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By means of collinear laser spectroscopy the hyperfine structure of two transitions in the ionic 
spectra of sulphur and chlorine has been measured. The hyperfine constants of the involved 
levels have been determined. From them and by means of the spin-orbit coupling constants of 
the involved p-electrons the quadrupole moments of 33S, 35C1 and 37C1 could be determined 
anew. The importance of the new values is seen in the fact that in the case of sulphur they result 
from measurements at the free ion or, in the case of chlorine, that they result from an electron 
other than 3 d.

Introduction

The quadrupole m om ent o f sulphur 33 has never 
been m easured at the free atom  or ion. The tabu lat­
ed value was derived from nuclear quadrupole 
resonance at rhom bic sulphur [1] or microwave 
spectroscopy at several sulphur com pounds [2]. 
Hence there is a lasting dem and for confirm ation of 
these values from  atom ic spectroscopy. However, 
until recently it seemed im possible to resolve the 
ra ther narrow  hyperfine structure of the spectral 
lines o f sulphur. M oreover, the atom ic beam  
resonance fails because there is an apparent lack of 
detecting m ethods. Only the m ethod of collinear 
laser spectroscopy at ion beam s renders possible the 
resolution o f the hyperfine structure in just one 
visible line o f the sulphur ion. It belongs to the 
transition

SII 3 p 2(3P) 3d  4F9/2 -  3 p 2(3P) 4 p  4D 7/2

and lies at 5608 Ä. The lower one of the two states, 
4F 9/2, is m etastable due to its high angular m om en­
tum. Accordingly, in the ion beam  extracted from a 
gas discharge into which S 0 2 is fed, a sufficient 
am ount o f ions in that state may be found.

The situation in chlorine is a bit m ore favourable. 
The ground state o f neutral chlorine is a 3 p 52P 3/2
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[3, 4], So far all the data on the nuclear m om ents of 
chlorine have been obtained by atom ic beam  
resonance at this state. A lthough A-, B- and even 
C-values could be determ ined w ith unparalleled 
precision, the S ternheim er effect, which here 
am ounts to 40%, renders unsure the Q-values o f 35C1 
and 37C1 which have been derived from them. 
Hence also a dem and results for optical m easure­
ments at o ther states. Again there are some suitable 
lines in the ionic spectrum  of chlorine at which 
collinear laser spectroscopy can be perform ed. 
Among these

C lII /6664 : 3 p 3( 2D) 3d  3G 5 -  3 p 3( 2D) 4 p  3F 4

turned out to be the m ost favourable one. Again the 
lower state 3G 5 is m etastable and m ay be form ed in 
a gas discharge run in C C l4-vapour.

Experimental

O ur apparatus consists o f a tuneable dye laser 
and an ion beam  form ing system. The latter is d is­
played in Fig. 1 and needs little explanation.

An ion source o f the Penning type, consisting o f a 
cylindrical anode and a tantalum  cathode of large 
area heated by electron bom bardm ent, is placed 
inside a m agnetic field o f axial direction. It is kept 
on high voltage (2.5 keV). The gas discharge inside 
the source was m aintained in an atm osphere of some 
m Torr of S 0 2 or CC14 depending on the species o f 
ions desired. In the case o f su lphur a few cubic 
centim eters o f pure 33S 0 2 were available, which 
sufficed for four recordings. An ion beam  extracted
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Fig. 1. The ion beam apparatus.

from an orifice is accelerated and preselected by a 
60° magnet. It is focussed to the resonance cham ber 
which is kept at negative high voltage (—4 . . .  —5 
keV). The latter voltage is scanned so tha t the 
chosen absorption line o f the ions can be D oppler 
tuned to the frequency o f the laser beam  which is 
transm itted through the cham ber from the other 
side. The reem itted photons o f the excited ions are 
transm itted through a narrow  banded filter and 
counted by a m ultiplier. The counts are stored into 
the m em ory of a com puter (LSI 11/23) which 
likewise supplies the scanning voltage.

The hyperfine structures o f su lphur and chlorine 
obtained in that m anner are displayed in Figs. 2 
and 3. The A- and B-values o f the involved levels are 
determ ined by a least squares fit. The line w idths 
are only 70 MHz in the case o f chlorine but 
160 MHz in the case o f sulphur, w here the pressure 
in the discharge was very low for lack o f m aterial.

Theoretical

The determ ined A- and B-values are listed in the 
Table 1. To evaluate the Q-values from them  we

1500 v/MHz

Fig. 2. Hyperfine structure of the 33S-II-line at 5608 A. 
Due to the nuclear spin /  = 3/2 the structure consists 
mainly of a flag of four strong components with A F  = A J  
(bulk of the signal, left). At the right hand side two less 
intense components appear with F -* F' being 7/2 -» 7/2 
and 5/2 -*■ 5/2 (from right). The transition 3/2 —► 3/2 
almost coincides with the strongest component of the flag. 
The site of the weak components is influenced most 
strongly by quadrupole interaction.

