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The submillimeter-wave rotational spectrum of the PS radical in the electronic and vibrational 
ground state (A'277I/2, X2IJ3/2) was recorded with the Cologne terahertz spectrometer in the fre-
quency region between 540 GHz and 1.07 THz, covering rotational quantum numbers from J = 30.5 
to 60.5. The PS radical has been produced by discharging PSC13 buffered with Ar. For all transitions 
the yl-doubling was resolved for both the 277I/2 and 2773/2 states. For some transitions with A F = 0 
the hyperfine structure (hfs) caused by the P-atom could partially be resolved even for rather high 
J values. Analysis of the complete rotational data set of PS allows the derivation of a full set of 
molecular parameters, including the rotational constants B, D, H, the fine-structure constants A, 7 , 
D1, the parameters for the yl-doubling p, Dp, q, and the magnetic hyperfine constants a, b, c, d, Ci. 
All parameters have been determined, whereby a, c, and the nuclear spin rotation-constant Ci were 
obtained for the first time. 

I. Introduction 

In the laboratory the PS radical was first studied by 
Dressier in 1955, who investigated part of the elec-
tronic spectrum and assigned the measured spectra 
arising from the C2E - X2U and B2n - X2U band 
systems in the wavelength regions between 2700 -
3100 and 4200 - 6000 A respectively [1]. 

The fundamental vibrational band of PS near 733 
c m - 1 was measured by Kawaguchi et al. (1988), using 
a diode laser spectrometer [2]. The rotational struc-
ture of this fundamental band was clearly resolved for 
the 2771/2 and 21/3/2 states and assigned in agreement 
with the rotational constants and the value for the fine 
structure parameter (A = 321.93 cm - 1 ) given by Je-
nouvrier and Pascat [3]. They carried out a rotational 
analysis of the two band systems C2E — X2n and 
B2n - X2IJ. 

Simultaneously with the IR measurements [2], 
Ohishi et al. [4] observed the microwave spectrum 
of PS and derived from a combined analysis of the IR 
and MW data a reliable set of ground state molecular 
parameters. For the 277i/2 and 2773/2 state the authors 
[4] measured 77 lines with values of J < 16.5 below 
293 GHz with a source-modulated millimeter-wave 
spectrometer. 
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In the present paper we extend the two rotational 
series of the 2TI\/2 and 2773/2 states into the tera-
hertz region to derive from this larger data basis an 
accurate set of molecular parameters for PS, but also 
to gain more insight into deviations from the ideal-
ized Hund's coupling case (a) for higher rotational 
states. As a consequence of the relatively high nu-
clear masses, the spin S and the electronic angular 
momentum L are strongly coupled to the internuclear 
axis, and therefore PS proves to be a typical Hund's 
case (a) molecule. In addition, these measurements 
on PS should also partly be seen as an effort to inves-
tigate the sub-mm-wave spectra of other phosphorus 
containing molecules, some of them with potential 
astrophysical significance, such as PH and CP. 

In 1987 Turner and Bally [5] and Ziurys [6] de-
tected the first phosphorus compound in interstellar 
space: the PN radical was discovered in Orion KL, 
Sgr B2, and W51. They found that the relative abun-
dance of PN was 102 - 104 times larger than that 
expected from gas-phase P chemistry (Thorne et al. 
1984 [7], Allen 1973 [8]). Hence it seems probable 
to discover other phosphorus containing molecules, 
which would be desirable for understanding the phos-
phorus chemistry in interstellar space. However, the 
search for PS in interstellar and circumstellar sources 
between 97.5 and 98 GHz using the 45 m telescope 
of the Nobeyama Radio Observatory by Ohishi et al. 
[4] remained negative. 
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Fig. 1. Sample spectrum of the PS radical in the 2773/2 state 
at 1.03 THz. 

