Fock calcu-
lation (which are orthornormal), then a Hamiltonian is
constructed assuming restricted-coupling schemes of the
form shown in Fig. 1. The angular coefficients are com-
puted using the methods of Grant and Pyper and re-
coupling coefficients based on the algorithm of Burke.
Although the structure codes of Grant are general and
currently widely available, at the time it seemed to be sim-
plest to develop local tools for our specific problems. As
such, these calculations are independent, and have agreed
well in comparisons with other programs.

Static Coulomb terms are included in the Hamiltonian,
as well as self-energy (using the hydrogenic results of
Mohr ) and vacuum polarization (using the Uehling po-
tential ). The nuclear potential is assumed to have a Fer-
ini distribution. The accuracy of the Coulomb terms in
the structure calculation were verified through compar-
isons with codes of Pollak, Scofield, Desclaux, and
Grant by Pollak.

The Coulomb terms were evaluated through the general
formulas quoted in Ref. 26 and 27,

(
T'I' =4'~M~ X ( I)'P.(~.-~»)~c(~D ~cD)]'"

f',J lJ A, B,C, D

XgrCg(1+5») '[j„jp) ' X (A,B,C,D)
k

C.(1 4a)—(1 &cD—)[J~ jc]—'"X"(~»» C) I (2.1)

where we have followed fairly closely the notation of Grant and Pyper. The number of electrons within a shell A is

&q, ( —1) is a phase factor, and (T„r
~
Tzjz) is a fractional parentage coefficient. The two recoupling coefficients are

Cd and C, for direct and exchange terms. The X"(A,B,C,D) functions for the Coulomb case are given by

X'(~», C») =( 1)"&J~IIC'"IIJ, & &—Ja I
IC'"I ilD &II'(~~ ~c k) II'(~a, ~D k)~ "(~» C,D» (2.2)

where the II (a„,xc,k) function embodies explicitly the relevant selection rules, and the radial matrix element
R (A,B,C,D) is given by

k QO QO l' ~
, [&~(&»Pc(r»+Q~(~i )Qc(ri )],+, [Pa(~2)PD(~2)+Qa(~2)QD(&z)]«i «2 (2.3)
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where the large components of the Dirac orbitals are
denoted by P(r) and the small components are denoted by

Q (r).
Our numerical procedures have by and large followed

those described in the review paper of Grant, including
the use of a logarithmic grid for the computation of radial
orbitals. The continuum wave functions were computed
on a hybrid grid which is logarithmic near the origin and
linear for large r, using techniques discussed by Hagel-
stein and Jung.

III. COLLISION STRENGTHS AND CROSS SECTIONS

Q,/(E) =QQ,y(E), (3.2)

where the summation is over the total angular momentum
J of the combined electron-plus-atom states which are
constructed in the collisional calculations. In our defini-
tion, we have included both even and odd parities in the
defmition of the partial collision strength so that the sum
has only a single index J. In evaluating this summation
numerically, we have computed the partial collision over a
predetermined range of total angular momentum J, and
then used the Shank method for accelerating the summa-
tion of a series to extend the summation to large J.

The partial collision strength is defined by

Qf(E)= —,g(2J+1)
~

T (I;Jj,I fJfj') ~, (3.3)

where T (I;J;j,I"fJfj') are the transmission matrix ele-

ments, I; and I f refer to suppressed quantum numbers,
and j and j ' refer to the continuum orbital total angular
momenta. The summation is over all open channels, and
in order to reduce possible confusion, these sums are over
all continuum orbitals (a would be a better index) and all
possible coupling of the continuum electron to the
bound-state total angular momenta which give a total J.
%e compute the transmission matrix elements through

T (f J~j I fJjf')=4i(, %('I ~J~j;J)
~
ri2 j q(I'1Jfj', J)&

(3.4)

Implicit in this formula is an assumption concerning uni-

tarity and strength of coupling. In the literature one finds
expressions for the transmission matrice in terms of the
reactance matrice in order to preserve unitarity (see
Seaton ' for definitions of the Born I, II, and III approxi-
Inatlolls). For lllghly stripped systeI11s sucll as the OIles

In the relativistic case, the collision strength Q is relat-
ed to the collisional cross section o through

2
gQO

cr,f(E)= Q;f(E), (3.1)
2Ji + 1 pI

where the subscripts if refer to initial and final states, ao
is the Bohr radius, 2J;+1 is the statistical weight of the
initial state, p is the relativistic momentum in units of
1/IIO, and E is the incident electron energy. We define
further partial collision strengths Q from which the total
transition colhsion strength is computed through evalua-
tion of the summation

under consideration here, reactance and transmission ma-
trices tend to have magnitudes much less than unity, and
the use of a simple distorted wave Born-I-type model
seems appropriate.

In our model, the wave functions 4'(I;J;j;J) are mul-
ticonfigurational wave functions, and are expanded in
terms of single configurational basis states

+(I g Jlj;J)=QC(I;J;,I"J;)4(I"JIj;J),
F*

(3.5)

where 4(1 'J;J) are single configuration states, and
C(I,J;,I"J;) are the expansion coefficients from the
bound-state structure calculations. In terms of the basis
states, the transmission matrix elements are

T (I;Jj,I'fJfj '
)

=4ig g C(I';J;,I"J;)C(IfJf I Jf )

IV. RESULTS AND DISCUSSION

In Table I we present our results for energy-level defini-
tions and energy levels in electron volts relative to the
ground state. There are 107 states altogether, and we have
attempted to group them together roughly according to
configuration. The first 35 states fall cleanly in order
with the J-shell splitting dominating over the 3d3~2-

The expansion coefficients C(I J,I"J) are real numbers
for our problem. In the numerical calculations we have
not included all terms in the sum of (3.6), as in general for
a multiconfigurational problem, the majority of the terms
will be quite small. We have excluded terms where the
product C(I;J;,I"J;)C(IfJf I "Jf) is less than 0.01 in
the summation in exchange for a substantial decrease in
run time. This will compromise the results in cases of
strongly forbidden transitions which are dominated by
contributions from weak mixing between states with al-
lo~ed transitions. As these transitions probably do not
play much of a role in the calculation of level populations,
this procedure appears to be reasonable.

