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Six new electronic transitions of NiCl, recorded by high-resolution Fourier transform spectroscopy, have been studied. The
identification of the states involved in these transitions has been made possible by dispersing laser-induced fluorescence at lo
resolution. Comparison of the results obtained using these two experimental techniques allowed us to locate/tRie\ f1a6]

(v = 0) spin—orbit component at 1 646 ciabove theX ?I13/, ground state. Two other low-lying states have also been identified:
the first one, located 382 crhabove the ground state is a good candidate to b&Xtfi@;,, component of theX 2IT; state. A
second state at 1 385 ctin the energy level diagram could be a component of a quartet state of NiCl. In addition we have
identified aQ = 3/2 state 21 608 cmt above theX ?IT3/, ground state. The [22.31 3/, spin—orbit component associated with
already known [21.9FAs,, sublevel has also been identifiedo 2001 Eisevier science

I. INTRODUCTION [0.38]°I1;, state and an electronically unassigned low-lyin

_ _ state 1385 cm' above the ground [T/, state.
In two recent papersl( 2) devoted to the analysis of the vis-

ible spectrum of NiCl, we demonstrated the complementarity

of low-resolution laser-induced dispersed fluorescence experi- II. EXPERIMENTAL DETAILS

ments and Fourier transform spectroscopy. NiCl is similar to the

isovalent molecule NiF3), so three low-lying electronic states Details about the experimental setups have been extensi

(2113, 2A;, and?2x 1) are expected in the first 2000 cfabove described in Refs.1j and @). We just recall that in the laser-

the X 213/, ground state. This causes an impressive numbgguced fluorescence experiments, heated nickel vapor res

of intense (allowed) and weak (forbidden) transitions conned¥ith CHsCl to produce NiCl molecules which interact with

ing to several upper electronic states. In addition, intervals B tunable laser beam. The resultant fluorescence is disper

tween the electronic states are, in some cases, close to the vallifsa Jobin—Yvon spectrometer. The Fourier transform spec

of the vibrational spacing. This can lead to mistakes in the ide¥ere recorded with a Bruker IFS 120 HR spectrometer wi

tification of the electronic states linked by the observed tragmissioninduced by a 2 450-MHz microwave discharge excitir

sitions @). Even when a rotational analysis is possible, it catcontinuous flow of heated Ni€Vvapor and He buffer gas in a

happen that two close-lying states have almost equal rotatiofiRItz tube.

and fine structure constants, leading to erroneous identifications

of the electronic states. It appears that the construction of a III. DESCRIPTION OF THE BANDS

credible energy level diagram can be carried out by observation

of dispersed laser-induced fluorescence. Such an energy levéthe strong ionicity of halide compounds forces the low-lyin

diagram is a useful starting point to study bands recordedmblecular electronic configurations to be centered on the -

high resolution either by (time-consuming) laser excitation spestomic orbital of the metal atom. In the case of NiCl, as fc

troscopy b) or by (time-saving) Fourier transform spectroscopiiF, the?x*, °II;, and?A; states corresponding to thd@?,

(1, 2. 3dx 1, and 216~ electron holes are expected to be low-lyin
In this paper, we present the analysis of bands involvirig the energy level diagram. In previous papelrsd), some of

[1.6]A2A3/, spin—orbit component and the already knowthe spin components associated with these three terms have |

[24.9]%M142, [24.5] T13)2, [21.9]?As)» states as well as a newidentified (see Fig. 1 of Rep).

[21.6] Q2 = 3/2 electronic state. In addition a [22.3\3), Laser-induced dispersed fluorescence experiments have k

sublevel located at 22362 crhabove theX °I13/, state can performed. The three already known upper electronic spi

be associated with the already known [2£8}, spin—orbit orbit components [24.9]1;, (v = 0), [24.5]T13/2 (v =0), and

component I). We locate on the energy level diagram thg21.9]2As,, (v = 0) were populated using a dye laser and w
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'y, 24975 the theoretical one (1 206 cth) is convincing. We also note that
this value agrees also with the spin—orbit splitting of féA;
state of NiF which is equal to 1 394 crth

It is tempting to use the same kind of arguments for tf
Q = 1/2 state located at 382 crh above theX I3, com-
ponent of the ground state. The spin—orbit splitting, in the ca
of a 21 state, must be equal to the value of the spin—orbit ¢
efficient of the ground state of Ni The discrepancy is almost
40% and the identity of the new state must be confirmed |
rotational analysis. Note that in the case of NiF, ménl/z
state has not been identified but that a so-called state, lo-
cated 251 cm' above the ground, has been rotationally analyz
(7, 9.

