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Hyperfine splittings of neonlike lasing lines

James H. Scofield and Joseph Nilsen
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The hyperfine splitting of a soft-I-ray lasing line coming from neonlike niobium has recently been
measured and the efFect of the splitting on the gain coefficient observed, as reported earlier. In this

work, the hyperfine splittings for the principal 3p ~3s neonlike lasing lines due to the coupling with the

dipole magnetic moment of the nucleus are calculated for atomic numbers Z from 17 through 59 in the
framework of the relativistic multiconfiguration-atomic-structure theory. The diminution of the gains

due to the splittings in the case of Doppler-broadened lines is calculated. The parameters for the split-

ting of the 2p-to-2s transitions in fluorinelike ions and the 3p-to-3s and 3d-to-3p transitions in sodiumlike

ions are also presented.

PACS number(s): 31.30.Gs, 32.70.Jz, 42.55.Vc

INTRODUCTION

Recently, the hyperfine splittings of a Ne-like lasing
line of niobium within a plasma heated by an optical laser
has been observed and the effect of the splittings has
served as a possible explanation of observed low laser
emissions of ¹ like ions for elements with odd atomic
numbers Z [1]. This paper reports the results of calcula-
tions of the hyperfine line splittings and their effect on the
gain coeScient for the 3p~3s Ne-like lasing lines.
Hyperfine splittings of neutral and near-neutral ions have
long been observed and understood [2]. Perturbed angu-
lar correlations from the hyperfine coupling in decays of
stripped low-Z ions have been routinely used to obtain
the nuclear moments [3]. Several recent studies have
looked at the effects of the hyperfine coupling in highly
stripped ions. These have included the effect on polariza-
tion of radiation from He-like lines [4] and on the emis-
sion rates of such emission [5]. Hyperfine splittings of
lines of kryptonlike niobium have been observed [6]. The
transition between the hyperfine-split levels of the 1s state
of hydrogenlike bismuth has been recently observed in a
fluorescence experiment [7].

The question of the hyperfine splittings was examined
for the ¹ like lasing lines after lasing was observed for
the even Z elements (Z =22, 24, and 26) but was not ob-
served in the odd-Z elements (Z =21 and 23) [8—11]. Re-
cent comparison between the lasing transitions in Ne-like
Nb (Z =41) and Zr (Z =40) observed a dramatic change
in the ratio of the standard J=2~1 and the 0~1 lines
[12]. The width of the laser lines determine their
strengths at the center of the line and are therefore an im-
portant factor in determining their gain coefticient. The
hyperfine splittings will increase the width beyond that of
the normal thermal Doppler broadening of the lines. If
the hyperfine splittings are large enough, a single line is
split into a set of lines with diminished line strengths.
This split was observed in the case of niobium which has
a large nuclear magnetic moment for a Z small enough to
make lasing experimentally achievable.

The lasing on the 3p~3s lines in the ¹ like ions

comes about by populating of the 3p levels by electron
collisional excitations from the ground states as well as
transitions from other ¹,F-, and Na-like states [13].
An inversion can exist between the 3p states and the
3s(J =1) states due to the slow decay of the 3p states in
comparison with the 3s states which rapidly radiatively
decay to the 2p ground state. There are two 3s(J =1)
states. For the higher Z's, for which jj coupling is ap-
propriate, these correspond to the 2p vacancy in either
the 2p3/p or 2p&/2 states. These states go over to the P,
or 'P, configurations, respectively, for low Z's. The
hyperfine splittings for the 2p&/2 vacancy states are larger
than those for the 2p3/2 states. The electron's spin and
orbital angular momenta contribute with opposite sign to
the splittings and thus add together in the 2p, /z case and
subtract in the 2p3/p case. The 2p&/2 state also has in-
creased splittings at high Zs due to relativistic correc-
tions. In addition, for the 2p&/z3s|/z(J =1) state, there is
a large cancellation between the contributions from the
2p and 3s electron.