There is another approximation which we have made
which is worthy of some comment. All terms of Eq. (3.6)
which involve matrix elements between a basis state and
itself have been set to zero. The terms in question would
contribute only to the elastic scattering cross sections in a
single configuration approximation. When a multiconfig-
uration calculation is carried out, these "elastic" terms
may play a role in the evaluation of the inelastic cross sec-
tions, depending on the sophistication of the approxima-
tion used. We refer interested readers to the papers by
Seaton and others on the continuum Hartree-Fock equa-
tions and variational methods in collision theory. The
point to be made here is that the approximation used here
is a quite simple (nonvariational) one, and the neglect of
the elastic terms affects only a relatively minor fraction of
the results quoted here (specifically transitions between

states of the same total angular momentum and parity).
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TABLE I. Energy levels and state definitions for nickel-like Gd.

State

3$3p1/23p 3/23d 3/23d 5/2
2 4 4 6

Energy
(eV}

0.00

3s 3p1/23p 3/23d 3/23d 5/24$
3s 3p1/23p3/23d 3/23d S/24$
3s 3p1/23p3/23d3/23d5/24$
3$23p1/23p 3/23d 3/23d 5/24s

1028.94
1030.40
1061.98
1063.05

3s 3p1/23p3/23d 3/23d 5/24p]/2
3s 3p1/23p 3/23d 3/23d 5/24p1/2

2 4 4 5

» 3p 1/23p3/23d 3/23d 5/24p 1/2
2 2 4 3 6

» 3p 1/23p 3/23d 3/23dS/24p 1/2
2 2 4 3 6

1101.06
1102.24
1134.37
1136.86

10
11
12
13

» 3p 1/23p 3/23d 3/23d 5/24p3/2
2 4 4 5

3s 3p1/23p 3/23d 3/23d 5/24p3/2
2 4 4 S

3s 3p1/23p 3/23d 3/23d 5/24p3/2
2 2 4 4 5

p1/23p 3/23d 3/23d 5/24p3/2
2 4 4 5

1149.36
1151.01
1151.82
1153.41

14
15
16
17

3s 3p1/23p 3/23d 3/23d 5/24p3/2
2 4 3 6

3s 3p1/23p3/23d 3/23d 5/24p3/2
2 4 3 6

3s 3p1/23p 3/23d 3/23d 5/24p3/2
2 4 3 6

3s 3p1/23p 3/23d 3/23d 5/24p3/2
2 4 3 6

1179.48
1183.48
1183.64
1185.77

18
19
20
21

3p 1/2 3p 3/2 3d 3/2 3d S/24d 3/2
2 4 4 5

3s 3p1/23p3/23d 3/23d 5/24d3/2
2 4 4 5

3s 3p1/23p3/23d 3/23d 5/24d3/2
2 4 4 5

3s 3p1/23p 3/23d 3/23d 5/24d3/2
2 4 4 5

1262.13
1266,61
1267.48
1269.38

22
23
24
25
26
27

3s 3p1/23p 3/23d 3/23d 5/24d5/2
2 4 4 5

3p 1/2 3p 3/2 3d 3/2 3d 5/24d 5/2
2 4 4 5

3s 3p1/23p3/23d 3/23d 5/24ds/2
2 4 4 5

3s 3p1/23p 3/23d 3/23d 5/24d 5/2
2 4 4 5

3s 3p1/23p 3/23d 3/23d 5/24d 5/2

3s 3p1/23p 3/23d 3/23d 5/24d 5/2
2 4 4 5

1274.65
1275.86
1278.79
1279.63
1280.32
1287.40

28
29
30
31
32
33
34
35

3s 3p1/23p3/23d 3/23d 5/24d3/2
2 4 3 6

3s 3p1/23p 3/23d 3/23d 5/24d 3/2
2 4 3 6

3p 1/2 3p 3/2 3d 3/2 3d 5/2d3/2
2 4 3 6

3s 3p1/23p3/23d 3/23d 5/24ds/2
3$ 3p 1/23p 3/23d 3/23d 5/2dS/2

2 4 3 6

3$3p 1/23p 3/23d 3/23d 5/24d5/2
2 4 3 6

3s 3p1/23p 3/23d 3/23d 5/24d 5/2
2 4 3 6

3s 3p1/23p 3/23d 3/23d 5/24d3/2
2 4 3 6

1298.83
1299.28
1303.71
1307,57
1310.23
1311.46
1313.02
1340.15

36
37

3$ '3p1/23p 3/23d 3/23d 5/24$

3s'3p1/23p 3/23d 3/23d 5/24$

1377.90
1380.45

38
39
40
41
42
43
44

45
46
47
48
49

3s 3P1n3P3/23d3/2 5/2 fsn
F1/2 P3/2 3/2 d5/2 f5/2
~P 1 /2 317 3/2 3d 3 /2 3d 5l2 4f5 l2
3J 1I23I 3/23d3123dsl24fsn

2 4 4 5

3P 1/237 3/23d 3 l2 3d 5/24f 7/2» 3J71n&psn3dsn3dsn4f7n
3P 1/2 3P 3/2 3d 3/2 3d 5/2 4fsn

~P 1 l23P 3/23d 3/23d 5/24f 5/2
2 4 4 5

3J7 I/2 3P 3/2 3d 3/2 3d 5/24f 7/2

3P 1/231 3/23d 3/2 3d 5/24f 7/2

3I/1/2 31 3/23d 3/2 3d 5/2~f 7/2

317 1/2 ~P 3/2 3d 3/2 3d 5/24f 7/2

1394.07
1396.24
1399.71
1400.16
1401.32
1402.73
1402.74

1403.85
1405.54
1406.68
1407.21
1414.40
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TABLE I. ( Continued).

