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ABSTRACT
The far-infrared laser magnetic resonance spectrum associated with the J 5 1 4 0 fine-structure transition of

31P1 in its ground 3P state has been recorded. This is the first laboratory observation of this magnetic dipole
transition, and its frequency has been measured 2 orders of magnitude more accurately than the previous, indirect
determination from optical spectroscopy. The frequency is DE10 5 4944433.0 H 1.7 MHz. A small nuclear
hyperfine splitting was also observed for the J 5 1 level.
Subject heading: atomic data

1. INTRODUCTION

The atomic P1 ion (P II) has a regular fine structure in its
ground 3P state, which arises from the 3s23p2 electronic
configuration (isoelectronic with atomic silicon). In this Letter,
we report a direct laboratory observation of the J 5 1 4 0
fine-structure transition, which is magnetic dipolar in charac-
ter. The observation was made by laser magnetic resonance
(LMR) in the far-infrared and yields an accurate transition
frequency of 4944433.0 H 1.7 MHz.
Atomic fine-structure transitions are useful probes of the

local physical conditions in various astrophysical situations.
For example, the fine-structure transitions in C1 (2P) at
158 mm and in N1 (3P) at 122 and 205 mm are prominent in
emission from the gaseous component of the interstellar
medium (Wright et al. 1991); the signals provide information
on the large-scale structure of our Galaxy. Similarly, the
fine-structure transition in S (3P) at 25.2 mm provides an
important diagnostic for interstellar shocks (Tielens & Hol-
lenbach 1985; Haas, Holenbach, & Erickson 1991). The fine-
structure intervals of light atoms fall in the far-infrared region
of the electromagnetic spectrum. Many of them have been
determined within an uncertainty of 11 GHz from differences
between lines in optical spectra (Moore 1949). In recent years,
such transitions have been detected directly in astrophysical
sources by either heterodyne or Fabry-Perot interferometric
techniques. The observations point to a need for more accu-
rate determinations of the rest frequencies of the transitions.
If the observation is to be used to measure, e.g., the relative
velocities of different components of interstellar gas, the rest
frequency needs to be known within a few megahertz, as
shown by the measurements on C1 by Lugten et al. (1986).
A program to measure these intervals by far-infrared LMR

spectroscopy has been established at the Boulder laboratories
of the National Institute of Standards and Technology. A new
microwave discharge source to generate the atoms has been
developed (Varberg, Brown, & Evenson 1994), and the oper-
ation of the far-infrared laser has been extended to shorter
wavelengths. As a result, we have recently been able to report

the accurate measurement of the fine-structure intervals for
several atoms, many of which are important in astrophysics.
These include O (Brown, Evenson, & Zink 1993), S (Brown,
Evenson, & Zink 1994a), and N1 (Brown et al. 1994b). Our
measurement of the 3P1 –3P0 fine-structure interval of P1 will
facilitate astronomical searches for this species. Since phos-
phorus has an extremely low cosmic abundance (,10210

relative to H), its detection might be thought unlikely. How-
ever, the diatomic molecules PN and CP have both been
detected in the interstellar medium (Turner & Bally 1987;
Ziurys 1987; Guélin et al. 1990). There is a distinct possibility
that the element appears to be depleted because it exists
mostly in the form of nonvolatile compounds. Atomic phos-
phorous has a comparatively low ionization potential (10.49
eV) and so may be formed easily in ionized regions.

2. EXPERIMENTAL DETAILS AND RESULTS

The details of the LMR apparatus have been given in our
earlier papers (e.g., Brown et al. 1994a). As described there,
the performance has been enhanced in two ways: (1) by
increased sensitivity and (2) by operation at shorter wave-
lengths. The P1 ions were generated in the gas phase using the
same microwave discharge source as we used to form N1 ions
(see Brown et al. 1994b). The discharge was run through
ultra–high-purity helium at 93 Pa (0.7 torr) with a small
amount of phosphorous trifluoride, PF3 , added; the optimum
pressure of PF3 was 0.7 Pa (5 mtorr).
The energy level diagram of P1 in its ground 3P state is