In Table I a key is given for the five Ne-like lines calcu-
lated to have the strongest gain coefficient in the mid-Z
region. Vacancies in the Ne-like core are denoted by an
overbar. For these lines the vacancy state is preserved in
the transition. In the low-Z region, line E, originating
from the 2p, /z3p, /z(J =0) level is strongest. At higher
Z's, lines A and 8 originating with the 2p&/z3ps/z( J=2)
and 2p, /z3p3/z(J =2) levels are the strongest. The lines,
C and D, originating with the 2ps/z3p, /z(J =2) and the
2p3/z3p3/z(J =1}levels are also prominent. Four addi-
tional lines have been seen to weakly lase. The two 3p-
to-3s transitions, 2ps/z3~/z( J=0)~2ps/z3s, /z( J= 1)

2p|/z3p&/z(J =0)~2p3/z3s]/z(J =1), have v«y
small hyperfine splittings. The first line has been ob-
served at higher Z [12,14,15] and the second at lower Z
[9,10,16]. The two 2s vacancy transitions,
2suz3dmz(J =2)~2sl/z3pi/z(J =1} and 2s, /z3ds/z(J
=2)~2s, /z3p3/z(J =1), have hyperfine splittings as
large as those reported here but the lines have been seen
very infrequently [16,17]. These four lines are not treated
further here.
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TABLE I. Key used for the naming of the neonlike lasing
hnes.

(y'IJ'FBI IH„„,I yIJFM)

B
C

Upper

2p3/2 3p3/2

2p 1/2 3p3/2

2p3/2 3p1/2

2p 3/23p 3/2

2p1/23p1/2

2

2
2
1

0

Lower

2p3/2 3$1/2

2+ & /& 3S {/2

2~3/23~1/2

2~3/23s1/2
2p1/23s1/2

y(Z=41) (A)

138.6
140.4
202.5
147.6
145.9

F J' IeP'
( 1 )I+J'+F r

I l I J

x&/II/II/& r / ''X&{" r/)
k

The magnetic subshell dependence has been taken out
with the introduction of the reduced matrix elements
defined by

HYPERFINE ENERGY SPLITTING
OF NKONI. IKE IONS

The major contribution to the hyperfine splitting is the
interaction of the magnetic field of the nucleus due to its
magnetic-dipole moment with the orbital electrons.
There is an additional contribution from the electric
quadrupole moment of the nucleus but this is quite small
in the cases considered in this paper.

For the magnetic-dipole hyperfine interaction, the vec-
tor field, A, of the nucleus [18—20],

A(r)=yX—
2

(j{m { I
Tq"

I jism q )

J1
=( —1) '

771

k j~q, A II ~"lljz

for a generic operator T. We have explicit values

F J I
(

1)F+I+J+{
1 I J

X [I(I+1)+J(J+1) F(F+1—)]
2[I(I+1)(2I+1)J(J+ 1 )(2J+ 1))

'/

and

& I I
II I II & =[I(I+1)(2I+1)]'"

(8)

=+ix —',
2

with p the magnetic moment of the nucleus and I its spin,
interacts with the atomic electrons with the interaction

for the angular-momentum operator I.
If the atomic states are not coupled, we can effectively

put

Hhyp =e y &k A(rk )
k

with

ep
I I.

2 Xak
A, =ejM~ yJ hk" yJ J J J

k

(12)

h (1)—
kq

q kq
k, q

ERk LkCq (rk )

2 7

(2) and

(3)

=2.002X10 (a.u. ) .
eA

2Mpc
(13)

where a denotes the Dirac matrices, k the individual
electrons, and q the spherical tensor components, and

' 1/2

C{}&(m )
417

q rk

L= —irXV .

The coupling of an atomic state with angular momentum
J and the nucleus with spin I gives a total angular
momentum F. The matrix element of the total wave
function,

F I J

is given by

where F can range from II Jl to (I+J) and —the energy
spread across the complex is given by

J(2I+1), I ~J
I(2J+1), I ~ J . (15)

The calculations reported here have been carried out
by using a slightly modified version of the relativistic
multiconfiguration Hartree-Fock GRAsp computer code
[21]. The mixing of the states with an electron excited

The quantity A, depends only on the atomic properties
and thus has a systematic variation in going from element
to element. The energy shift due to the hyperfine interac-
tion is

A,
(FIIHh IIF) = [F(F+1) I(I+1)—J(J+—1)],hyp
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from the n =2 core to the n =3 shell were included. For
the elements away from the low end of the Periodic
Table, the states are quite pure in jj coupling and the ma-
trix elements follow easily from the single-particle matrix
elements. The matrix elements are a sum of an angular
factor times a single-particle matrix element for each
open shell. For the h'" operator here with the k =1 odd
rank, the matrix elements between the single vacancy
states are identical to those between two single-particle
states.