II. Experimental 

The Cologne terahertz spectrometer has been de-
scribed in some detail in [9]. For the present measure-
ments we used two high-frequency and broadband 
tunable backward wave oscillators (BWOs) as radia-
tion sources (frequency range: 880 -1100 GHz, output 
power: ~ 0.5 mW and 530 - 710 GHz, 2 mW sup-
plied from the ISTOK company). These BWOs were 
digitally frequency and phase locked to the higher 
harmonics of a 78 - 118 GHz local oscillator supplied 
by the KVARZ company. The BWO radiation was 
frequency-modulated by a double step function of 

P S 

2 H l / 2 
doubling 
365 MHz 

H I» \ N »I \ 

7 kHz and detected by a magnetically tuned hot elec-
tron InSb bolometer. For the detection of very weak 
lines of paramagnetic species, the Zeeman effect can 
be advantageously used instead of the commonly em-
ployed source modulation technique (see e.g. [10]). 
However, in the present case the Zeeman modulation 
did not work out, since the J-values of the affected 
transitions were too high to be modulated by the ap-
plied magnetic field of about 6 Gauss. The PS radical 
was produced in a dc glow-discharge of PSCI3 in a 
2 m long free space absorption cell. We started the 
measurements by discharching a (PSCI3, Ar) mixture 
and cooling the absorption cell down to -30°C, as has 
been done by Ohishi et al. (1988) [4], However dur-
ing the measurements we found the PS signal optimal 
by omitting the cooling of the cell. The best condi-
tions for the PS production were partial pressures of 
80 |Ltbar Ar, 3 |ibar PSC13, and 320 mA discharge 
current. 

For well-isolated and strong lines, the measure-
ment accuracy of our spectrometer in the Doppler-li-
mited mode is better than ±5 kHz [11]. Besides, this 
measurement accuracy can be increased to ±500 Hz 
in cases where sub-Doppler measurements are possi-
ble [12]. The PS spectra have been measured with less 
accuracy because of a variety of reasons such as par-
tial blending for nearly all hyperfine components of 
PS, baseline problems, and the rather low production 
rate of the PS molecule. The measurement accuracy is 
estimated to be typically 80 kHz for the stronger lines 
and 200 kHz for the weaker ones. Sample spectra of 
the resolved ^1-doublets of J = 58.5 57.5 in 2773/2 

J = 58.5 <-57.5 

966.0 976.0 
1034 GHz + v [MHz] 

340.0 350.0 
1035 GHz + v [MHz] 

360.0 

Fig. 2. Sample spectrum of the 
PS radical in the 277i/2 state at 
1.03 THz. 
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Table 1. Observed Rotational Transitions of PS (in MHz). 

J «- J n Parity ^obs O - C 

30.5 29.5 0.5 e 541263.322 0.020 
30.5 29.5 0.5 f 541633.835 0.052 
30.5 29.5 1.5 e 542524.153 -0.200 
30.5 29.5 1.5 f 542526.356 -0.165 
31.5 30.5 0.5 e 558970.835 0.019 
31.5 30.5 0.5 f 559341.266 0.000 
31.5 30.5 1.5 e 560267.334 0.575 
31.5 30.5 1.5 f 560269.833 0.977 
32.5 31.5 0.5 e 576673.503 -0.550 
32.5 31.5 0.5 f 577044.384 0.090 
33.5 32.5 0.5 e 594372.770 -0.007 
33.5 32.5 1.5 e 595737.540 -0.283 
33.5 32.5 1.5 f 595740.082 -0.111 
34.5 33.5 0.5 e 612066.883 0.013 
34.5 33.5 0.5 f 612436.727 -0.010 
34.5 33.5 1.5 e 613466.085 -0.320 
34.5 33.5 1.5 f 613468.836 -0.081 
35.5 34.5 0.5 e 629756.218 0.018 
35.5 34.5 0.5 f 630125.885 0.008 
35.5 34.5 1.5 e 631189.865 -0.301 
35.5 34.5 1.5 f 631192.755 -0.070 
36.5 35.5 0.5 e 647440.671 0.041 
36.5 35.5 0.5 f 647810.220 0.050 
36.5 35.5 1.5 e 648908.750 -0.217 
37.5 36.5 0.5 e 665120.035 0.016 
37.5 36.5 0.5 f 665489.314 0.012 
37.5 36.5 1.5 e 666622.456 -0.213 
37.5 36.5 1.5 f 666625.517 -0.116 
38.5 37.5 0.5 e 682794.226 -0.002 
38.5 37.5 0.5 f 683163.334 0.024 
38.5 37.5 1.5 e 684330.917 -0.214 
38.5 37.5 1.5 f 684334.085 -0.167 
39.5 38.5 0.5 e 700463.147 0.020 
39.5 38.5 0.5 f 700832.018 0.020 
39.5 38.5 1.5 e 702034.107 -0.106 
39.5 38.5 1.5 f 702037.493 -0.005 
40.5 39.5 0.5 e 718126.543 -0.025 
40.5 39.5 0.5 f 718495.329 0.103 

and 2771/2 are shown in Figs. 1 and 2. The integration 
time was about 2 minutes for these measurements. 