Regardless of the symmetry attributed to the= 1/2 sub-
level located 382 cmt above theX 21'13/2 state, we have now
»a good knowledge of the relative position of the doublet stat
appearing in the first 2 000 crthabove the ground state of NiCl.
Scanning the laser to the red side of the [238],, (v = 0)-
[0.16] A2As/2 (v = 0) transition located at 21744 crh (1),
we observed an intense fluorescence signal when the laser
cited a strongR head (21610 cm'). A survey scan of the
spectral region to lower wavenumbers showed that fluore
cence signals were observed at 21450 tn21230 cnt?,
19967 cnT?, and 19844 cm'. It was then easy to conclude
that a state located at about 21 608¢nn the energy level
diagram was populated and that we recorded laser-induced
orescence down to all the known low-lying states of NiCl. Se
lection rules do not provide information on the nature of th
AAg 161 new upper state because a comparison of intensities of
bands recorded by Fourier transform spectroscopy is not c

Xy vincing. Rotational analysis of three transitions sharing th

FIG. 1. Energy level diagram of NiCl: Full lines: analyzed allowed tran/1EW UPPEr state allowed us to |derjt|fy It asia= 3/2 com-
sitions. Dashed lines: analyzed forbidden transitions. Dotted lines: obsenR@NeNt. In the separate set of experiments, the fluorescence
transitions. All entries are in cmt. nals, selection rules and the patterns of emission did allow

to ascertain that the upper state of three transitions locatec
22370 cntl, 21987 cnt, and 20 723 cmt is the [22.3FPA3)2

systematically recorded the induced fluorescence. Beside saspi—orbit component associated with the known [2&4‘93/2
0-1 vibrational bands these experiments led to the identificatismte.

of five transitions linking two or three of the upper states to two

low-lying states located at 1 646 crhand 382 cmt above the

X 2I13), state (Fig. 1). The low-resolution data was compared IV. ROTATIONAL ANALYSIS OF THE BANDS
with observations of the bands recorded by Fourier transfor,
spectroscopy.

From these considerations it has been possible to determiné characteristic of the emission spectrum of NiCl recorded |
that the Q = 3/2 state located at 1646 crhin the energy the spectral region of 20 000—25 000chis that only two bands
level diagram is the [1.6]A3/, spin—orbit component of the [21.9]2As, (v=0)-[0.16]A%As/» (v=0) and [21.9FAs)
AZ2A; state associated with the [0.1%8} s/, sublevel located at (v = 0)-X 213/> (v =0) have a very good signal-to-noise ra
161 cn1t. Because of the correlation between the molecular die (see Fig. 1 of Refl), although the other bands also displa
bitals and the 8 orbital of Ni*, it is expected that the spin—rotational structure. As a consequence analyses of the ba
orbit splitting (1485 cm') of the A2A; is about twice the described hereafter have been carried out simultaneously
value of the atomic spin—orbit coefficieit & 603 cnt!) of the allow the comparison of combination differences of commc
[3d°] 2D ground state of Ni (6). Considering the interactionsstates. In addition, Professor Tanimoto at Shizuoka Univers
possible betweenthe close-lyiB= *, X 2IT;, andA?A; states, (9, 10 provided very accurate rotational parameters derive
the agreement between the experimental value (1 483)and  from microwave experiments for thé 2I13/, (v = 0) and the
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[0_16]2A5/2 (v = 0) substates. These values have been usedc@umn must be multiplied by the factor 1.000 002 23. This hs
fixed parameters in the fits. no consequence for the derived parameters, which were fit
with correct wavenumbers in Ref.

(b) The [24.9]2H1/2—[1.6]A2A3/2 and [24.5]2H3/2
—[1.6]A2A3), Transitions (d) The [21.6]Q2 =3/2 Electronic State

Up to now, four transitions from the spin—orbit components of and Linked Transitions