Energy
IeV)

50
51
52
53
54
55
56

~J3 I/2 ~P 3/2 ~d 3l2 ~d 5/2 4f7/2

~P I/2~8 3l2~d 3/2~d 5/24f 5/2

~Is I /2 ~P 3/2 ~d 3/2 ~d 5/2 4f5/2

~ 5 ~Is I /2 ~P 3/2 ~d 3/2 ~d 5 /2 4f7 /2

~ 5 ~P I /2 ~P 3l2 ~d 3/2 ~d 5/2 4f5/2

~P I /2 ~P 3/2 ~d 3/2 ~d 5/2 4f7/2
2 4 3 6

~P I /2 ~P 3/2 ~d 3/2 ~d 5/2 4f7/2

1432.83
1432.96
1435.49
1436.24
1438.08
1438.84
1439.68

3p I/2 3p 3/2 3d 3/2 3d 5/24p1/2

3p I/2 3p 3/2 3d 3/2 3d 5/24p1/2
2 3 4 6

~P I l2 ~P 3/2 ~d 3/2 ~d 5 /2 '4f5/2

1450.27
1451.45
1457.66

60
61
62
63

3s 3p I/23p 3/23d 3/23d5/24p3/2
3p 1/2 3p 3/2 3d 3/2 3d 5/24p 3/2

2 3 4 6

3s 3p I/23p 3/23d 3/23d 5/24p3/2
2 2 3 4 6

» 3p I/23p3/23d3/23d5/24p3/2
2 3 4 6

1498.45
1498.48
1502.54
1517.64

3$3p I/23p 3/2 3d 3/2 3d 5/24$

3p I /23p 3/2 3d 3/23d 5/2

1529.69
1531.36

3$ 3p I/23p 3/23d 3/23d 5/24p1/2
3s 3p I/23p3/23d3/23d 5/24d3/2

2 3 4 6

3s 3p1/23p3/23d3/23d5/24d3/2
2 3 4 6

3s 3p I/23p 3/23d 3/23d 5/24p I/2
3$ 3p I /2 3p 3/23d 3/2 3CI 5/24d3/2
3s 3p I/23p3/23d 3/23d 5/24d3/2

2 3 4 6

1602.53
1611.84
1614.82
1615.80
1616.16
1618.39

72
73
74
75

3s 3p1/23p 3/23d 3/23d 5/2
3 4 6

3$3p I /2 3p 3 /2 3d 3/2 3d 5/2 4d 5/2
2 3 4 6

3p I/23p 3/2 3d 3/2 3d 5/24d 5/2
2 3 4 6

3s 3p I/23p 3/23d 3/23d 5/24d5/2
2 3 4 6

1625.56
1626.95
1627.56
1629.57

76
77

»'3p1/23p3/23d 3/23d 5/24p3/2
3s 3p I/23p 3/23Cif 3/23d 5/24p3/2

1650.54
1652.30

3s 3p I/23p 3/23IGf3/23d 5/24$
3s 3p I/23p 3/23d 3/23d 5/24$

2 4 4 6
1717.60
1725.83

80
81
82
83
84
85
86
87

~P I /2 ~P 3/2 ~d 3 /2 ~d 5 /2 4fS /2

~5 ~P I/2P 32/~ ds/~2ds/2f45/22 2 3 4 6

~5 ~P1/2~13/2~~3/2~12 S /f245/2
~P I/2~73/2~d3/2~~5/24f 7/2

~p I /2 ~JP 3/2 ~d 3/2 ~d 5/24f s/2
&~ &JS I/2&P3/2~ds/2~ds/24f7/2

2 2 3 4 6

~js I /2 ~P 3/2 ~d 3/2 ~~5/24f 7/2

~P I /2 ~P 3/2 ~d 3/2 ~d 5/2 ~f7/2
2 2 3 4 6

1744.58
1747.82
1749.44
1749.92
1751.79
1753.29
1755.82
1758.80

88
89

91

3$3p I/23p 3/23d 3/23d 5/24d3/2

3p1/23p 3/2 3d 3/2 3CI 5/2 d3/2
2 4 4 6

3p I/23p 3/2 3d3/23d 5/24d5/2
3$3p I/23p 3/2 3d 3/2 3d 5/24d5/2

2 4 4 6

1767.91
1768.42
1777.81
1779.45

3$3p I/23p 3/2 3d 3/2 3d 5/24p I/2
2 4 4 6

3$3p I/23p 3/23d3/23d 5/24p I/2
2 4 4 6

1789.32
1792.42

3s 3p I /2 3p 3/2 3d 3/2 3d 5/2 4p 3/2
2 4 4 6

3$3p1/23p 3/23d 3/23d 5/24p3/2
2 4 4 6

1838.63
1839.97
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TABLE I. (Continued).

Level State
Energy

(eV)

96
97
98
99

P 1I23P 5 /2 3d 3/2 3d 5 l2 4f5 /2

P1I2 3P 5/2 3d 5/2 3d 5/2 4f7/2

P 1 I2 3P 5 /2 3d 5/2 3d 5/2 '4f7 /2

P 1/2 3P 3/2 3d 3/2 3d 5/2 4f5/2

1901.83
1903.65
1905.43
1905.65

100
101
102
103

3$3p1/23p 3/2. 3d 3/23d 5/24d 3/2
2 4 4

3$3p 1/2 3p 3/2 3d 3/2 3d 5/24d3/2
4 4 6

s 3p 1/2 3p 3/2 3d 3/2 3d 5/2 4d 5/2
2 4 4 6

3$3p 1/2 3p 3/2 3d3/2 3d 5/24d5/2
4 4 6

1954.41
1955.43
1965.16
1965.80

104
105
106
107

3$3P 1/2 3P 3123d 3/2 3d 5/2 4f5/2

353P 1/23P3/23d 3I23d 5/24f 5/2
4 6

P 1 /2 3P 3 /2 3d 1123d 5/2 4f7/2
2 4 4 6

3s 371/2 3P s/23d 5/2 3d Sn 4f7/2

2086.92
2087.65
2089.27
2092.99

3d5/2 splitting. The lowest states with a 3@3/2 inner-shell

hole (states 36 and 37) intrude between the 4d and 4f ar-

rays with 3d holes. From level 57 and above, there is con-
siderable intermixing of configuration arrays (in terms of
the order of the states).

In Table II we present wavelengths and oscillator
strengths for 3 4transiti-ons of nickel-like Gd, and pro-
vide comparisons with experimental results of Burkhalter
et al. , and theoretical results of Zigler et al. In gen-

eral, the present results for wavelengths are in somewhat
better agreement than earlier theoretical results, possibly
because we may be including more states in our structure
calculation (it is not immediately clear from the discus-
sion of Ref. 44, but seems likely). The oscillator strengths
are in relatively good agreement. %e have also made
comparisons with the RAc code of Scofield, and due to
the similarity in methods used obtain very nearly identical
results for energy levels and oscillator strengths when the
same prescription for basis radial orbitals is used.