III. Results and Discussion 

We measured 77 lines of PS in the frequency re-
gions between 541 - 718 and 912 - 1070 GHz, which 
are listed in Table 1 and 2. These spectra were fitted 
to an effective Hamiltonian of the form 

Htff = Hso + #SR + #Rot + #CD + #AD + #HFS> ( 0 

where the subscripts SO, SR, Rot, CD, /ID, and 
HFS refer to spin-orbit, spin-rotation, rotational mo-

Table 1. Continued. 

J «- J n Parity "obs O - C 

51.5 50.5 0.5 f 912391.345 0.476 
51.5 50.5 1.5 e 914001.880 1.184 
51.5 50.5 1.5 f 914007.625 0.296 
52.5 51.5 0.5 e 929612.604 0.547 
52.5 51.5 0.5 f 929977.636 -0.157 
52.5 51.5 1.5 e 931620.904 -0.214 
52.5 51.5 1.5 f 931626.319 -0.549 
53.5 52.5 0.5 e 947191.684 -0.314 
53.5 52.5 0.5 f 947557.239 -0.222 
53.5 52.5 1.5 e 949234.914 0.712 
53.5 52.5 1.5 f 949240.077 -0.092 
54.5 53.5 0.5 e 964764.425 -0.120 
54.5 53.5 0.5 f 965129.733 0.003 
54.5 53.5 1.5 e 966839.557 -0.252 
54.5 53.5 1.5 f 966845.678 -0.317 
55.5 54.5 0.5 e 982329.089 -0.473 
55.5 54.5 0.5 f 982694.356 -0.107 
56.5 55.5 0.5 f 1000251.588 0.066 
56.5 55.5 1.5 e 1002027.900 -0.128 
56.5 55.5 1.5 f 1002034.916 0.249 
57.5 56.5 0.5 e 1017436.912 0.465 
57.5 56.5 0.5 f 1017800.957 0.189 
57.5 56.5 1.5 e 1019609.692 -0.669 
57.5 56.5 1.5 f 1019616.748 -0.483 
58.5 57.5 0.5 e 1034977.812 -0.226 
58.5 57.5 0.5 f 1035342.508 0.445 
58.5 57.5 1.5 e 1037184.760 0.112 
58.5 57.5 1.5 f 1037191.532 -0.228 
59.5 58.5 0.5 e 1052511.540 -0.004 
59.5 58.5 0.5 f 1052874.806 -0.460 
59.5 58.5 1.5 e 1054750.767 -0.007 
59.5 58.5 1.5 f 1054758.984 0.867 
60.5 59.5 0.5 e 1070036.970 0.145 
60.5 59.5 0.5 f 1070400.444 0.202 

Note: Hyperfine splitted components due to AF = ± 1 collapse in 
the Doppler-width. Values give center frequencies. 

Table 2. Observed Rotational Transitions of PS with AF = 0 
(in MHz). 

J F 4- J F n Parity fobs O - C 

32.5 32.0 31.5 32.0 1.5 f 577996.637 0.166 
33.5 33.0 32.5 33.0 0.5 f 594383.441 0.017 
33.5 33.0 32.5 33.0 0.5 e 594698.935 -0.114 
34.5 34.0 33.5 34.0 0.5 e 612392.465 -0.660 
38.5 38.0 37.5 38.0 0.5 e 683120.462 0.174 

tion, centrifugal distortion, yl-type doubling, and hy-
perfine contributions, respectively. The spectroscopic 
constants governing these interactions are A (spin-
orbit), 7 and D7 (spin-rotation), B (rotation), D and 
H (centrifugal distortion), p, q, Dp (yl-type doubling), 
and a, b, c, d, and C/ (hyperfine). 
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The Hamiltonian was evaluated in a parity basis 

nlU vJ±) = { | nvJQSAE) ± (-)J~S 

representing Hund's case (a) [15]. For the hyperfine 
analysis, the basis was extended to include the total 
angular momentum quantum number F , where 

nvJ(-Q)S(-A)(-E))}, (2) 
F = I + J , (3) 

and I = 1/2 or depending on the phosphorus atom. 

