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OPTICAL IDENTIFICATION OF THE 12.28-eV QUADRUPOLE TRANSITION
IN MOLECULAR NITROGEN'

Kurt Dressier and Barry L. Lutz
Department of Astrophysical Sciences, Princeton University, Princeton, New Jersey 08540

(Received 12 October 1967)

This Letter reports the optical identification
of a predicted 'Zg -'Z + transition in the far-

g
ultraviolet absorption spectrum of molecular
nitrogen.

As pointed out by Mulliken' the association
of a Rydberg 3scrg electron with the ion core
N2 X Zg must give rise to two Rydberg states,
'Z + and 'Z +. The triplet state is identified
as the upper state of the E'Zg+-A 'Zu+ emis-
sion bands, whereas the singlet state has not
been previously observed in the optical spec-
trum. It can combine with the ground state
only through quadrupole or pressure-induced
dipole radiation. The transition should be ob-
servable in the far-ultraviolet absorption spec-
trum at sufficiently large pressures and path
lengths. Comparison of the related Ss-type
Rydberg states of N2 (E'Zg+) and CO (b 'Z+,
B 'Z+) suggests that the 'Zg+ state of N, lies
in the range 98 000-100 000 cm '. Mulliken
has predicted it at 98300 cm '. Lefebvre-
Brion and Moser' have calculated term values
for Rydberg states of N„ including the 3so 'Z +

state, obtaining 12.5 eV (100800 cm ~). This
predicted state is undoubtedly the one that gives
rise to the electron energy-loss peak at 12.26
V, observed by Heideman, Kuyatt, and Cham-
berlain' at collision energies of 15.7 and 35
eV, and determined to arise from an electric
quadrupole transition by Lassettre, Skerbele,
and Meyer4 through a study of the angular de-
pendence of the inelastic cross section at 500-

eV collision energy. As illustrated in Fig.
1, the voltage dependence near threshold con-
firms this identification: The pure quadrupole
transitions in N2 ('Z +-'Z +)' and in He ('S-g g'S) ' show very closely analogous threshold
behavior. This analogy is also evident in the
corresponding singlet-triplet excitations (see
Fig. 1).

The optical search for this transition thus
involves the region =1009.6-1012.9 A (=12.26
+ 0.02 eV). This region has previously been
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FIG. 1. Strength of quadrupole allowed transitions
relative to dipole ones, as a function of energy above
threshold, in the electron energy-loss spectra of N2
[measured at 15.7- and 35-eV collision energy {Ref.
3)] and of He'.

1219



VOLUMK 19, NUMBKR 21 PHYSICAL REVIEW LETTERS 20 NOVKMBKR 1967

investigated by Worley, who found three faint,
red-degraded bands with heads at 1015.37,
1008.52, and 1001.74, A, denoted by him as
the i group. These bands originate in the v"
= 1 level of the electronic ground state'~' and

terminate in the levels v' = 0 ("j"), 1, and 2

of b 'II„. Since the population of the v"= 1 lev-
el at room temperature is 1.1&& 10 ' relative
to v" = 0, it should be possible to detect the
quadrupole band in the presence of the b-X (1-1)
band, which has an oscillator strength' of =2
x10 ', provided the f value of the quadrupole
0-0 band is no less than =10

We have photographed the absorption spec-
trum of N, at pressures up to 40 Torr and 600-
cm path length, using a 3-m spectrograph in
first and second orders, and a Hopfield contin-
uum light source. '0 The i-band heads (v" =1)
were clearly visible at 10 Torr without any
real indication of the searched-for quadrupole
absorption. However, at 40 Torr, as shown

by the densitometer trace of Fig. 2, a broad
and symmetric strong absorption feature is
clearly superimposed onto the b-X (1-1) band.
At 40 Torr the intensity of this new band. is
much greater than is attributable to the 1-1
band, as evident by comparing in Fig. 2 the
relative intensities of the v"=0 and v"= 1 pro-
gressions. Furthermore, the new band extends
clearly beyond the head of the 1-1 band at 1008.81
A. Comparison with the spectrograms of H,O,
O„and CO rule out the presence of these mol-
ecules as detectable impurities.