In Table III we tabulate the cross sections in units of

cm' for all transitions from the ls22s22p63z23s63d'0'pz
ground state to all singly excited states. In Table ly we
give the rate coefficients (ou) which result from the
cross-sectional data, tabulated in units of cm3//sec.

excitation rate coefficient is calculated assuming a nonre-
lativistic Maxwellian distribution

(Ou) =f o(E)u(E)f(E)dE, (4.1)

Z E'" Ef(E)dE =, exp — dE . (4.2)

The collision strengths which can be derived from the
cross-sectional data are in general well-behaved functions
of energy, and for the most part conform to simple power
laws. In calculating the rate coefficients, we have taken
advantage of this behavior in performing a quadrature
over energy numerically which is accurate for most transi-
tions at the percent level.

Transition Upper state (This work)

TABLE II. Wavelengths and oscillator strengths for 3-4 transitions in nickel-like Gd.

~theor( A } ~expt( A } ~theor( A }
(This work} Ref. 43 Ref. 44 Ref. 44

1-9
1-12
1-15
1-37
1-39
1-49
1-59
1-65
1-68
1-74
1-88
1-93
1-95

3s 3p1/23p 3/23d 3/23d 5/24p 1/2
2 2 4 3 6

3$ 3p1/23p3/23d3/23d5/24p3/2
2 4 4 5

3$ 3p 1/23p3/23d3/2 d5/24p3/2
2 2 4 3 6

3s 3p 1/23p 3/23d 3/23d 5/24$
2 2 3 4 6

35 3P1n3PS/23dS/23dS/24fS/2
»'3P1/2 3P 3/23d'5/23d 5/24f 7/2

3P 1 /2 3P 3/2 3d 3 l2 3d 5 /2 4fs/2

3s 3p 1/23p 3/23d 3/23d 5/24s1/2
2 4 4 6

3s 3p 1/23p 3/23d 3/23d 5/24d3/2
2 3 4 6

3s 3p1/23p 3/23d 3/23d 5/24d5/2
2 2 3 4 6

3s 3p 1/23p 3/23d 3/23d 5/24d3/2
2 4 4 6

3$ 3p1/23p 3/23d 3/23d 5/24p 1/2

3s 3p1/23p 3/2 3d 3/2 3d 5/24p 3/2
4 4 6

10.906
10.764
10.476
8.982
8.880
8.766
8.506
8.096
7.678
7.618
7.013
6.917
6.738

10.90
10.75
10.47
9.01

8.77
8.54

10.87
10.73
10.73
8.98
8.86
8.75
8.49

0.121
0.305
0.036
0.384
0.016
1.09
6.65
0.047
0.018
1.11
0.553
0.020
0.143

0.111
0.275
0.033
0.357
0.014
1

6.38
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TABLE III. Electron collisional excitation cross section (cm ) for excitation from

3s'3p jz&3pqzq3dq~&3d&z& 'So. The level energies and definitions are given in Table I.
the nickel-like ground state

160.0 300.0
Energy (eV) above threshold

600.0 1000.0 1500.0 2500.0

3

5

6
7
8

9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54

56

58
59

8.521[—22]
2.332[—21]
3.721[—22]
1.699[—21]
7.935[—22]
1.334[—21]
6.277[—22]
1.964[—21]
1.099[—21]
5.886[—22]
4.060[—21]
7.542[—22]
2.139[—22]
7.409[—22]
1.111[—21)
3.733[—22]
1.641[—21]
1.669[—21]
1.582[—21]
1.138[—21]
1.023[—21]
2.124[—21]
1.367[—21]
3.133[—21]
1.056[—21]
2.899[—21]
8.950[—22]
1.205[—21]
1.923[—21]
1.084[—21]
1.533[—21]
1.601[—21]
9.926[—22]
4.496[—20]
4.613[—22)
3.025[—21]
8.880[—22]
2A75[ —21]
2.579[—21]
1.493[—21]
2.504[—21]
1.496[—21]
1.783[—21]
1.370[—21]
1.729[—21]
1.005[—21]
2.871[—21]
2.275[—20]
2.490[—21]
1.522[—21]
1.339[—21]
1.252[—21]
1.094[—21]
2.528[—21]
1.132[—21]
3.657[—22]
1.575[—21]
1.216[—19]

7.031[—22]
2.127[—21]
3.068[—22]
1.542[—21]
6.746[—22]
1.171[—21]
5.234[—22]
1.923[—21]
9.1S9[—22]
4.998[—22]
4.064[—21]
6.662[—22]
1.842[—22)
6.947[—22]
9.840[—22]
3.142[—22]
1.385[—21]
1.421[—21]
1.363[—21]
9A65[—22]
8.571[—22]
1.765[—21]
1.138[—21]
2.907[—21]
8.852[—22)
2.656[—21]
7.521[—22]
1.005[—21]
1.779[—21]
9.126[—22]
1.304[—21]
1.407[—21]
8.251[—22]
4.161[—20]
3.958[—22]
3.041[—21]
7A29[—22]
2.098[—21]
2.143[—21]
1.228[ —21]
2.036[—21]
1.211[—21]
1.449[—21]
1.103[—21]
1.399[—21]
8.042[—22]
2.647[—21]
2.186[—20]
2.047[—21]
1.239[—21]
1.089[—21]
1.030[—21]
8.884[—22]
2.306[—21]
9.101[—22]
3.036[—22]
1.480[—21]
1.177[—19]

4.874[—22]
1.809[—21]
2.119[—22]
1.300[—21]
4.911[—22]
9.234[—22]
3.692[—22]
1.833[—21]
6.519[—22]
3.630[—22]
4.011[—21]
5.305[—22]
1.369[—22]
6.165[—22]
7.878[—22]
2.245[—22]
9.911[—22]
1.043[—21]
1.024[—21]
6.562[—22]
6.064[—22]
1.231[—21]
7.952[—22]
2.534[—21]
6.283[—22]
2.248[—21]
5.336[—22]
7.040[—22]
1.545[—21]
6.516[—22]
9.564[—22]
1.108[—21]
5.737[—22]
3.598[—20]
2.911[—22]
3.092[—21]
5.227[—22]
1.527[—21]
1.487[—21)
8.682[—22]
1.391[—21]
8.216[—22]
9.902[—22]
7.397[—22]
9.741[—22]
5.361[—22]
2.308[—21]
2.029[—20)
1.429[—21]
8.476[—22]
7.445[—22]
7.274[—22]
6.073[—22)
1.977[—21]
6.089[—22]
2.158[—22]
1.329[—21)
1.107[—19]