With only the one configuration included, the explicit
expression giving the matrix element for the coupled
states in terms of the single-particle matrix elements is

«j»z»llhll(j»z}J&=«A j»J)&jillhllA &

p(r }q(r) Z a
Kfdr=

r (2l+ 1)n
(20)

&. h
.

&

2Z a(2J+1)' R(.)J II IIJ (2l+1) [ '( '+1)]'/ (21)

A relativistic correction, which is quite accurate for hy-
drogenlike ions and given originally by Racah [22], has
been introduced.

2j(j+1)(2j+1)R j=
y(4y' 1)—

with

(22)

for a pure Coulomb potential, or with the terms collected
for the Coulomb expression

+«Jz J& J}&JzllhIIJ2&
y =+x —(Za) (23)

with

C(jl jz J)=(—1)

1 J J
X(2J+1) ' .

J2 J& J&
(17)

The single-particle matrix elements are here given by

& jll" Ilj & =( 1} '/ (2J+1) i 0
J 1 J
2 2

p(r)q(r)X4z r
T

in which

(18)

1

2 2[(2j+1)(j+1)j ]'

and p and q are the large and small component radial
wave functions and ~ is the relativistic angular quantum
number,

IaI=j+-,' .

Nonrelativistically we have

Table II presents the single-particle matrix elements
and their coefficients for the various states, leading to the
matrix elements in the case of niobium. The state matrix
elements include the contributions from the other
configurations. Equation (21) has been worked back-
wards to give the effective Z's in the table. The large can-
cellation between the 2p3/2 and 3s contributions to the
2pz/z3s, /z( J= 1) lower lasing state is seen.

The finite nuclear size is here taken into account as far
as the electronic wave functions are concerned. It has
not been taken into account in the source of the magnetic
field of the nucleus. That is, we have omitted the so
called Bohr-Weisskopf effect [23]. Even for high-Z ele-
ments, the correction is at most of the order of a couple
of percent.

Table III presents the A, for the odd-Z elements rang-
ing from Z =17 through Z =59. Figure 1 plots A, for
the various states. In general, due to the screening
effects, the curves show a dependence closer to Z than to
the Z dependence for the hydrogenic ions. The excep-
tions are for the 2p, /z3s, /z(J =1}state in which there
are level crossings around Z =51 and 55, the
2p3/z3s, /z(J =1) state for which the 2p and 3s contribu-
tions cancel, and the 2p3/z3p3/z(J=1) which is mixed

TABLE II. Composition of the matrix element for the states, & yJ
I Ih I IyJ ) in a.u. , as the sum of the

coefficients C(j1,j2,J) times the single-particle matrix elements for the levels of neonlike niobium. The
total includes contributions from the other configurations.

Quanti nl, 2p1/2 2p3/2 3~ 1/2 3p 1/2 3p3/2

effective Z
&ni, IIhIInl, )

37.83
63.87

37.61
34.54

36.55
51.38

35.78
16.04

35.63
8.738

State Coefficient C(j1,j2,J) & yJllh Ily»

2~1/23S1/2
2+1/23p 3/2

2~3/23$1/2
2+3/2 3p 3/2

2~ 3/2 3p 1/2

2p 3/23p 3/2

1.0
1.118

0.7906
0.7071
1.061
0.3162

1.0

—0.5

1.118

1.061

0.7071

0.3162

115.0
80.57

1.576
30.59
54.44
14.72

2.55
0.800
0.038
0.304
0.542
0.328
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TABLE III. Values of the coefficients A, given in rneV for the various levels with the total J given in parentheses.

71
19
21
23
25
27
29
31
33
35
37
39
41
43
45
47
49
51
53
55
57
59

2p 1/2 3s 1/2

0.081
0.135
0.207
0.298
0.412
0.550
0.717
0.917
1.152
1.429
1.751
2.124
2.554
3.046
3.606
4.239
4.930
4.960
6.310
4.805
8.727

10.324

2p1/23p3/2 (2)

0.030
0.048
0.070
0.099
0.134
0.178
0.230
0.293
0.366
0.452
0.552
0.668
0.800
0.952
1.124
1.320
1.542
1.793
2.077
2.396
2.756
3.161

2p3/23s1/2 (1)