the upperI]; state have been studied, and two of them allowed As observed for the [24.5]15 , state, the new [21.6} = 3/2
us to determine the rotational and fine structure parametersstdte is involved in transitions that connect to all the ident
the [1.7B?=* (v = 0) state ). Our new data shows that thefied components of the low-lying doublet states. The inten
two components of the uppérl; state are also linked to the[21.6]Q = 3/2-X 2[5/, transition observed at 21 608 cfrhas
[1.6]A2A3,, substate. Qualitative observation of the emissidmeen directly studied. Th&-numbering of the lines was easily
spectrum shows that the [244],,—[1.6]A%A3,, transition is  determined thanks to the usual combination relationships as
an allowed transition (witl® branches), while the [24.5]13,—  ciated with the good constants available for the ground ste (
[1.6]A%A3,is aweak forbidden transition (withoutbranch). No fine structure was found in the upper state. Next the we
The wavenumbers of the experimental lines of these two n¢®.6]Q = 3/2—[0.16]A ?As,, and [21.6] @ = 3/2—[0.16]A
transitions have been included in a fit along with the four previA; , transitions were predicted to make the identification
ously studied transition<2). In the fitting procedure, the samethe experimental lines easy, and finally the lines of the thr
matrix used previoushy?j for the uppefIT; state was employed, transitions sharing the upper [21.6] = 3/2 state were fitted
while a polynomial expressioriY was used to describe the twoby constraining the constants of tXe’I15/, and [0.16A2As),
widely separated components of tA@A; state. Experimental states to the values determined from microwave datal().
lines are listed in Table 1 and the derived parameters in TableA. the lines are listed in Table 1 and the derived parameters
We note that it has been possible to determineAbhgoubling Table 2.

parameterq in the upper?IT; state in this study. In the pre- No efforts were made to analyze the very weak [21.
vious analysis %), the excited?I1;,, was only connected to Q = 3/2—[1.7]B2%* transition (19840 cmt) in which the
the [1.7B?X* (v = 0) state. However, in this transition onlyrotational structure was not resolved because of the poor sigr
four of the six expected branches were identified, hence theévenoise ratio. In addition, some information about the pos
was a strong correlation between the paramet@nd the spin- tion of bands involving higher vibrational levels of the studie
rotation parametepp of the [1.7B2X ™ state. In the present states is collected in Table 3. From this list of bandhead po
fit, the forbidden [24.5}115,,—[1.6]A2A3), transition gave a tions, it is possible to determine approximately the vibration
good value for the effective-doubling parametepp of the parameters of the [21.6] = 3/2 state e = 4061(2) cnt?,
[1.6]A2A3/2 lower state. The variance of the fit was significantlyex. = 2.6(2) cnm?) and theA Gy, value of the [1.6P\2A3/2
improved by the presence of the parametér the uppefIl,, state (Gy2 = 4299(5) cni'l).

state.

(e) The [22.3FA3), State and the Linked Transitions

) o 5 B iy
(c) The [21.9FAs/2 (v =0)-{1.6]A%A3/> (v =0) Transition The number of unassigned bands between 20000 ¢

This transition is the only forbidden one that we foun@5000 cnt! are now rather few. Most of them are not fully
involving the upper [21.9FAs/, state. The presence @ resolved but the bandheads are clearly visible. The correctn
branches is characteristic of2Q2 = 0 transition as expected. of the pattern that we suggest for the low-lying states can
In a first step we calculated the wavenumbers for the roteenfirmed by identifying new upper states linked to some of tt
tional lines based on the parameters determined in the pcemponents of th&, A, andB states.
vious section for the [1.6A2A3/, state and those in Rel In the course of the work described in the previous secti
for the [21.9FAs/» (v = 0) state and we picked out the linesve identified some vibrationally-excited bands, among which
of the six branches in the experimental spectrum recordét[21.6F2 = 3/2 (v = 2)-X2I132 (v = 1)one (21988 cmt).
by Fourier transform spectroscopy. Then (as for the prevn the emission spectrum this band is significantly stronger th
ous set of bands) the lines were fitted along with the Ghe 1-0 band (22014 cmh) of the same transition. We sus-
0 bands of the [21.9As5,2—[0.16]A%As/, and [21.9]2As,— pected that another band overlapped with the 2—1 band. Tun
X2Iy, transitions {) fixing the parameters for the twothe laser to this spectral region, we observed two weak flu
lower states to the values determined by Yamazetkial. rescence signalsRtheads) at 20723 cm and 22370 cmt.
(9, 10. A new upper state is therefore located at about 22 364'cm

We found a mistake in Table 3 of Ref: the lines listed and this state is involved in three transitions connecting to t
for the Qe branch of the [21.9As, (v = 0)-X ?I132 (v =0) [1.6]A%A3,, state (band head observed at 20 723 Bmthe
are not corrected by the calibration factor. All the entries of th[§.38]X [Ty, state (band head at 21 988 chawhich overlaps

© 2001 Elsevier Science
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TABLE 1
Observed Lines Positions (in cm™!) of the Studied Transitions of **Ni**Cl