3.227[—22]
1.527[—21]
1.394[—22]
1.086[—21]
3.360[—22]
7.142[—22]
2.451[—22]
1.757[—21]
4.358[—22]
2.469[—22]
3.969[—21]
4.136[—22]
9.552[—23]
5.509[—22)
6.182[—22]
1.505[—22]
6.695[—22)
7.381[—22]
7.470[—22]
4.260[—22)
4.027[—22)
8.051[—22]
5.205[—22]
2.190[—21]
4.247[—22]
1.863[—21]
3.561[—22]
4.631[—22)
1.330[—21]
4.366[—22J
6.732[—22]
8.550[—22]
3.718[—22]
3.038[—20)
1.991[—22]
3.108[—21]
3.459[—22]
1.065[—21]
8.679[—22]
5.918[—22]
8.883[—22]
5.204[—22]
6.360[—22]
4.622[—22]
5.989[—22)
3.374[—22]
1.994[—21]
1.870[—20]
9.362[—22]
5.417[—22]
4.755[—22]
4.955[—22]
3.902[—22]
1.680[—21]
3.788[—22]
1.455[—22]
1.183[—21]
1.029[—19]

2.088[—22]
1.294[—21]
8.969[—23]
9.126[—22]
2.214[—22]
5.545[—22]
1.576[—22]
1.677[—21]
2.823[—22]
1.612[—22]
3.898[—21]
3.232[—22]
6.395[—23]
4.979[—22]
4.855[—22]
9.684[—23]
4.375[—22]
5.194[—22]
5.445[—22]
2.657[—22]
2.577[—22]
5.075[—22]
3.276[—22]
1.895[—21]
2.830[—22]
1.534[—21]
2.285[—22]
2.930[—22]
1.147[—21]
2.828[—22)
4.706[—22]
6.641[—22]
2.314[—22]
2.545[—20]
1.298[—22)
3.103[—21]
2.210[—22]
7.371[—22]
6.074[—22]
4.057[—22]
5.455[—22]
3.161[—22]
3.956[—22]
2.768[—22]
3.637[—22]
2.094[—22]
1.723[—21]
1.728[—20]
5.903[—22]
3.325[—22]
2.914[—22]
3.398[—22]
2.433[—22]
1.433[—21]
2.254[—22]
9.591[—23]
1.051[—21]
9.578[—20]

1.032[—22]
1.011[—21]
4.404[—23]
7.054[—22]
1.092[—22]
3.S39[—22]
7.603[—23]
1.537[—21]
1.378[—22]
7.821[—23]
3.679[—21]
2.258[—22]
3.219[—23]
4.319[—22]
3.405[—22]
4.601[—23]
2.175[—22]
3.107[—22]
3.450[—22]
1.215[—22]
1.238[—22]
2.380[—22)
1.527[—22]
1.522[—21]
1.542[—22]
1.132[—21]
1.099[—22]
1.378[—22]
9.207[—22]
1.381[—22]
2.778[—22]
4.649[—22]
1.051[—22]
1.917[—20]
6.281[—23]
3.054[—21]
1.054[—22]
4.280[—22]
2.814[—22)
2.416[—22]
2.443[—22]
1.389[—22]
1.857[—22]
1.190[—22]
1.601[—22]
1.052[—22]
1.374[—21]
1.508[—20]
2.757[—22]
1.487[—22]
1.297[—22]
2.034[—22)
1.157[—22)
1.127[—21]
9.551[—23]
4.926[—23]
8.713[—22]
8.445[—20]
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160.0 300.0

TABLE III. ( Continued).

Energy (eV) above threshold
600.0 1000.0 1500.0 2500.0

60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
102
103
104
105
106
107

6.227[—22]
3.676[—22]
1.025[—21]
2.322[—20]
8.031[—23]
5.231[—22]
2.583[—22]
1.508[—22]
4 AAA[ 22]
1.447[—20]
1.246[—21]
2.999[—22]
7.485[—22]
3.964[—22]
5.641[—21]
6.4S6[—22]
3.775[—22]
8.441[—22]
1.510[—22]
8.900[—21]
8.394[—22]
1.402[—21]
1.037[—21]
1.268[—21]
8.867[—22]
5.521[—22]
5.614[—22)
1.244[ —20]
1.753[—21]
3.093[—22]
3.707[—22]
7.098[—22]
4.709[—23]
1.210[—22]
2.048[—22]
3.977[—22]
5.301[—22]
9.106[—22]
6.742[—22]
5.853[—21]
1.445[—22]
4.762[—22]
3.018[—22]
1.010[—21]
4.221[—22]
6.986[—22]
7.551[—22]
2.596[—21]

5.291[—22]
3.094[—22]
9.735[—22]
2.170[—20]
6.958[—23]
4.899[—22]
2.173[—22]
1.301[—22]
3.986[—22]
1.357[—20]
1.1S5[—21]
2.559[—22]
6.336[—22]
3.414[—22]
5.741[—21]
5.975[—22]
3.187[—22]
7.951[—22]
1.293[—22)
8.404[—21]
7.087[—22]
1.224[—21]
9.411[—22]
1.074[—21]
7.453[—22]
4.625[—22]
5.108[—22]
1.217[—20]
1.813[—21]
2.647[—22]
3.327[—22]
6.554[—22]
4.102[—23]
1.111[—22]
1.777[—22]
3.954[—22]
4.532[—22]
7.738[—22]
6.132[—22]
5.721[—21]
1.228[—22]
4.550[—22]
2.582[—22]
9.933[—22]
3.653[—22]
5.213[—22]
6.530[—22]
2.554[—21]

3.868[—22]
2.220[—22]
8.892[—22]
1.916[—20]
5.283[—23]
4.419[—22]
1.589[—22]
9.887[—23]
3.306[—22]
1.208[—20]
1.011[—21]
1.900[—22]
4.645[—22)
2.572[—22]
5.910[—21]
5.201[—22]
2.332[—22]
7.170[—22]
9.568[—23]
7.580[—21]
5.176[—22]
9.605[—22]
7.951[—22]
7.898[—22]
5.397[—22]
3.330[—22]
4.357[—22]
1.164[—20]
1.926[—21]
1.986[—22]
2.509[—22]
5.696[—22]
3.149[—23]
9.659[—23]
1.348[—22]
3.962[—22]
3.379[—22]
5.703[—22]
5.199[—22]
5.475[—21]
9.141[—23]
4.197[—22]
1.947[—22]
9.618[—22]
2.781[—22]
5.010[—22)
4.964[—22]
2.460[—21]