0.024
0.026
0.027
0.029
0.032
0.035
0.038
0.042
0.044
0.046
0.046
0.044
0.038
0.028
0.014

—0.007
—0.036
—0.075
—0.125
—0.189
—0.270
—0.371

2p3/23p3/2 (2)

0.014
0.021
0.030
0.042
0.056
0.073
0.094
0.118
0.146
0.178
0.215
0.257
0.304
0.356
0.415
0.479
0.551
0.629
0.714
0.807
0.909
1.019

2p3/23p1/2 (2)

0.022
0.034
0.050
0.069
0.095
0.125
0.161
0.204
0.254
0.312
0.379
0.455
0.542
0.639
0.749
0.872
1.010
1.163
1.333
1.521
1.731
1.961

2p 3/2 3p 3/2

0.009
0.045
0.055
0.067
0.083
0.101
0.122
0.146
0.173
0.204
0.240
0.281
0.328
0.380
0.438
0.503
0.574
0.652
0.738
0.831
0.933
1.043

strongly with the 2p3/23p, &2(J=1) state for Z's below
35.

TRANSITIONS

For uncoupled atomic states, the transition rate to go
from one hyperfine state to a second (F +F') is given b—y

F' J' II',=(2F'+1)(2J+1) '

J F 1

' 1, (24)

for El transitions in which I zz. is the rate of decay for
the atomic state. We make the assumption here that the
hyperfine components of the upper state are statistically

populated. These rates coupled with the line splittings
and the broadening give the emission spectra.

For the nuclear spin values I & —,', the J= 1 states are

split into three components which results in the J=0~1
lines being split into three components and the J=1~1
lines split into seven components. For I & —,

' the J=2~1
transitions are split into nine components. These com-
ponents will be merged together if the natural widths are
large enough. Figure 2 shows the example of the relative
gain of the 2p&&z3p&&2(J =0) to 2p&&23s»2(J =1) transi-

tion in niobium due to a Doppler-broadened line with a
600-eV ion temperature. The gain is normalized to unity
for the case of no hyperfine splitting. The dotted lines

12

10-

8-

6-8

2-
8

1-

2- 0-

0
10 20 30 40 50 60

-1
10 20 30 40 50 60

FIG. 1. (a) The coefficient A, vs Z for the 2p1/23sl/2(J=1) level. (b) The coefficient A, vs Z. The curves are labeled by {1)
p 1/23p3/2( J=2), (2) 2p3/23p1/2( J=2), (3) 2p3/23p»2( J= 1), (4) 2p3/23p3/2( J =2), and (5) 2p3/23s»2( J= 1).
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0.5
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0.3-

8
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LINE BROADENING AND GAINS

If the hyperfine splittings are to have an effect on the
laser emission, their splittings must not be much smaller
than the other broadenings. Under most conditions the
major broadening is the Doppler broadening due to the
ion motion.

This gives a distribution in photon energy from the
center of the line

0.1-

2
1 1 cI(e)= expv 2nD 2 D

(25)

0.0
-80 -60 -40 -20 0 20 40 60 80

h,X, (mA)

with

D=EO(kT/Mc )' (26)

FIG. 2. Relative gain coeScients as a function of wavelength
due to the hyperfine splitting of line E in niobium for an ion
temperature of 600 eV. The dashed lines show the contribu-
tions due to each of the components. The gain is normalized to
unity for no hyperfine splitting.

0.7

0.6-

0.5-
~A P

4
bl 04.
0

~ I+I

0.3-

0.2-

0.1-

0.0
-60 %0 -20 0

h, X, (aaA)

20 40 60

FIG. 3. Relative gain coeScient due to hyperfine splitting of
line B in niobium for an ion temperature of 600 eV.

show the individual components while the solid line gives
the sum. The line is split into two distinct components
with the third component blended. For the
2p, &23p3&2(J=2} to 2p«23s, &2(J =1}transition, shown
in Fig. 3, the nine components all blend together to make
a single line with a 60%%uo broader width than without the
hyperfine efFect. Table IV presents the nuclear parame-
ters [24] used and the total separation of the outer most
of the complex of lines. Even though the J=2 to 1, line
8, has, in general, more components than the J=O to 1,
line E, they have the same total splitting since they share
the same lower laser state and that dominates the split-
ting. With three hyperfine components to line E, the two
stronger components are split apart by (I+1)/(2I+1) of
the total splitting. Calculationally these two components
in niobium are split by 19.3 meV or 33 mA. This is in
good agreement with the observed splittings between the
peaks of 28 rnA [1].

and

c=E—Eo, (27)

TABLE IV. Nuclear parameters and the split across the
transition arrays in meV for the various transitions. AM is the
atomic mass.