As shown in Fig. 2, the new absorption band

is centered around a line at 1009.77 A, which
can be identified as the Q branch of the quadru-
pole band, since this line is too strong for as-
signment to the 1-1 band. The calculated in-
tensity distribution in the 0 and S branches
is shown in Fig. 2 [omitting odd-numbered ro-
tational lines; the rotational constant B, (N, , X)
= 1.92 cm ' was tentatively adopted for the Ryd-
berg 'Z + state]. The observed width of the
band as well as the observed steep growth of
its intensity with N, pressure are best explained
by assuming that the rotational lines are pres-
sure broadened and that possibly some of the
observed intensity is due to pressure-induced
dipole radiation. This Rydber g transition may
very well be much more pressure sensitive
than the many other forbidden systems of N,
at longer wavelengths, which are intravalence
shell transitions. Diffuseness of lines at sim-
ilar pressures has recently been found by Ta—
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naka" in the absorption spectrum of argon in
the region 900-1000 A, i.e., the region which
should contain the quadrupole lines p'p -p'.

The Q-branch wavelength of 1009.77 corre-
sponds to a term value of 99032 cm ' (12.278
eV) and agrees well with the electron energy-
loss determinations. '~4 The optical identifica-
tion of this transition constitutes the first ex-
ample of an electronic spectru~ of the type
'Z +-'Z +. We propose to designate the state
(N2+X, 3sog) 'Zg+ with the letter a" (the state
lies above a and a', and below b and b').

It should be noted that the a"-band profile
of Fig. 2 is far from representing the profile
of the absorption coefficient, since the curve
shown is an unreduced tracing of a heavily ex-
posed spectrogram. Further work is in prog-
ress to determine oscillator strengths and,
through a study of their pressure dependence,
to determine the contribution of pressure-in-
duced dipole and of pure quadrupole radiation.

)This research has been supported by the National
Aeronautics and Space Administration under Grant No.

I

978.88
FIG. 2. Microdensitometer trancings of N2 absorp-

tion spectrograms: The strong and wide band observed
at 40-mm Hg pressure of N2 (600-cm path length is at-
tributed to the a" ~Zg+-X ~&g+ quadrupole (or pressure-
induced dipole) transition whose theoretical structure
and intensity distribution are indicated at the top (for
clarity, odd-numbered lines are omitted in all branch-
es). The spectrogram at =10 mm Hg of N2 shows
the 0-0, 1-0, and 2-0 bands of $-X for comparison of
the intensity distribution among these three bands with
0-1, 1-1, and 2-1 bands ("i"), showing that the 1-1
transition cannot account for the intensity and width of
the band centered near 1009.8 A. "e" denotes emis-
sion in the light source.
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SOME NE% SCHEMES FOR POLARIZING NUCLEI*
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Although nuclei in gases have been polarized
using the method of optical pumping introduced
by Kastler, ' no successful experiments have
yet been reported for solids. In this note we
give details on some new schemes recently
proposed' for enhancement of nuclear polari-
zation by optical pumping in solids, abbrevi-
ated as ENPOPS. Although there are several
cases discussed below, the schemes have these
general features: (1) production of an electron
spin polarization by pumping with circularly
polarized light; (2) transfer of this polariza-
tion to nuclear spins through hfs coupling, pref-
erential relaxation processes, or saturation
of microwave transitions; (3) transfer of the
polarization to abundant nuclei through cross
relaxation. In principle, ENPOPS could pro-
duce sizable nuclear polarization even at room
temperatures, which is an advantage over the
present microwave dynamic nuclear polariza-
tion methods.

(A) Contact hfs, high fields. —To consider
this case imagine a magnetically dilute crys-
tal at a temperature T containing paramagnet-
ic ions, or perhaps + centers or trapped atoms,
in which the electronic ground state is repre-
sented by the spin Hamiltonian K=gPH. J'+AX I,
the large first term representing the Zeeman
interaction of the ion with an external magnet-
ic field H and the second, the hfs interaction
with the nucleus of the ion (or in the case of
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FIG. 1. Levels and transitions for a paramagnetic
ion in high field with & = 2 and I=2. The populations in
columns (a) and (b) are obtained by enhancement of
the nuclear polarization by optical pumping.

F centers, with a near-neighbor nucleus). These
energy levels and wave functions (8, Jz, Iz) are
shown in Fig. 1 for 4= 2 andI= 2, along with

an optical level or band to which we induce
transitions by illuminating the crystal with
circularly polarized light. %e assume that

by pumping with, say, right-hand polarized
light we induce the transition probabilities shown,