shown in Figure 1. The J 5 1 4 0 transition has been de-
tected with a newly discovered laser line in CH3OH at
60.68 mm (Vasconcellos et al. 1995), which falls close to the
best available estimate of the fine-structure interval from
optical spectroscopy of 164.90 cm21 (4943.6 GHz, or
60.64 mm) by Martin, Zalubas, & Musgrove (1995; see also
Svendenius, Magnusson, & Zetterberg 1983). The CH3OH
laser line is pumped by the 10R(52) line of the carbon dioxide
laser; its frequency has recently been measured to be
4490907.5 H 1.0 MHz.
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As can be seen from Figure 1, the LMR spectrum associated
with the J 5 1 4 0 fine-structure transition of an atom in a 3P
state consists of a single transition, MJ 5 21 4 0 (or 14 0 if
the laser frequency is higher than the atomic interval). The
observed spectrum, shown in Figure 2, is in fact a closely
spaced doublet. This doubling can be attributed to nuclear
hyperfine structure involving the 31P nucleus (I 5 1

2 ); the
splitting is expected to be approximately zero in first order, as
discussed below. The magnitude of the resonant magnetic field
and the observation of hyperfine splitting leave little doubt
that the spectrum arises from P1. Additional confirmation was
provided by laser frequency pulling experiments, which
showed that the signals tune negatively (i.e., as the frequency
increases, the resonance shifts to lower flux densities). The
resonant flux densities were measured, and the results are
listed in Table 1.
A complete description of the MJ -levels of an atom in a 3P

state requires several parameters (see, e.g., Cooksy, Hovde, &
Saykally 1986). The observed resonances associated with the
J 5 1 4 0 transition depend primarily on three parameters,
DE10 , gJ51 , and A1 , the last of which is is the diagonal magnetic
hyperfine parameter for the J 5 1 level. Since we have only
two pieces of data, we have chosen to estimate the value of the

g-factor gJ51 and hence determine values for the other two
parameters. The g-factors can be estimated quite reliably
under the assumption of a Russell-Saunders coupling scheme.
In practice, we have used the values measured for the isoelec-
tronic silicon atom (Brown, Zink, & Evenson 1994c). The
values determined for DE10 and A1 in this way are listed in
Table 2. As a final check, a full calculation for P1 in the 3P
state was performed using the values for the remaining,
insignificant parameters taken from other work; the details are
also given in Table 2. The hyperfine parameters are derived
from those of 29Si (Brown et al. 1994c), suitably scaled in the
ratio of the A1 -values. Note that the sign of the corresponding
parameters for the two atoms are opposite; this reflects the
difference in sign of the magnetic moments of the two nuclei.
The MI assignments given to the transitions in Table 1 are
based on this predicted sign of the parameter A1 . There are
three contributions to A1 , two large ones from the magnetic
fields at the nucleus created by the orbital and spin motion of
the open shell electrons, which, to a close approximation,
cancel each other out, and a very small one from the electron
spin density at the nucleus, the contact interaction (Cooksy et
al. 1986). The balance between these contributions may be
altered in P1 , and as a result, A1 may have the opposite sign
from that assumed in Table 2.
Because of the paucity of data on P1 from its LMR

spectrum, the uncertainty in the parameters determined must
be estimated. For the fine-structure interval, which is obtained
by extrapolation to zero magnetic field, there are three inde-

FIG. 1.—Energy level diagram for the P1 ion in its ground 3P state, in the
presence of a variable magnetic field. The Zeeman components are labeled by
their MJ -values. The Zeeman splittings are exaggerated for the sake of clarity.
The observed transition between the J 5 1 and 0 components is shown.

TABLE 1

FAR-INFRARED LASER MAGNETIC RESONANCE DATA
FOR 31P1 ATOMS

J MJ MI
a

nL
b

(GHz)
B0 c

(mT)

14 0. . . 214 0 2 1
2 4940.9075 167.16

214 0 1
2 4940.9075 168.54

a The transitions obey the selection rule DMI 5 0.
b The 60.68 mm line of CH 3OH, pumped by the

10R(52) line of a CO2 laser. This frequency, as used in
the experiment, has an uncertainty of 1.5 MHz.
c Measurement uncertainties 5 0.05 mT.