Z AM I p B,E

17 35

17 37
19 39
21 45

23 51

25 55

27 59
29 63

29 65

31 69
33 75

35 79
35 81

37 85

37 87

39 89

41 93
43 99
45 103

47 107

47 109
49 115
51 121

51 123
53 127
55 133
57 139
59 141

0.822

0.684
0.391
4.756
5.151

3.453

4.628

2.223

2.382
2.017
1.439
2.106
2.271

1.353
2.751

—0.137
6.171

5.685
—0.088
—0.114

0.131
5.541

3.363
2.55
2.813
2.582
2.783
4.136

0.053
0.044
0.033
0.413
0.636
0.679
1.170
0.872

0.938
1.080
1.013
1.80
1.93
1.22

2.80
0.177
7.85

8.61

0.183

0.275

0.316
13.9
10.8
7.83

10.8
10.6
13.2
23.9

0.174

0.145

0.142

2.25

3.51

3.42

5.82

4.24

4.55

4.94
4.43
8.04
8.66
5.69

12.9
0.876

35.0
38.5
0.956
1.44

1.66
60.7
40.0
28.9
42.6
28.4
55.5

102.5

0.074
0.062
0.053
0.784
1.27

1.32

2.29
1.58

1.70
1.98
1.86
3.30
3.53

2.35

5.10
0.313

14.3
15.8
0.331
0.498
0.572

25.5
19.3
13.9
18.4
19.1
23.8
42.6

0.053
0.044
0.048

0.596
0.793
0.697
1.08
0.721

0.772

0.781
0.652

1.13

1.22

0.766
1.75

0.134
4.51

4.78

0.120

0.174

0.200
7.86
5.99
4.34
6.76
6.02
7.52

14.1

the displacement of the photon energy, E, from line
center, Eo. kT is the ion temperature, D the rms width of
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the distribution, and M the ion mass. We here
parameterized the hyperfine splittings in terms of a tem-
perature, kTO:

kTO = Mc (28)

in which here b E, , is the rms splitting due to the
hyperfine splittings. Table V lists the kTO for the odd ele-
ments. For small values of kTlkTo the drop in the peak
emission strength and thus in the gain coefficient is a
universal function. This holds fairly well down to the
point that the individual peaks are being separated. Fig-
ure 4 shows the peak relative gain coefficient as a func-
tion of T/To for the transitions in niobium and for tran-
sition E in vanadium.

The question now is as to the actual ion temperatures
in the lasers. To work, the collisionally excited lasers re-
quire a bath of high-temperature electrons to ionize and
excite the ions. On the other hand, low ion temperatures
lead to higher gain coefficients due to the narrowing of
the lines. There is a paucity of experimental information
on the conditions existing in the plasmas at the time of
lasing. Theoretical studies show an electron temperature
of roughly

1.0

~ I+I

be

0.6-
~ K
0$

0.4

0.2

T/To

kT, =1700
41

' 7/2

eV (29)

FIG. 4. Relative peak gain coeKcient, due to the hyper6ne
splitting as a function of the ion temperature divided by the
temperature corresponding to the rms splitting of the lines for
the lines in niobium and line E in vanadium.

17 35 0 015
17 37 0 011
19 39 0.005
21 45 1.34
23 51 3.02
25 55 2.51
27 59 6.38
29 63 2.79
29 65 3.30
31 69 3.30
33 75 2 36
35 79 6 55
35 81 7 79
37 85 2 98
37 87 14.9
39 89 0.081
41 93 81.7
43 99 85.1

45 103 0.060
47 107 0.115
47 109 0.155
49 115 134
51 121 65.4
51 123 35 1

53 127 53.4
55 133 46 2
57 139 60 6
59 141 159

0.192
0.140
0.09

19.6
39.5
29.7
71.6
30.1

35.6
34.6
23.9
65.8
78.4
29.4

148.0
0.799

793
817

0.567
1.08
1.45

1207
379
203
391
117
510

1434

0.049
0.036
0.026
6.54

13.7
11.9
30.7
13.8
16.3
17.0
12.7
37.5
44.7
18.2
91.2
0.537

584
662

0.509
1.08
1.45

1381
748
401
670
653
957

2801

0.065
0.048
0.024
3.22
4.65
2.88
5.84
2.14
2.53
2.19
1.40
3.52
4.18
1.49
7.38
0.038