[21.6] Q@ = 3/2-X ?T13)2

J Ree R Pee Py J Ree Ryt
8.5 21605.102 21605.102 435 21610.210 21610.31
9.5 445 21609.916 21610.033
10.5 21604.101 21604.101 455 21609.606 21609.7¢
11.5 21603.573 21603.573 46.5 21609.278 21609.4(
12.5 21603.054 21603.054 475 21608.944 21609.07
13.5 21602.509 21602.509 48.5 21608.589 21608.77
14.5 21601.957 21601.957 495 21608.220 21608.37
15.5 21601.393 21601.393 50.5 21607.838 21608.0C
16.5 21600.807 21600.807 51.5 21607.439 21607.61
17.5 21600.204 21600.204 52.5 21607.028 21607.21
18.5 21599.603 21599.603 53.5 21606.600 21606.7¢
19.5 21598.972 21598.972 54.5 21606.163 21606.3¢
20.5 21598.324 21598.324 55.5 21605.706 21605.92
21.5 21597.668 21597.668 56.5 21605.237 21605.4¢€
225 21597.011 21597.011 57.5 21604.737 21604.9¢
23.5 21596.329 21596.329 58.5 21604.51°
24.5 21595.617 21595.617 59.5 21603.735 21604.0C
25.5 21594.925 21594.925 60.5 21603.190 21603.47
26.5 21594.192 21594.192 61.5 21602.647 21602.94
27.5 21593.447 21593.447 62.5 21602.083 21602.3¢
28.5 21592.679 21592.679 63.5 21601.521 21601.8¢
29.5 64.5 21600.935 21601.269
305 21612.736 21612.736 65.5 21600.334 21600.67
315 21612.639 21612.648 21590.351 21590.351 66.5 21599.710 21600.
325 21612.488 21612.537 21589.522 21589.522 67.5 21599.069 21599.
335 21612.362 21612.407 21588.709 21588.709 68.5 21598.402 21598.
345 21612.200 21612.253 21587.852 21587.852 69.5 21597.751 21598.
355 21612.035 21612.109 21587.002 21587.002 70.5 21597.055 21597.
36.5 21611.861 21611.920 21586.117 21586.155
375 21611.674 21611.745 21585.221 21585.281
385 21611.467 21611.544 21584.325 21584.398
39.5 21611.242 21611.330 21583.413 21583.485
405 21611.003 21611.098 21582.489 21582.550
415 21610.756 21610.854 21581.547 21581.589
425 21610.492 21610.589 21580.604 21580.672