2.680[—22]
1.511[—22]
8.057[—22]
1.660[—20]
3.756[—23]
3.977[—22]
1.101[—22]
7.069[—23]
2.687[—22]
1.053[—20]
8.704[—22]
1.329[—22]
3.214[—22]
1.825[—22)
6.108[—21]
4.453[—22]
1.619[—22]
6.421[—22]
6.735[—23]
6.678[—21]
3.548[—22]
7.312[—22]
6.632[—22]
5.450[—22]
3.662[—22]
2.241[—22]
3.697[—22]
1.098[—20]
2.034[—21]
1.400[—22]
1.827[—22]
4.860[—22]
2.256[—23]
8.400[—23]
9.544[—23]
4.05S[—22)
2.367[—22]
3.944[—22]
4.345[—22]
5.173[—21]
6.440[—23]
3.848[—22]
1.391[—22]
9.218[—22]
1.988[—22]
3.891[—22]
3.541[—22]
2.327[—21]

1.805[—22]
1.005[—22]
7.281[—22]
1.420[—20]
2.532[—23]
3.624[—22]
7.413[—23]
4.846[—23]
2.194[—22]
9.085[—21]
7.449[—22]
8.902[—23]
2.143[—22]
1.240[—22]
6.211[—21]
3.789[—22]
1.095[—22]
5.742[—22]
4.632[—23]
S.825[—21]
2.343[—22]
5.555[—22]
5.565[—22]
3.624[ —22]
2.390[—22]
1.450[—22]
3.174[—22]
1.023[—20]
2. 146[—21]
9.524[—23]
1.275[—22]
4.129[—22]
1.540[—23]
7.520[—23]
6.436[—23]
4.205[—22]
1.595[—22]
2.621[—22]
3.649[—22]
4.841[—21]
4.408[—23]
3.528[—22]
9.669[—23]
8.758[—22]
1.364[—22]
2.980[—22]
2.425[ —22]
2.166[—21]

9.376[—22]
5.210[—23]
6.178[—22]
1.100[—20]
1.281[—23]
3.245[—22]
3.879[—23]
2.520[—23]
1.676[—22]
7.103[—21]
S.824[—22]
4.466[—23]
1.080[—22]
6.334[—23]
6.264[—21]
2.942[—22]
5.774[—23]
4.833[—22]
2.507[—23]
4.628[—21]
1.171[—22]
3.723[—22]
4.341[—22]
1.827[—22)
1.172[—22]
6.998[—23]
2.574[—22]
8.983[—21]
2.242[—21]
4.947[—23]
6.794[—23]
3.206[—22]
7.910[—24]
6.719[—23]
3.275[—23]
4.478[—22]
8.160[—23]
1.31S[—22]
2.848[—22]
4.283[—21]
2.333[—23]
3.071[—22]
5.227[—23]
7.930[—22]
7.139[—23]
1.967[—22]
1.264[—22]
1.881[—21]

The strongest collisional transition between the ground
state and the excited states is between level 1 and level
59 (o=1.2)&10 ' cm at 160 eV above threshold). The
transition is a dipole-allowed 3d3/2 4f5/2 transition with
a very large oscillator strength (6.65). Other dipole-
allowed transitions with large oscillator strengths have
corresponding large collisional cross sections; for example,
the transitions to level 49 (a 3d5/2-4f7/2 transition) and to

level 74 (a 3p3p 4d5/2 transition), with cross sections of
2.3 & 10 cm and 5.6X 10 cm, respectively.

Transitions to J=0 excited states may be large when
the excited electron is of the same J and parity as the
hole. There are 5 examples of this type of transition, in-
cluding transition to levels 27, 35, 63, 69, and 79. Of
these transitions, three are exceptionally strong transi-
tions: 35 (3d3/2-4d3/2) with a cross section of 4.5 X 10
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TABLE IV. Rate coefficients I'cm /sec) for excitation from the nickel-like ground state 3s 3p j/23p 3/23d 3/$3d $/2 SQ.

state level definitions and energies are given in Table I.
The excited-

Levels
700.0

Electron temperature (eV)
1000.0 1500.0 2500.0

2
3

5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

53

56
57
58
59

3.283[—13]
1.110[—12]
1.370[—13]
7.666[—13]
2.898[—13]
5.305[—13]
2.132[—13]
9 426[—13]
3.678[—13)
2.005[—13]
2.000[—12]
2.827[—13]
7.167f—14]
3.029[—13]
4.018[—13]
1.197[—13]
4.759[—13]
4.942[—13]
4.791[—13]
3.367[—13]
2.926[—13]
6.000[—13]
3.851[—13]
1.092[—12]
2.972[—13]
9.633[—13]
2.483[—13]
3.308[—13]
6 AAA[ 13]
2.939[—13]
4.261[—13]
4.771[—13]
2.777[—13]
1.416[—11]
1.160[—13]
1.102[—12]
2.107[—13]
6.046[—13]
6.398[—13]
3.518[—13]
6.683[—13]
4.582[—13]
4.668[—13]
4.806[—13]
5.285[—13]
3.844[—13)
8.288[—13]
7.041[—12]
5.879[—13]
3.921[—13)
3.443[—13]
2.800[—13]
2.733[—13]
6.835[—13]
4.588[—13]
8.032[—14]
4.416[—13]
3.581[—11]

4.653[—13]
1.728[—12]
1.974[—13]
1.208[—12]
4.315[—13)
8.272[—13]
3.204[—13]
1.645[—12]
5.582[—13]
3.062[—13]
3.577[—12)
4.545[—13]
1.120[—13]
5.2S5[—13]
6.578[—13]
1.854[—13]
7.703[—13]
8.142[—13]
7.994[—13]
5.611[—13]
4.732[—13]
9.666[—13]
6.216[—13]
1.957[—12]
4.866[—13]
1.702[—12]
4.073[—13]
5.406[—13]
1.168[—12]
4.867[—13]
7.178[—13]
8.317[—13)
4.748[—13]
2.594[—11]
2.008[—13]
2.246[—12]
3.644[—13]
1.064[—12]
1.150[—12]
6.162[—13]
1.184[—12]
7.750[—13]
8.276[—13]
7.541[—13]
8.941[—13]
5.437[—13]
1.588[—12]
1.397[—11]
1.077[—12]
7.074[—13]
6.219[—13]
5.002[—13]
4.942[—13]
1.323[—12]
6.822[—13]
1.439[—13]
8.783[—13]
7.308[—11]