35 ci n
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Fig. 3. Hyperfine structure of the 35Cl-II-line at 6664 A. 
Due to /  =  3/2 for both nuclides of chlorine the pattern is 
very similar to the one of the sulphur line. Only the 
resolution which is mainly due to the pressure in the ion 
source, turns out to be much better. Also all the three 
A F  = 0 components are visible here. Only the ultraweak 
components with AF = +1 could not be detected as in the 
case of sulphur.
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Table 1. Survey of the measured hyperfine constants A 
and B for the involved levels in the SII- and Cl II-spectra.

Nuclide Configuration State A
[MHz]

B
[MHz]

33S 3 p 2(3P) 3d 
3 p 2( 3P )4 p

! F9/2
4d 7/2

80 ±  2 
127 ±  3

56 ± 7  
50 ± 7

35C1 3 p 3(2D) 3d 
3 p 3(2D )4 p

3g 5
3f 4

231.6 ±  0.2 
320.0 ±  0.2

— 1.0 ±0.5  
-7 .9  ± 0 .4

37C1 3 p 3(2D) 3d 
3 p 3(2D) 4p 3F 4

192.6 ±  0.3 
266.1 ± 0 .3

— 1.0 ±0.5  
-7 .7  ±0.8

need the one-electron constants a and b o f the 3 p or 
4p  electron, respectively. Instead o f the a-value the 
spin-orbit constant £ may be used to derive (1 / r 3> 
o f the respective electron. F or sulphur, by applying 
the energy sum rule, one shows easily that

B (3 p 2( 3P) 3d 4F 9/2) =  -  b (3 p )  +  b (3 d ) .  ( 1)

This explains the opposite sign o f B in Table 1 with 
respect to Q o f 33 S. C3p can be derived by in ter­
preting the fine structure o f S II 3 p 32P and 2D  to 
obtain

C3p =  515 cm - 1 . (2)

Neglecting in (1) the contribution  o f the 3d-elec- 
tron, which can be estim ated to a fraction o f 1 MHz, 
one deduces from the well-known form ulae (e.g. 
Kopferm ann [5], eqs. (26,10) and (30,11))

Q ( 33S) =  ( - 8 .4  ± 0 .8 )  • 10-30m 2 , (3)

which confirms the value o f Bird and Townes [2] 
surprisingly well. F or Z ;, following a thum b rule for 
p-electrons, Z  -  4 was inserted.

For the evaluation o f the Q-values o f 35C1 and 
37C1 the following relations are o f crucial im portance:

A (3 p 3( 2D) 4p  3F 4) =  |  A (3 p 3 2D 5/2) +  f a ( 4 p 3/2);

(4)
furtherm ore

A (3 p 3 2D s/2) =  |  a ( 3 p 3/2) +  } a (3 p 1/2) (5)

and
B (3 p 3(2D) 4 p  3F 4) =  b ( 4 p 3/2). (6)

Hence the quadrupole interaction is due to the 
valence electron 4 p  alone as the 3 p 3 shell is semi- 
complete. In (5) the ratio  o f a ( 3 p 3/2) and a ( 3 p 1/2) 
is well-known from the theory. Therefore in (4) 
there are only two free param eters: a ( 3 p 3/2) and

a ( 4 p 3/2). Their ratio  can be also concluded from 
spin orbit param eters since

a ( 3 p 3/2) _  _C3p /.yx
a (4 p 3/2) C4p

C 3p for Cl II can be evaluated from  the fine structure 
in the 3 p 3 ns-series. ( 4p can be taken from the Fine 
structure o f the 3 p 3(4S) 4p  5P states. We find

ClII: C3p =  (803 ±  68) cm -1 ,

C4p =  (85 ±  3) c m -1 . (8)

Inserting (7) and (8) into (4) and (5) we get

35C1: a ( 4 p 3/2) =  31.2 M H z. (9)

Equations (6) and (9) when inserted in Kopfer- 
m ann’s equation (30,13) yield

Q ( 35C1) =  (— 7.6 ±  0.5) • 10~30 m 2; (10)

Q ( 37C1) =  ( -  6.8 ±  1.0) • 10- 30m 2. ( 11)

Korolkov and M akhanek [6] derive a value

Q ( 35C1) =  — 8.5 • 10-30 m 2 (12)

from m easurem ents at the state C l I 3 p 52P 3/2, 
which agrees quite well with our value.

Conclusions

By laser excitation of som e levels in the ionic 
spectra o f su lphur and chlorine their hyperfine con­
stants could be determ ined. Several advantages 
enable us to derive quadrupole m om ents from 
them. F irst o f all the states belong the highest 
7-value w ithin their configuration. Then the spin- 
orbit constants o f the electrons are known. F inally 
the investigated levels are alm ost undisturbed by 
spin-orbit coupling and they fit well into a Russell- 
Saunders scheme. Since Z  is as low as 16 and 17, 
relativistic corrections are o f little im portance.

In the case o f chlorine it had been possible to 
m easure the quadrupole coupling constant o f the 
4p-electron. It completes the form er m easurem ents, 
which were only done at the 3p-electron, in a 
satisfactory way. In the case o f su lphur the m easure­
ments are an order of m agnitude less accurate due 
to the lack o f m aterial (pure 33S). But here the
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quadrupole interaction is m ainly due to the 3p- 
electron and is therefore an order of m agnitude 
larger. M oreover the 33S m easurem ents are the first 
ones which have been done at the free ion or atom.
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