[21.6]Q = 3/2-A?As)2

J Q P J Q P J Q P
13.5 21445.224 335 21436.125 21424.455 53.5 21419.522 21400.¢
14.5 21444.947 345 21435.467 21423.444 54.5 21418.491 21399.!
15.5 21444.668 355 21434.804 55.5 21398.20
16.5 21444.343 36.5 21434.122 21421.415 56.5 21416.394 21396.
17.5 21444.019 375 21433.419 21420.370 57.5 21415.315 21395
18.5 21443.654 21437.212 38.5 21432.686 21419.279 58.5 21414.207 21393
19.5 21443.272 21436.501 39.5 21431.930 21418.189 59.5 21413.104 21392
20.5 21442.885 21435.742 40.5 21431.178 21417.091 60.5 21411.947 21390
21.5 21442.483 21435.005 415 21430.377 21415.950 61.5 21410.801 21389
225 21442.045 21434.236 425 21429.587 21414.809 62.5 21409.631 21387
23.5 21441.621 21433.419 435 21428.768 63.5 21408.433 21386.-
245 21441.171 21432.633 445 21427.904 21412.431 64.5 21407.234 21384
25.5 21440.675 21431.782 455 21427.055 21411.240 65.5 21405.993
26.5 21440.157 21430.943 46.5 21426.186 21410.024 66.5 21404.754
27.5 21439.657 21430.049 475 21425.294 21408.770 67.5 21403.513
28.5 21439.104 21429.179 485 21424.382 21407.508 68.5 21402.207
29.5 21438.564 21428.274 495 21423.444 21406.228 69.5 21400.910
305 21437.974 21427.350 50.5 21422.477 21404.947 70.5 21399.575
315 21437.367 21426.405 51.5 21421.516 21403.638
325 21436.765 21425.447 52.5 21420.529 21402.287
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TABLE 1—Continued
[21.6]Q = 3/2-A?Az);
J Rff Ree Pff Pee J Rf F\’ee
35 19961.455 19961.455 395 19964.197 19964.33
4.5 19961.051 19961.051 40.5 19963.916 19964.0-
55 19960.565 19960.565 415 19963.588 19963.73
6.5 19960.151 19960.151 425 19963.274 19963.4
7.5 19959.670 19959.670 435 19962.926 19963.0¢
8.5 199 59.199 19959.199 445 19962.561 19962.7¢
9.5 19958.708 19958.708 455 19962.189 19962.3€
10.5 19958.182 19958.182 46.5 19961.816 19962.01
115 19957.643 19957.643 475 19961.389 19961.6(
125 19957.071 19957.071 48.5 19960.956 19961.1¢
135 19956.536 19956.536 495 19960.516 19960.7¢
145 19955.963 19955.963 50.5 19960.066 19960.3¢
15.5 19955.355 19955.355 51.5 19959.585 19959.8¢
16.5 19954.746 19954.746 52.5 19959.109 19959.4¢
175 19954.122 19954.122 53.5 19958.571 19958.9¢
18.5 19953.491 19953.491 54.5 19958.071 19958.4:
19.5 19952.838 19952.838 55.5 19957.551 19957.9¢
20.5 19952.152 19952.152 56.5 19957.023 19957.41
215 19951.472 19951.472 57.5 19956.427
22.5 58.5 19955.858 19956.322
235 19950.039 19950.039 59.5 19955.270 19955.7¢
24.5 19949.288 19949.288 60.5 19954.627 19955.1¢
25.5 19948.545 19948.545 61.5 19954.002 19954.5;
26.5 19966.646 19966.646 19947.799 19947.799 62.5 19953.371 19953.
275 19966.509 19966.509 19947.010 19947.010 63.5 19952.691 19953,
28.5 19966.407 19966.407 19946.196 19946.196 64.5 19952.040 19952.
29.5 19966.289 19966.310 19945.379 19945.379 65.5 19951.348 19952.
30.5 19966.149 19966.185 66.5 19951.34
315 19966.001 19966.053 67.5 19949.933
325 19965.817 19965.870 68.5 19949.159 19949.9¢
335 19965.633 69.5 19948.424 19949.288
345 19965.441 19965.528 70.5 19947.666 19948.5¢
355 19965.219 19965.321 715 19946.875 19947.7¢
36.5 19964.995 19965.091 72.5 19946.092 19947.01
375 19964.744 19964.852 735 19946.26!
38.5 19964.481 19964.596 74.5 19945.50
[21.9]2A5/2—A2A3/2
J Qef Pff Pee Ree Rff
125 20258.128 20258.128
135 20257.921 20257.921
145 20257.718 20257.718 20252.647 20252.647
15.5 20257.510 20257.510 20252.034 20252.034
16.5 20257.262 20257.262
175 20257.004 20257.004 20250.872 20250.872
18.5 20256.756 20256.756 20250.258 20250.258
19.5 20256.448 20256.448 20249.644 20249.644
20.5 20256.175 20256.175 20248.965 20248.965
215 20255.861 20255.861
225 20255.522 20255.560 20247.635 20247.635
235 20255.205 20246.955 20246.984
245 20254.862 20246.263 20246.305
25.5 20245.571 20245.571
26.5 20254.075 20244.800 20244.873
275 20253.680 20253.725 20244.074 20244.139
285 20253.260 20253.327 20243.320 20243.362
29.5 20252.866 20252.912 20242.538 20242.586
30.5 20252.420 20252.455 20241.774 20241.814 20263.513
315 20251.975 20252.034 20240.937 20241.061 20263.401
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TABLE 1—Continued

[21.9]2A5/2—A2A3/2

J Qef Qe Pt Pee Ree Ryt
32.5 20251.525 20251.582 20240.113 20240.205 20263.2
335 20251.024 20251.113 20239.306 20239.368 20263.164 20263.
34.5 20250.523 20250.625 20238.452 20238.564 20263.052 20262.
35.5 20250.027 20250.126 20237.634 20237.723 20262.7
36.5 20249.481 20249.602 20236.731 20236.839 20262.690 20262.
37.5 20248.965 20249.085 20235.852 20236.015
38.5 20248.413 20248.525 20234.944 20235.086 20262.336 20262..
39.5 20234.011 20234.203 20262.150 20261.99
40.5 20247.262 20247.430 20233.078 20233.310 20261.918 20261.
41.5 20246.672 20246.822 20232.182 20232.348 20261.695 20261.!
42.5 20246.046 20246.263 20261.425 20261.25
43.5 20245.438 20245.631 20261.188 20260.99
44.5 20244.800 20245.003 20260.890 20260.71
45.5 20244.139 20244.391 20260.584 20260.34
46.5 20243.465 20243.705 20260.305 20260.03
47.5 20242.815 20243.067 20259.993 20259.69
48.5 20242.117 20242.369
49.5 20241.413 20241.671 20259.319 20258.98
50.5 20240.654 20240.991 20258.947 20258.59
51.5 20239.920 20240.251 20258.236
52.5 20239.174 20239.529 20258.189 20257.80
53.5 20238.404 20238.759 20257.757
54.5 20237.634 20238.013 20257.343 20256.96
55.5 20236.839 20237.242 20256.515
56.5 20236.015 20236.472 20256.515 20256.08
57.5 20256.036 20255.623
58.5 20255.116