5.508[—13]
2.309[—12]
2.363[—13]
1.626[—12]
5.311[—13]
1.088[—12]
3.958[—13]
2.449[—12]
6.952[—13]
3.835[—13]
5.451[—12]
6.117[—13]
1.431[—13]
7.698[—13]
8.978[—13]
2.341[—13]
1.007[—12]
1.089[—12]
1.091[—12]
7.411[—13]
6.165[—13]
1.253[—12]
8.070[—13]
2.907[—12]
6.432 f—13]
2.479[—12]
5.364[—13]
7.086[—13]
1.748[—12)
6.462[—13]
9.749[—13]
1.186[—12]
6.380[—13]
3.890[—11]
2.759[—13]
3.779[—12]
4.986[—13]
1.491[—12]
1.605[—12]
8.585[—13]
1.593[—12]
9.892[—13]
1.122[—12]
9.098[—13]
1.141[—12]
6.041[—13]
2.475[—12]
2.265[—11]
1.S27[—12]
9.635[—13]
8.471[—13]
7.072[—13]
6.802[—13)
2.071[—12]
7.772[—13]
2.028[—13]
1.414[—12]
1.211[—10]

5.561[—13]
2.744[—12]
2.403[—13]
1.940[—12]
5.536[—13]
1.253[—12]
4.122[—13]
3.230[—12]
7.292[—13]
4.045[—13]
7.349[—12)
7.179[—13]
1.538[—13]
9.928[—13]
1.065[—12]
2.480[—13]
1.097[—12]
1.223[—12]
1.275[—12)
7.814[—13]
6.681[—13]
1.351[—12]
8.702[—13]
3.751[—12]
7.096[—13]
3.116[—12]
5.863[—13]
7.703[—13]
2.268[—12]
7.116[—13]
1.106[—12]
1.450[—12]
6.802[—13]
5.016[—11]
3.122[—13]
5.510[—12)
5.605[—13]
1.729f —12]
1.763[—12]
9.905[—13]
1.666[—12]
9.803[—13]
1.191[—12]
8.610[—13]
1.130[—12)
5.587[—13]
3.306[—12]
3.159[—11]
1.697[—12]
1.015[—12]
8.911[—13]
8.251[—13]
7.300[—13]
2.768[—12]
6.934[—13]
2.343[—13]
1.948[—12]
1.719[—10]

5.131[—13]
2.883[—12]
2.225[—13]
2.039[—12]
5.195[—13]
1.284[—12]
3.859[—13]
3.607[—12]
6.855[—13]
3.815[—13]
8.308[—12]
7.427[—13]
1.467[—13]
1.092[—12]
1.109[—12]
2.341[—13]
1.051[—12]
1.198[—12]
1.305[—12]
7.087[—13]
6.375[—13]
1.283[—12]
8.271[—13]
4.107[—12]
6.861[—13]
3.349[—12]
5.619[—13]
7.353[—13]
2.488[—12]
6.850[—13]
1.089[—12]
1.528[—12]
6.195[—13]
5.468[—11]
3.047[—13]
6.482[—12]
5 A/A[ 13]
1.718[—12]
1.630[—12]
9.818[—13]
1.491[—12]
8.500[—13]
1.078[—12]
7.280[—13]
9.798[—13]
4.919[—13]
3.678[—12]
3.612[—11]
1.578[—12]
9.101[—13]
7.986[—13]
8.224[—13]
6.647[—13]
3.077[—12]
5.649[—13]
2.312[—13]
2.206[—12]
1.984[—10]

4.638[—13]
2.903[—12]
2.014[—13]
2.053[—12]
4.746[—13]
1.268[—12]
3.517[—13]
3.778[—12]
6.265[—13]
3.494[—13]
8.772[—12]
7.379[—13]
1.354[—13]
1.132[—12]
1.105[—12]
2.144[—13)
9.724[—13]
1.127[—12]
1.282[—12]
6.177[—13]
5.874[—13]
1.179[—12]
7.598[—13]
4.238[—12]
6.388[—13]
3.411[—12]
5.192[—13]
6.774[—13]
2.571[—12]
6.349[—13]
1.027[—12]
1.534[—12]
5.411[—13]
5.619[—11]
2.848[—13)
7.011[—12]
5.068[—13]
1.628[—12]
1.436[—12]
9.291[—13]
1.285[—12]
7.173[—13]
9.367[—13]
6.043[—13]
8.268[—13]
4.349[—13]
3.831[—12]
3.832[—11]
1.396[—12]
7.849[—13]
6.882[—13]
7.808[—13]
5.798[—13]
3.201[—12]
4.569[—13]
2.176[—13]
2.325[—12]
2. 118[—10]
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Levels
500.0

TABLE IV. {Continued).

Electron temperature {eV)
1000.0 1500.0 2000.0 2500.0

60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
102
103
104
105
106
107

1.330[—13]
7.751[—14]
2.721[—13]
5.770[—12]
1.660[—14)
1.312[—13]
4.635[—14]
2.758[—14]
8.906[—14]
3.127[—12]
2.643[ —13]
5.329[—14]
1.302[—13)
7.047[—14]
1.437[—12]
1.335[—13]
6.321[—14]
1.760[—13]
2.354[—14]
1.648[—12)
1.312[—13]
2.168[—13]
1.730[—13]
1.975[—13J
1.528[—13]
1.320[—13]
9.386[—14]
2.360[—12]
3.749[—13]
4.410[—14]
5.365[—14]
1.163[—13)
7.193[—15]
1.960[—14]
2.890[—14]
7.161[—14]
6.683[—14]
1.288[—13]
8.852[—14]
8.826[—13]
2.103[—14]
6.346[—14]
3.185[—14]
1.406[—13]
4.632[—14]
6.493[—14]
8.280[—14)
2.920[—13]