In the extended basis, the Hamiltonian can be represented by the 2 x 2 matrix 

( 2 / 7 I J ' \ F ± I tfeff | 2 7 7 , J \ F ± ) { 2 n , J ' \ F ± I HEFF 1 2 N \ J \ F ± ) 

( 2 7 7 , J ' \ F ± | HE{{ 1 2 n > J \ F ± ) {2IJ>J'\F± \ HE{f 1 2 n ' I J \ F ± ) 

where, for the treatment of PS, the nuclear spin I has been set equal to 1/2. In the following the Hamiltonian 
will be discussed due to the order of the energy contributions of the individual terms of Heff in (1). For reasons 
of completeness we refer to the explicit Hamiltonian matrix elements. 

III.I. Fine Structure 

The fine structure is characterized by the elec-
tron spin-orbit- and electron spin-rotation-interaction, 
where the spin-orbit coupling dominates the splitting. 
The ground state of PS is a regular 2 77 state, so that 
the 277i/2 substate is the energetically lower one. The 
2773/2 substate lies nearly 320 c m - 1 higher and, in the 
interstellar medium, it will only be populated in high 
temperature sources. Because of the relatively high 
nuclear masses of each atom, phosphorus and sulphur, 
the axial electromagnetic field along the quantization 

j 
48.5 

< 

8.5 . 

7.5 . 

6.5. 

5.5. 

4.5 _ 

3.5. 

2.5. 

A - doubl ing 

A - doubl ing 

Fig. 3. Section of the energy level diagram of PS. 

a-axis is rather strong and therefore leads to a large 
coupling between the spin S and the electronic angular 
momentum L. This is the reason for the high energy 
splitting between the two electronic states (see Fig-
ure 3). The 2771/2 and 2773/2 arise from the coupling 
of S and L to form the resultant projection on the 
a-axis J? = A + E = \ and Q = A - E = As a 
typical property for Hund's case (a) wave functions 
the projections A and E on the internuclear axis and 
therefore i? are good quantum numbers. For PS, the 
large energy splitting between the two states 2 U 3 / 2 

and 2TI\/2, causes the observable transitions corre-
sponding to AJ? = ± 1 to lie in the FIR, i. e. neither in 
the submm- nor in the terahertz-region. Nevertheless 
the value for the fine structure constant A of about 
9.6 THz [3] can be used to analyse the pure rotational 
transitions, since the explicit matrix elements of H s o 
are independent of the rotational quantum number J : 

# f s = # s o + #SR (4) 

- 1 0 
0 1 + 7 

- 1 

iy/J 2 + J ~ l 
WJ 2 + J 

o 

The necessity to take the spin-rotation interaction 7 
into account for the fit is due to the strong correla-
tion of the matrix elements of 7 with those of the 
yl-doubling parameter 

=2 E 
/7-states 

( 7 7 1 AL+ 1 R ± ) ( 7 7 | BL+ | R * ) 

En — EE 

which is independent of the parity function "±" . Us-
ing perturbation theory, it can be shown that this term 
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becomes dependent on " ± " in the case of neighbour-
ing electronic states and then affects the yl-doubling. 
In this case, 7 does not represent a contribution to 
the fine structure, but is instead a manifestation of an 
additional yl-doubling contribution between the 2 77 
and the 2 E states. 

III.2. Rotational Spectra 

The observed pure rotational lines of PS are divided 
into two sets of transitions arising from the211^/2 and 
277i/2 states. In each fine structure term the typical 
rotational ladder corresponding to B • N(N + 1) of 
Hund's case (b) can be recognized, now determined 
by the rotational quantum number J = N ± S (see 
Fig. 3). However, the rotational part of the Hamil-
tonian of the PS radical can be represented by the 
expression 

Hrot = B • {J2 - J2 + S 2 - S2
Z + (£+S_ + L_S+) 

^ — ^ 

Spin -Orb i t 

- (J-S+ + J+S-) — (J+L- + J_L+)}, (5) 

S p i n - R o t A—Doubling 

corresponding to the origin vector coupling of a 
Hund's case (a) molecule. Contrary to Hund's case 

(b) there is no possibility in case (a) to give a for-
mula for the pure rotational part separately from fine-
structure and yl-doubling contributions. The matrix 
representation therefore results in 