[24.91T11/2-A? A3z

J Ree R Pee Qef Px Qre

8.5

9.5 23328.479 23325.357
10.5 23328.301 23324.865
115 23328.120 23324.372
12.5 23327.955 23323.824
135 23327.712 23323.317 23328.016
14.5 23322.471 23327.508 23322.734 23327.80
155 23321.855 23327.235 23322.174 23327.59
16.5 23321.264 23326.992 23321.577 23327.35
175 23326.732 23320.961 23327.122
18.5 23320.015 23326.437 23320.361
19.5 23319.373 23326.133 23319.710 23326.54
20.5 23318.666 23325.819 23319.069 23326.26
215 23318.018 23325.472 23318.403 23325.97
22.5 23317.292 23325.143 23317.741
23.5 23316.632 23324.775 23317.062 23325.28
24.5 23315.899 23324.371 23316.330 23324.96
25.5 23315.146 23323.991 23315.613 23324.57
26.5 23323.585 23314.894 23324.202
27.5 23323.170 23323.784
28.5 23333.063 23312.834 23322.732 23323.37
295 23332.957 23312.071 23322.261 23312.581 23322.9
30.5 23332.865 23311.228 23321.803 23311.800 23322.5
31.5 23332.740 23310.433 23321.316 23322.03
32.5 23332.581 23309.592 23320.813 23310.128 233215
33.5 23308.711 23320.316 23309.319 23321.07
34.5 23332.865 23307.860 23319.795 23308.444 23320.5
35.5 23332.043 23332.739 23306.987 23319.256 23307.564 23320.
36.5 23331.867 23306.103 23318.665 23306.692 23319.5
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TABLE 1—Continued
[24.9]21_[1/2—A2A3/2
J Pee Rff Pee Qef Pﬁ Qfe
375 23331.660 23305.145 23318.113 23305.807 23319.0
385 23331.410 23332.105 23304.279 23317.510 23304.876 23318.
39.5 23331.196 23331.864 23303.285 23316.912 23303.935 23317.
40.5 23330.923 23331.607 23302.375 23316.292 23303.019 23317.
415 23330.637 23301.402 23315.664 23302.026 23316.6
425 23331.066 23300.422 23315.023 23301.061 23316.0
435 23330.087 23330.753 23299.426 23300.060 23315.4
44.5 23329.748 23298.425 23313.692 23299.050 23314.7
455 23329.420 23330.087 23297.371 23313.003 23298.050
46.5 23329.078 23329.746 23296.332 23312.304 23296.984 23313.
475 23328.709 23329.422 23295.286 23311.586 23295.931 23312.
485 23328.363 23329.028 23294.215 23310.837 23294.879 23312.
49.5 23327.954 23328.648 23293.179 23310.086 23311.3
50.5 23327.552 23292.033 23309.315 23292.722 23310.6
51.5 23327.121 23290.961 23308.551 23291.596 23309.8
52.5 23326.731 23289.821 23307.756 23309.13
53.5 23326.259 23288.706 23306.934 23289.363 23308.3
54.5 23325.817 23287.554 23306.104 23288.206 23307.5
55.5 23325.320 23305.280 23306.786
56.5 23324.863 23304.420 23305.967
57.5 23324.369 23303.553 23305.145
58.5 23323.828 23302.683 23304.28C
59.5 23323.316 23301.771 23303.444
60.5 23322.797 23300.854
61.5 23322.225 23299.932 23301.708
62.5 23321.683 23298.996 23300.813
63.5 23321.076 23298.050 23299.914
64.5 23320.468 23297.076 23298.994
65.5 23319.900 23296.091 23298.05C
66.5 23319.256 23295.079 23297.08¢
67.5 23318.623 23294.068
68.5 23293.042
69.5 23317.292 23292.025
70.5 23316.632 23290.962
715 23289.891
72.5 23288.811
[24.5]2H3/2—A2A3/2
J Ree Rt Pee Pt

18.5 22835.299 22835.299

19.5

20.5 22834.000 22834.000

215 22833.330 22833.330

225 22832.622

235 22831.980 22831.939

24.5 22831.256 22831.205

25.5 22830.500

26.5 22829.802 22829.735

275 22828.979

28.5 22828.258 22828.198

29.5 22848.412 22827.455 22827.417

30.5 22848.319 22848.215 22826.683 22826.607

315 22848.215 22848.107 22825.873 22825.784

325 22848.072 22824.930

335 22847.922 22847.827 22824.187

345 22847.757 22847.643 22823.307 22823.250

35.5 22847.583 22847.449 22822.453 22822.361
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TABLE 1—Continued