2.460[—13]
1.426[—13]
5.608[—13]
1.174[—11]
3.154[—14]
2.746[—13]
9.098[—14]
S.492[—14]
1.867[—13]
6.732[—12]
5.661[—13]
1.058[—13]
2.587[—13]
1.411[—13]
3.3S9[—12]
2.874[—13]
1.275[—13]
3.912[—13]
4.936[—14]
3.786[—12]
2.920[—13]
4.766[—13]
3.940[—13]
4.414[—13]
3.370[—13]
2.557[—13]
2.159[—13]
5.692[—12)
9.681[—13]
9.541[—14]
1.178[—13]
2.713[—13]
1.666[—14]
4.666[—14]
6.871[—14]
1.885[—13]
1.641[—13]
3.119[—13]
2.197[—13]
2.308[—12)
4.713[—14]
1.684[—13]
7.713[—14]
3.825[—13]
1.261[—13]
1.730[—13)
2.257[—13]
8.461[—13]

3.S57[—13]
2.052[—13]
9.301[—13]
1.908[—11]
4.659[—14]
4.619[—13)
1.37S[—13]
8.409[—14]
3.075[—13]
1.141[—11]
9.548[—13]
1.611[—13]
3.940[—13]
2.168[—13]
6.365[—12]
4.859[—13]
1.967[—13]
6.841[—13]
7.8S I [—14]
6.746[—12]
4.805[—13]
8.014[—13)
6.921[—13]
7.301[—13]
5.364[—13]
3.647[—13]
3.838[—13)
1.066[—11]
1.954[—12]
1.551[—13]
1.943[—13]
4.865[—13]
2.840[—14)
8.585[—14]
1.190[—13]
3.849[—13]
2.911[—13]
5.322[—13]
4.113[—13]
4.588[—12]
7.968[—14]
3.367[—13]
1.366[—13]
7.851[—13]
2.360[—13]
3.338[—13]
4.221[—13]
1.811[—12]

4.200[—13]
2.409[—13]
1.314[—12]
2.624[—11]
5.596[—14]
6.623[—13]
1.680[—13]
1.040[—13]
4.237[—13]
1.622[—11]
1.350[—12]
1.977[—13]
4.833[—13]
2.684[—13]
1.011[—11]
6.877[—13]
2.443[—13]
1.004[—12]
9.998[—14]
9.976[—12]
6.009[—13]
1.103[—12]
1.005[—12]
9.180[—13]
6.406[—13)
3.972[—13]
5.654[—13]
1.659[—11J
3.295[—12]
2.007[—13]
2.549[—13]
7.191[—13]
3.664[—14]
1.312[—13]
1.S50[—13]
6.545[—13]
3.857[—13]
6.698[—13]
6.268[—13]
7.479[—12]
1.039[—13]
5.493[—13]
1.892[—13]
1.316[—12]
3.204[—13]
5.017[—13]
5.719[—13]
3.117[—12]

4.196[—13]
2.398[—13]
1.510[—12]
2.956[—11]
5.639[—14]
7.676[—13]
1.706[—13]
1.064[—13]
4.760[—13]
1.859[—11]
1.542[—12]
2.012[—13]
4.915[—13]
2.745[—13]
1.242[—11]
7.852[—13]
2.503[—13]
1.173[—12]
1.039[—13]
1.166[—11]
5.926[—131
1.226[—12]
1.161[—12]
9.081[—13]
6.128[—13]
3.618[—13]
6.592[—13]
2.002[—11]
4.174[—12]
2.098[—13]
2.691[—13)
8.383[—13]
3.674[—14]
1.566[—13]
1.559[—13]
8.328[—13)
3.912[—13]
6.570[—13]
7.409[—13)
9.234[—12)
1.053[—13]
6.773[—13]
2.049[—13]
1.648[—12]
3.268[—13]
5.716[—13]
5.824[—13]
3.94S[—12]

3.982[—13]
2.270[—13]
1.605[—12]
3.099[—11]
5.379[—14]
8.211[—13)
1.636[—13]
1.025[—13]
4.975[—13]
1.968[—11]
1.630[—12]
1.929[—13]
4.711[—13]
2.643[—13]
1.379[—11]
8.295[—13]
2.411[—13]
1.259[—12]
1.010[—13]
1.251[—11]
5.423[—13]
1.267[—12]
1.235[—12]
8.329[—13]
5.493[—13)
3.145[—13]
7.056[—13]
2.194[—11]
4.721[—12]
2.046[—13]
2.642[—13]
8.964[—13]
3.397[—14]
1.704[—13]
1.443[—13]
9.448[—13]
3.639[—13]
5.974[—13]
7.985[—13]
1.025[—11]
9.821[—14]
7.511[—13]
2.043[—13]
1.848[—12]
3.042[—13]
5.902[—13]
5.417[—13]
4.450[—12]

cm, 63 (3p3/2 4p3/2) with a cross section of 2.3 X 10
cm, and 69 (3p&/2-4p&/2) with a cross section of
1.4+ 10 clTl . Onc IDlght cxpcct thc 3$-4$ monopole
(EO) transition (1-79) to be smaller (0.9X10 cm ) as
there are only two 3$ electrons, which are buried deeply in
the M shell. On the other hand, the monopole transition
involving 3d&&2 electrons might be expected to be quite
large, as there are initially six 3d5&z electrons, and they

are not at all deeply buried. The present results for the
near-threshold excitation cross section is a small
0.3 & 10 cm, which seems to be smaller than might
otherwise be expected. A possible explanation may
be that the two J=0 4d states separate themselves in
Gd in nearly IS coupling, and that state 35
(3s 3p&/zjp3/&3d3/23d5/&413/2) is the excited 4d 'So
state. In such a picture, the dominant collisional excita-
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tion would be to level 35 by monopole excitation, and ex-

citation to level 27 would be made up of exchange contri-
bution plus a minor amount of direct excitation from
mixing with the 'So.

The strong monopole excitation cross sections to states
35, 63, and 69 are very interesting, as these states might
make good candidates for upper laser states in possible
soft-x-ray laser experiments based on electron collisional
excitation.

The only other transition which exceeds 10 cm near
threshold is a 3p3q2-4f7r2 transition to level 87, which is a
J =2 state. This transition is the strongest electric quad-
rupole (E2) transition, with a near-threshold cross section
of 1.2X 10 cm .
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