Hmt = B 
- yjj2 + J J t2 + j-1 

(6) 

containing on- and off-diagonal elements in the case 
(a) parity basis (2). n the case of rotation, off-diagonal 
elements represent an admixture of Hund's case (b) 
wave function and lead to the spin-uncoupling from 
the molecular axis. To determine the size of the S-
uncoupling as a function of J with the Hund's case 
(a) parity basis, we calculated rotational-spin-orbit 
energies with and without off-diagonal elements and 
took the difference AE between them as a measure of 
the S-uncoupling in Hund's case (b). This mathemat-
ical procedure was developed by Klisch et al. [13]. 
In Fig. 4 AE, plotted for PS, shows an approxima-
tive quadratic dependence on J and ranges in size up 
to « 1.9 GHz for J = 14.5. A comparison between 
the S-uncoupling of PS with that of NO - both have 
X277-symmetry - shows that the size of the spin-
uncoupling of PS is by a factor « 70 smaller than for 
NO, which for higher rotational states is characterized 
by an intermediate state between Hund's cases (a) and 
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Table 3. Molecular constants of PS in the electronic and 
vibrational ground states277i/2 and 2773/2 (in MHz). 

constant is 

B 8895.7953(18) 
D 0.00578458(44) 
H -0.000000000438(57)* 

A 321.93t 
7 -699.8(15)* 
D 7 0.00227(28)* 
P 372.483(30) 
DP -0.000174(25)* 
<7 0.191(12)* 

a 516.9(27)* 
b 288.2(56) 
c -444.4(52)* 
d 686.22(43) 
Ci -0.0349(53)* 

(The values in parentheses are the uncertainties in units of the last 
digits). * Determined for the first time; t in c m - 1 , fixed, taken 
from Jenouvrier and Pascat (1978). 

(b) (see also Fig. 4 in [13]). Light molecular species, 
as the hydrides PH [14], SH [15], and NH [16], ex-
hibit much stronger 5-uncoupling because of their 
larger rotational constants. In order to calculate accu-
rate spin-uncoupling energies, a highly precise value 
for the pure rotational parameter B is required. As a 
result of our measurements we obtained very accurate 
values for the rotational parameter B and the centrifu-
gal distortion parameter D (see Table 3). Futhermore, 
the sextic centrifugal distortion constant H was de-
termined for the first time. It is worth noting that in 
a pure Hund's case (a) coupling scheme, L and S are 
separately decoupled along the internuclear axis. In 
PS for lower rotational states, the electronic spin 5 is 
coupled to the molecular axis, as in pure case (a). For 
higher rotational states, however, 5 slowly uncouples 
from the molecular axis and eventually couples in-
stead to the angular momentum N = A + R, where 
R is the end-over-end angular momentum of the nu-
clear frame and A is the electronic orbital angular 
momentum along the nuclear axis, as in pure Hund's 
case (b). This spin uncoupling leads to a change in the 
effective rotational constants Bt{{ and thus to charac-
teristic shifts involving the two appropriate energy 
level stacks consisting of the rotational energy levels 
of the X 2 n \ / 2 and X2i73/2 electronic states. For the 
X2IJ[/2 state, the effective rotational constant is [14] 

/ B \ 
Btff = Bv(\ = 8887.5831 (18)MHz,(7) 

whereas for the A"2773/2 state, the effective rotational 

Beff = Bv (l + + . . = 8903.9984(18) MHz,(8) 

where the positive value of A (=1) is chosen. The 
frequency shift between the two fine structure terms 
amounts only to « 16 MHz for the PS molecule. This 
attributes, together with the small spin-uncoupling 
behaviour to the well practicable Hund's case (a) wave 
function (2). For NO a value of « 260 MHz is found 
for the frequency shift. 

III.3. A-Doubling 

The electronic angular momentum leads to a degen-
erated state of J , which in the classical picture, is due 
to the two different orientations of the electron's mo-
tion around the nuclei. The molecular end-over-end 
rotation, or more precisely the interaction between the 
electronic angular momentum L and the rotation R, 
removes the degeneracy and splits each rotational-fine 
structure term into two states with different parity. The 
yl-doubling energies are in general smaller than the 
rotational or the fine structure energies. For the NO 
radical the uncoupling of L from the internuclear axis 
has the effect of making the molecule intermediate 
between Hund's case (a) and (d), in which L couples 
to R. For PS this effect is less important; as shown for 
the S-un_coupling. In general the il-doubling splitting 
is larger for the2 77i /2 state than for the the 2773/2 state, 
which can be understood from the matrix elements: 

&AD) = ?{P + DPJ(J+ 1)}^<J
O

+5> ^ (9 ) 

*{q + DqJ(J + 1)} J + i 
- I ( J + i ) V T 0 

where X = J(J + 1) - 3/4 and ± refers to the parity 
function. 