[24. 5]2 H3/2—A2A3/2

J Ree Rt Pee Pt
36.5 22847.395 22847.284 22821.567 22821.459
37.5 22847.195 22847.084
38.5 22846.947 22819.750 22819.642
39.5 22846.757 22846.601 22818.852 22818.702
40.5 22846.474 22846.328 22817.727
41.5 22846.242 22846.052 22816.940 22816.743
42.5 22845.957 22845.779 22815.993
43.5 22845.658 22845.483 22814.974
44.5 22845.369 22845.153
45.5 22845.052 22844.829
46.5 22844.724 22844.445
47.5 22844.372 22844.112
48.5 22844.004 22843.730
49.5 22843.622 22843.333
50.5 22843.248 22842.924
515 22842.822 22842.514
52.5 22842.441 22842.047
53.5 22841.612
54.5 22841.526 22841.152
55.5 22841.101 22840.669
56.5 22840.615 22840.164
57.5 22840.116 22839.631
58.5 22839.631 22839.145
59.5 22839.103 22838.576
60.5 22838.576 22838.024
61.5 22838.024 22837.464
62.5 22837.465 22836.874
63.5 22836.922 22836.267
64.5 22836.340 22835.689
65.5 22835.766 22835.048
66.5 22835.149
67.5 22834.505
68.5 22833.879
69.5 22833.225

with the [21.6] Q2 = 3/2 (v = 2)-X?[132 (v = 1) band) and no Q-branches in theAQ =0 transitions [21.3}Az—

the X ?I13), state (bandhead at 22 370 thr In addition, weak [1.6]A%A3, (20 718 cmil) and [21.3] 2Az—X %M1z,

fluorescence involving the [O.lA]ZAg,/g state was observed at(21 982 cnl). Finally, assuming that this new state iglag/z

22 201 cnml, but efforts made to observe a transition to thepin—orbit component, the spin—orbit interval is 459-¢fmin

[1.7]B %X+ state remained unsuccessful. agreement with predictions based on the atomic spin—orbit cc
A rotational analysis of the band located at 20 723 tmas stant. As for the lower energy states, a strong correlation betwe

partially successful thanks to the good knowledge ofBhm- the molecular orbitals and the atomic orbitals of Nan be as-

tational constant of the [1.9§2A3/2 state (Table 2). Unfortu- sumed. In the case of NiF, Caretteal. (6) located a group of

nately it has not been possible to determine any fine structstates between 17 500 cfand 21 500 cmt in the energy level

parameter because of the lack of higtvalue rotational lines. diagram, associated with thed®s]2D electronic state of Ni.

The constants of th¥ 213, state are very well knowri(9), so  The spin—orbit coefficient of this stateds= 275 cni? (6). As

a simulated set of lines of the-branch located at 22 364 cth  noted in Section lIl, &A; electronic state should exhibit a spin-

reproduced the position of the head with an uncertainty ofbit splitting equal to 2 = 550 cnT?, which is in agreement

0.2 cnT!. This new state is located & = 223644 cn%, i.e., with the experimental value (459 cr).

459.2 cnr! above the [21.9FAs, state. Four arguments can

be given to suggest that this new state is thg,, spin—orbit V. DISCUSSION AND CONCLUSION

component of &A; state associated with the [21%] s, state.

First the rotational constants are rather similar (Tables2gond By combining the results collected from two experiment:

this state is not linked to the [1.BPX* state;third there are methods has made it possible to draw an energy level diagr
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TABLE 2
Molecular Constants (in cm 1) for the Electronic States Involved in the Studied Transitions of **Ni**Cl (All Uncertainties are 10)
State To Ao Bo Do x 10’ Po go x 10° %0 yp x 107
[24.9P1/» 0.174720(10)
24732.865(2) —484.542(2) 1.287(11) —0.02006(7) 6.01(10)
[24.5)°3/2 0.174870(10)
[22.3]%A3)2 22364.43% 0.17550 1.208
[21.9]2As)2 21905.157(2) 0.175125(2)  1.308(3)
[216]Q =3/2  21608.625(2) 0.174367(4)  1.311(6)
[1.7]B2%+ 1768.066(5) 0.179935(10)  1.084(20) ~0.11513(8)  9.69(30)
[1.6]A2A3)2 1645.834(5) 0.182295(4)  1.526(6) app = —0.2405(20)

a8The [1.6]A2A3/2 has been described by a polynomial expression:
T =To+ BoJ(J +1)— DpJ?(J + 1% + (1/2)pp I(J + 1)(J + 0.5),

the+ and— refer to theeand f parity levels respectively.
b Estimated constants. See text.