36.5
36.7
0.025
0.047
0.064

54.3
26.1

14.0
21.5
18.2
24.0
63.1

0.255
0.187
0.116

25.3
54.5
41.8

108
49.1

58.1

61.7
46.8

142
169
70.1

353.0
2.1

2332
2674

2.0
4.4
5.9

5572
2279
1223
2398
1131
3883

11961

TABLE V. The rms spread of the transition arrays for lines

A to E given in terms of the temperature parameter, kTO, in eV
for ¹likeions with nuclear charge Z and atomic mass AM.

Z AM A

is required to produce the neonlike ions with enough ex-
citation for lasing [25,26]. The ions are heated in col-
lisions by the electrons and they lose energy in expanding
the material. Simulation studies show a variation in the
expected ion temperature depending on the details of the
plasma. To assess the importance of the hyperfine split-
tings, ion temperatures were obtained from simulations
using the LAsNEx hydrodynamic code [27] to model both
the blow off from a solid slab target heated by a single
beam and the heating of a foil heated from both sides.
The beams were chosen to be a full width half maximum
pulse of 600 ps with a strength to produce the neonlike
stage. The lower ion temperatures were obtained for the
slab targets for Z's below 34 and for the foil for Z's above
34. Table VI gives these ion temperatures and the rela-
tive gain coefficient due to the hyperfine splittings for
transitions 8, C, and E, which suffer the largest effect due
to the hyperfine splittings. The ion temperatures used
here range between one-fifth and one-third of the nominal
electron temperature. They can be compared to calculat-
ed values given in the literature for TI of 50 eV at Z =22
[9],400 eV at Z =34 [28], and 700 eV at Z =41 [1]vs 53,
324, and 600 eV corresponding to the values used here.
The one measurement of the actual laser line width can
be interpreted as being due to a higher temperature than
the theoretical value for Z=34 [29].

Figure 5 plots for lines 8, C, and E the ion temperature
for which the gain coefficient is dropped to 70%%uo of its
standard value along with the nominal temperature for
lasing. If the ion temperature is below that plotted for a
transition, the gain will drop by more than 30% due to
the hyperfine splitting. For Z's of 39, 45, and 47 the
hyperfine splitting is so small that ion temperatures below
10 eV would be needed before they would cause a 30%%uo

drop in gain.
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17
17
19
21
23
25
27
29
29
31
33
35
35
37
37
39
41
43
45
47
47
49
51
51
53
55
57
59

35
37
39
45
51
55
59
63
65
69
75
79
81
85
87 .

89
93
99

103
107
109
115
121
123
127
133
139
141

14.5
14.5
26
43
65
95

132
177
177
230
290
358
358
434
434
516
604
698
797
900
900

1010
1120
1120
1230
1340
1460
1570

0.99
1.00
1.00
0.82
0.78
0.87
0.79
0.92
0.91
0.93
0.96
0.92
0.90
0.97
0.86
1.00
0.62
0.64
1.00
1.00
1.00
0.64
0.86
0.92
0.87
0.96
0.85
0.69

1.00
1.00
1.00
0.93
0.90
0.94
0.89
0.96
0.96
0.96
0.98
0.95
0.94
0.98
0.90
1.00
0.66
0.67
1.00
1.00
1.00
0.59
0.74
0.84
0.78
0.80
0.75
0.52

0.99
0.99
1.00
0.76
0.69
0.81
0.69
0.87
0.85
0.88
0.92
0.83
0.80
0.92
0.70
1.00
0.41
0.41
1.00
1.00
1.00
0.40
0.50
0.63
0.50
0.69
0.45
0.44

Besides their role in the lasing systems, the observation
of the hyperfine splittings are of interest. It is of interest
to consider the direct observation of the splittings in non-
lasiny situations. In the case of the sodiumlike niobium
182-A 3p&/2-to-3s&/2 li.ne, the four hyperfine components

0
group themselves into two groups separated by 43 mA.