The splitting of the 277i state is determined by the 
yl-type doubling parameters p and q, while the contri-
butions refering to the 2773/2 state are only dependent 
on the off-diagonal elements in q. 

The analysis of /1-type doubling in terms of a 2 x 2 
matrix is a simplification of the actual situation, in 
which matrix elements between the Q components 
of the 277 state and all 2U states cause the effect. 
These matrix elements, connecting states of different 
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Fig. 5. Ratio of the yl-type doubling in the 2/73/2 state to that in the 2i7i/2 state plotted as a function of J for the radicals 
NO, SH, and PS. 

yl (A = — 1,0, +1), have the effect of causing the so-
called L-uncoupling from the internuclear axis. Even-
tually, as J increases, L is more profitably coupled to 
the end-over-end rotation R of the molecule, a situa-
tion known as Hund's case (d). Since it is difficult to 
isolate perturbing 2 S states, a perturbation treatment 
first presented by van Vleck [18] is normally used. 
The {HAD) matrix shown above is the second-order 
result. The off-diagonal matrix elements of (HAD) 
are zero for molecules represented exactly by the par-
ity basis of (2). Indeed, this holds for no molecule, 
since it would require a rotational constant of zero. 
When off-diagonal elements of (HAD) are included, 
the electron spin S, which is coupled to the orbital 
field of L in Hund's case (a) representation, will show 
a slight uncoupling due to admixture of Hund's case 
(d) in addition to its major uncoupling due to admix-
ture of Hund's case (b). It can be stated in other words 
that while the linear yl-type doubling in the 2 i l i ß state 
is a pure measure of L-uncoupling, the yl-type dou-
bling in the 2 773/2 state is caused by a combination of 
L-uncoupling and S-uncoupling. 

The ratio of the energetically split rotational terms 
of the 2H-x,ji to the2 771 /2 fine structure term provides a 
qualitative measure of the joint effect of L-uncoupling 

and S-uncoupling compared with the pure uncoupling 
of L. This relation was calculated by first using the 
off-diagonal elements in (9), which represent the non-
linear contribution of the yl-doubling causing (L + S)-
uncoupling, and then by omitting the off-diagonal 
elements, yielding the pure L-uncoupling leading to 
Hund's case (d). In Fig. 5, these ratios are shown 
for the radicals NO, SH, and PS, all of which are 
of 2 n symmetry. For the PS molecule the ratio is 
extremely small so that the points are pictured on a 
scale enlarged by a factor of 50. Based on (9), one 
expects the ratio to go as the square of the ratio of 
the rotational constant to the fine structure constant 
multiplied by a factor roughly quadratic in J , which 
results from algebraic diagonalization [17, 19, 20], 
Thus, light radicals with large rotational constants will 
show deviations from pure case (a) at lower levels of 
J. For NO, the ratio of the rotational constant B to 
the fine structure constant A is roughly 0.01, so that 
even for J as large as 14.5, the ratio of the yl-type 
doubling in the 2i73/2 substate to the yl-type doubling 
in the 2 n { / 2 substate is still only 0.1. For PS, the 
ratio is B/A = 0.0009, and this radical approximates 
case (a) almost exactly, such that the analogous ratio 
is 0.002 at J = 14.5. For SH [ 16,21 ] the ratio is much 
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larger, as pictured in Fig. 4, since B/A = 0.025. The 
ratio B/A corresponds to the often quoted formula 
2BJ A A | and is conform with the explicit matrix 
formalism of the symmetric wave function. Effects of 
transitions between the Hund's cases (see Klisch et 
al. [13]) are compensated for off-diagonal elements. 

7/7.4. Hyperfine Structure 

The hyperfine splitting is dominated by the mag-
netic interactions between the nuclear spin I and the 
electronic orbital angular momentum L and spin S. 
These interactions exhibit a reverse behaviour from 
the yl-doubling, in that the splittings are more pro-
nounced in the 2/73/2 state. 