TABLE 2

PARAMETERS USED TO DESCRIBE THE FAR-INFRARED
LASER MAGNETIC RESONANCE SPECTRUM OF 31P1

Parameter Value Reference

DE10 (GHz) . . . . . . . . . 4944.4330 (17)a 1
DE21 (GHz) . . . . . . . . . 9120.3 2
g J51 . . . . . . . . . . . . . . . . . . 1.50079b 3
g J52 . . . . . . . . . . . . . . . . . . 1.50064b 3
A1 (MHz). . . . . . . . . . . . 228.56 (42)a, c 1
A2 (MHz). . . . . . . . . . . . 2497d 3
A10 (MHz). . . . . . . . . . . 1375d 3
A21 (MHz). . . . . . . . . . . 1579d 3

a Uncertainty (1 s) estimated from experimental and
model errors (see § 2), in units of the last quoted
decimal place.
b Value for 28Si atom.
c The sign of the parameter A1 has been assumed; see

§ 2.
d Value scaled from that for 29Si, in the ratio of the

A1 -values.
REFERENCES.—(1) This Letter; (2) Martin et al. 1985;

(3) Brown et al. 1994a.
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pendent sources of error: first, the uncertainty in laser fre-
quency as used in the experiment (1.5 MHz); second, the error
in measurement of the flux density (0.05 mT); and third, the
model error from the assumed value for gJ51 . The size of the
last error can be estimated by using the very accurate, calcu-
lated value for gJ of 28Si (1.501097, Veseth 1980) instead of the
experimental value. This causes a shift of 0.72 MHz in the
extrapolated zero-field frequency. The combined effect of
these three uncertainties is 1.7 MHz. The uncertainty in the
hyperfine parameter A1 depends predominantly on the mea-
surement uncertainty of the splitting between the two reso-
nances. This is estimated to be 0.02 mT, leading to an
uncertainty in A1 of 0.4 MHz.

3. DISCUSSION

The J 5 1 4 0 fine-structure interval of P1 ion in its
ground 3P state has been accurately measured to be
4944433.0 H 1.7 MHz, a value that corresponds to a wavenum-
ber of 164.92853 cm21 or a wavelength of 60.63232 mm. This
measurement is more than 800 MHz larger than the previously
best available value, obtained indirectly from optical measure-
ments (Martin et al. 1985); it is more than 2 orders of
magnitude more accurate.
The 31P nuclear hyperfine splitting has also been observed,

apparently for the first time. This has allowed the determina-
tion of a single hyperfine parameter, A1 , which governs the
splitting for P1 in the J 5 1 level. The value obtained,

228.6 MHz, is considerably larger than the value of23.7 MHz
obtained by simply scaling the corresponding value for the
isoelectronic atom, 29Si, in the ratio of the nuclear g-factors.
This is a manifestation of the net charge on the atom, which
draws the outermost electrons in more tightly so that the
expectation value ^r i23& is increased.
It will be interesting to see whether the 60.6 mm transition of

P1 can be detected in appropriate ionizing regions of space.
The present measurements allow the zero-field frequencies of
the hyperfine components of the J 5 1 4 0 transition to be
predicted with an accuracy of 1.7 MHz. The calculated fre-
quencies are listed in Table 3.

This work has been supported in part by NASA contract
W18-623.

FIG. 2.—Far-infrared laser magnetic resonance spectrum associated with the J 5 1 4 0 transition of P1 in its ground 3P state, recorded with the 60.68 mm line
of CH3OH pumped by the 10R(52) line of a CO2 laser. The spectrum was recorded with the oscillating magnetic field of the laser perpendicular to the applied
magnetic field, inducing DMJ 5 H1 transitions. The output time constant of the lock-in amplifier was 0.3 s. The splitting arises from the 31P nuclear hyperfine
interactions (I 5 1

2 ).

TABLE 3

CALCULATED VALUES FOR THE ZERO-FIELD FREQUENCIES OF
THE J 5 1 4 0 FINE-STRUCTURE TRANSITION IN 31P1

Transition n (GHz) Relative Intensitya

J 5 1 4 0:
F 5 1

2 4
1
2 . . . . . . . . 4944.4622 (17)b 1.340

F 5 112 4
1
2 . . . . . . 4944.4180 (17) 2.679

a The relative intensity is given by the square of the magnetic
dipole transition moment, ^LSJ9IF9 i (m/mB) i LSJIF&2 .
b Estimated uncertainty (1 s).
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