TABLE VI. Calculated ion temperatures at lasing conditions
and fraction of gain coefBcients due to the hyperfine splittings.

AM

TABLE VII. A, values in rneV for the n =2 F-like levels and
the n =3 Na-like levels.

Fluorinelike

Z 2p3/2 2p &/2 2s &/2

Sodiumlike

3s&/& 3p &/2 3p3/2 3d3/2 3ds/2

17 0.023
19 0.035
21 0.050
23 0.069
25 0.092
27 0.120
29 0.153
31 0.192
33 0.237
35 0.289
37 0.347
39 0.414
41 0.488
43 0.571
45 0.663
47 0.764
49 0.876
51 0.999
53 1.13
55 1.28
57 1.44
59 1.61

0.119
0.180
0.260
0.361
0.487
0.641
0.827
1.048
1.31
1.61
1.97
2.38
2.85
3.39
4.01
4.71
5.51
6.42
7.44
8.60
9.91

11.4

0.427
0.633
0.899
1.23
1.64
2.15
2.75
3.46
4.30
5.28
6.41
7.72
9.22

10.9
12.9
15.1
17.7
20.5
23.8
27.4
31.6
36.2

0.058 0.015 0.003 0.001 0.000
0.099 0.027 0.005 0.002 0.001
0.155 0.044 0.008 0.003 0.001
0.229 0.065 0.013 0.005 0.002
0.322 0.094 0.018 0.007 0.003
0.439 0.129 0.024 0.011 0.005
0.581 0.173 0.032 0.014 0.006
0.753 0.226 0.042 0.019 0.008
0.958 0.290 0.053 0.025 0.011
1.20 0.366 0.066 0.032 0.013
1.49 0.455 0.081 0.039 0.017
1.82 0.559 0.098 0.048 0.020
2.20 0.681 0.117 0.059 0.025
2.64 0.821 0.139 0.070 0.029
3.15 0.982 0;164 0.083 0.035
3.73 1.17 0.191 0.098 0.041
4.39 1.38 0.221 0.114 0.047
5.14 1.62 0.254 0.132 0.055
6.00 1.89 0.291 0.152 0.063
6.96 2.20 0.331 0.174 0.072
8.06 2.56 0.375 0.198 0.081
9.30 2.96 0.423 0.224 0.092

0
Similarly, the 57-A 2s&&2-to-2p«2 Suorinelike line has
two groups split by 20 mA. Table VII presents the A,
values for the fluorine and sodiumlike ions and Fig. 6
presents the emission spectrum for the 2s, &z-to-2p, &2

fluorinelike line for niobium shown with an ion tempera-
ture of 300 eV.

CONCLUSION

The hyperfine splittings certainly need to be taken into
account for the nuclei with larger magnetic moments.
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FIG. 5. Ion temperature for which the relative peak gain is at
70% due to hyperfine splittings for the three lines B, C, and E as
a function of Z. The solid curve gives a model dependent set for
the lasing ion temperatures.

FIG. 6. Relative emission of the 2s&/2-to-2p&/2 fluorinelike
line in niobium as a function of wavelength due to the hyperfine
splitting of niobium for an ion temperature of 300 eV. The
dashed lines show the contributions due to each of the com-
ponents.
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Considering them gives a new dimension for understand-

ing the laser emissions. For the Ne like Nb x-ray laser
the impact of the hyperfine splitting is dramatic. At
present there is a puzzle in connection with the observa-
tions of lasing in the low-Z elements. Lasing on the
/ =0~1 line E has been observed for Ti (Z =22), Cr (24),
Fe (26), and Ni (28). In experiments on Sc (21) and V (23)
the line was so weak it was not detected. At an ion tem-

perature of 50 eV for V, the expected drop in laser inten-

sity by a factor of 50 as compared with Ti or Cr laser out-

put should still have been detectable. The indication may
be that the lasing is relying on lower ion temperatures
than expected combined possibly with larger than expect-
ed loss mechanisms. The other odd-Z ions should also be
affected in varying degrees. Qualitative comparisons be-

tween results with cobalt and nickel show much weaker

emission from the cobalt [10], while lasing was not
detected in manganese. Lasing is observed in copper
[11,13]. This is presumably lessened to some extent by
the hyperfine splittings. Systematic studies of the gains
for the various ions and a better understanding of the
plasma conditions are needed.
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