ofthe low-lying X IT;, A2A;, andB 2 * states of NiCl (Fig. 1). Sis was possible only with the help of selective excitation u
If we compare this diagram to that of NiB)( we note thatin both ing a high-resolution laser. The description of this state h
cases the ground state i9(a2H3/2 spin—orbit component. The been recently confirmed by Tanimogt al. (8). For the two
B 25 states are located at 1 768 ch{NiCl) and at 1574 cm!  expected = 1/2 low-lying states we found tw ™ states
(NiF), the A2As/, and A2A 3, substates are observed, respe¢ather than &%+ state and &I1;,, state as expected from
tively, at 161 and 1 646 cmt (NiCl) and 830 and 2224 cn  the 3d-centered atomic orbital model. In Ré.a ligand field
(NiF). theory interpretation of the molecular electronic energy leve
The identification of theX 2I1;/, spin—orbit component is of NiF showed that the firsR = 1/2 state is a mixture of two
very puzzling for NiCl as well as for NiF. In the case of NiFelectronic configurations (67% 611, state and 33% ofz*
a state located 251 crh above the ground state has been dé&tate), which could be responsible for the unusual behavior of
scribed as &= state {) and a large value{= —0.9 cn'%) so-calle? =" state lying at 251 cm' above the ground state of
of the spin-rotation parameter as been determined. This aneWF-
It turns out that in the case of NiCl the situation is simila
The [0.38FI1y,, state is involved in four intense transitions tc
TABLE 3 the [21.6]2 = 3/2, the [22.3FA3)2, the [24.5FI13/2, and the
[24.9]%114,, upper states. Up to now, however, attempts to a

Bandhead Positions (in cm™! )
( ) alyze these bands have been unsuccessful despite the fact

V= ENi%Cl the upper states of the transitions are now well known. Su

[21.6]2 — 3/2-X 213/, Transition a .problem of interpretation also occurs in the analysi§ of tl
0-0 21613.1 microwave dataXl). It seems that, as observed for NiF, the
1-1 21592.0 [0.38]X 213, spin component is affected by a strong intera
1-0 22013.9 tion with close-lying states. Despite the congested aspect of
éj gi ;’gﬂ bands we hope to be able to carry out laser experiments as
12 211731 done successfully in the case of NiF)(

21612 = 3/2-A2A3/5 Transition Ingeneral, the energy levels of metal hglldly@(, X =F,Cl,
0-0 19 966.9 Br, 1) correlate with those of metal hydrideM@). However,
1-1 199428 the low-lying electronic energy levels of NiH appear to diffe
1-0 20367.8 somewhat from those of the nickel halides. For NiH, the grour
[24.5PT13/,—-A? A3/, Transition state is &A state and the second and third lowest state$%te
0-0 22848.6 and 211, respectively 12), while NiF and NiCl have?TT ground
1-1 22824.2 states.

[24.9F I11/2~A% A3 Transition In Section IlI, it was mentioned that the spin—orbit splitting
2:(1) gg gg?? of the X 2IT and A?A states did not match very well with the
1-0 23732.6 predicted values from the Niatomic value (603 cm'" (6)).

Field and his co-workersl@) pointed out that the low-lying
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electronic states of NiH severely interact, resulting in large emental technique (applied to NiCl) could help to answer son
ergy level shifts. This complex interaction consists of the spiref the remaining questions about the energy level diagram
orbit interaction due to thedgelectron hole on the Niatom, NiCl.
rotation—electronic interaction because of the large molecular
rotational constant, and accidental perturbations arising when ACKNOWLEDGMENTS
vibrational energy level separations in tk&éIT and A2A, and
B 2%+ states happen to match the electronic term values of thé‘fbltirs‘ﬁg'; ZQES?%ESMW;?(”LT:QOST Sohrié‘jjo';a ?hngvﬁzitgr;?rssc?:;icngs h
AZA ,and B2y st_ates. Th,e same interaction SCh,eme ShOU|d_ Iria%ineering Research Council of Canazz (NSER)é:). The Centre d’Etudes e
considered for NiF and NiCI. However, the rotation-electronigecherches Lasers et Applications is supported by the MisisCharg’
and vibrational interactions from the “supermultiplet” modede Ia Recherche, theeRion Nord-Pas de Calais, and the Fond Eesspde
(12) are negligible for the heavier NiF and NiCl. Thus, the spinBéveloppement Economique desgins.
orbit intervals in theX 2IT and A2A states are strongly affected
by off-diagonal spin—orbit interactions among low-lying states: REFERENCES
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