The basis used for the hyperfine coupling corre-
sponds to Hund's case (dip), in which the nuclear spin 
I couples to J to form a resultant vector F. 

The diagonal hyperfine matrix elements for the I 
= 1/2 case in this basis used for the numerical fit are 
given by Brown [22] and Meerts [23]: 

(2n,j']-F±\HHfs\2n,jl-F±) 

if) b + c 
a — 

2 1 2 71 (10) 

lnij'~F± | i7Hfs 12nij-F±) ( i i ) 

= G(I, J, J ' , F) (—)J l f J' 1 J 
_ 2 o 3 

2 u 2 

b + c r 2 
a + — +6j,S 3 X C i 

where 

G(I,J,J',F) = (-)I+J'+F 
(12) 

• V i a + 1)(2/ + 1)(2J + 1)(2J' + 

The spin-rotation hyperfine interaction parame-
ters C i and C r are of second order, as described 
by Townes and Schawlow [20], who reduce the ef-
fect to a perturbation caused by excited states with 
Ayl = ±1; viz. 

C/oc Y , 
(n I r L+ I S){n 1 BL+ 1 E) 

A E (13) 

The nuclear spin-rotation constants typically influ-
ence the hyperfine structure of molecules possessing a 
strong bonding potential. For non-radicals like HC5N 
or other carbon chain molecules, the spin-rotation in-
teraction Ci yields one contribution to the hyperfine 
structure. The magnetic hyperfine parameters a, b, and 
c cause a larger splitting for the 2 TZ3/2 state than for the 
2 /7 i / 2 state as a partial consequence of the different 
factors [a - (b + 0/2] for 2 H \ j i and [a + (b + c)/2] 
for 2n2j2 in the diagonal matrix elements. 

To understand this, one must look at the off-
diagonal matrix elements: 

(2n,J'l-F±\HHk\2nlJl-F±) (14) 

J' 1 J 
_3 ! I 

2 1 2 

= -G(I,J,J',F) (-)• 

b ^ 6 j f ( J + \)Ci' 

In these terms, the magnetic Fermi-contact interac-
tion constant b represents the dominant contributions. 
Because the parameter b (see Table 3) is rather small, 
the magnetic hyperfine interaction is dominated by 
diagonal contributions, but b affects the hyperfine 
spectrum due to the numerical diagonalization. In 
particular, the off-diagonal elements of b cause an 
increase of the hyperfine splitting of the 2/J3/2 state 
and, vice versa, a decrease of the splitting of the 2/7J j2 

state. Since the Fermi contact interaction represents 
the non-vanishing probability of the unpaired electron 
to be located near the nucleus, molecules with a sig-
nificantly larger hyperfine splitting in the 2773/2 state 
than in the 2/7i/2 state possess a higher probability 
for the unpaired electron density to be large near the 
magnetic nucleus. 

For most of our measured transitions it was not 
possible to resolve the hyperfine splittings caused by 
the P-atom because of their high J values up to 60.5. 



145 H. Klein et al. • Rotational Spectra of PS up to 1 THz 

For these quantum numbers, the individual compo-
nents of the AF = ± 1 transitions collapse within the 
Doppler-width. However, hyperfine transitions with 
A F = 0 move away from the central position but 
loose intensity. We have observed 5 hfs components 
corresponding to relative intensities as low as 0.0002, 
which for the first time allow a determination of the 
nuclear spin-rotation interaction constant C/ . 

IV. Conclusion 

The newly measured lines (listed in Tables 1 and 2) 
yield a set of molecular parameters, whereby the ro-
tational, the yl-doubling and the hyperfine parameters 
could be determined precisely. The rotational parame-
ters (see Table 3) agree very well with those of Ohishi 

et al. (1988) [4]. In addition, the high rotational tran-
sitions require the centrifugal distortion parameter H 
in the fit. Both parameters for the yl-doubling, p and 
q and the centrifugal correction term Dp were de-
termined. All parameters of the magnetic dipole hy-
perfine structure have been determined, whereby a, 
c and the second order interaction C j of the nuclear 
spin rotation were obtained for the first time. These 
values are somewhat different from those of Ohishi 
as a consequence of our measured lines with AF = 0. 
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