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FIG. 2. Pressure dependence of the negative-ion
mobility in pure 3He at low temperature.

The low temperatures used in these experiments
were produced by a *He-*He dilution refrigerator
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with a copper mixing chamber. The mobility was
measured with a double-gate velocity spectrometer
with a 2, 1-cm path length which was housed in a
copper cell containing ~2000 cm? of sintered Cu for
heat contact. Ions were produced by a tritiated
titanium source of 3. 5-mCinominal intensity which
introduced a heat input of 1.2 erg/sec. The tem-
perature differential between the liquid and the
chamber (calculated from the known Kapitza re-
sistance) should thus be of the order of our tem-
perature scale error. The temperature of the
mixing chamber-ion cell combination was mea-
sured by a cerium-magnesium-nitrate magnetic
thermometer made up of single crystals and coil
foil in a roughly spherical shape. The magnetic
thermometer was calibrated against the vapor
pressure of *He between 0.6 and 1.5 K, and the
error in the temperature scale is estimated to be

5%.

TBased on work performed under the auspices of the
U.S. Atomic Energy Commission.

'3, C. Wheatley, in Quantum Fluids, edited by D. F.
Brewer (North-Holland, Amsterdam, 1966).

%A. C. Anderson, M. Kuchnir, J. C. Wheatley, Phys.
Rev. 168, 261 (1968); and M. Kuchnir, thesis, Univer-
sity of Illinois, 1966 (unpublished).

°N. F. Mott and J. Lekner (unpublished).

%H. T. Davis and R. Dagonnier, J. Chem. Phys. 44,

PHYSICAL REVIEW A

VOLUME 2, NUMBER 1

4030 (1966).

°H. Gould and S. Ma, Phys. Rev. 183, 338 (1969).

SB. D. Josephson and J. Lekner, Phys. Rev. Letters
23, 111 (1969).

"L. Kramer (unpublished).

8R. Abe and K. Aizu, Physics 123, 10 (1961).

’R. C. Clark, Proc. Phys. Soc. (London) 82, 785
(1963).

G. T. Schappert, Phys.. Rev. 168, 162 (1968).

JULY 1970

Multiple-Quantum Transitions in a Rotating Magnetic Field*
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The multiple-quantum and rotating-field descriptions of resonant transitions requiring two
frequencies are compared. Transitions combining features of both descriptions have been ob-

served.

I. INTRODUCTION

Happer! has discussed two-frequency resonant
transitions in which one may consider the field of
one applied frequency v, as establishing the sta-
tionary states and the field of the other frequency
V, as causing transitions between them. This de-
scription appears to differ somewhat from the idea
of multiple-quantum transitions, 2 in which a tran-

sition between stationary states (established in the
absence of applied frequencies) is produced by the
absorption of several photons. In fact, Happer’s
treatment assumes that photons of frequency v,
are plentiful and those of frequency v, are rare.
All the transition frequencies he predicts can be
written v,= [(AE;;/h) +nv,|, where AE,; is the en-
ergy difference between two levels and # is an in-
teger; clearly such transitions involve one photon
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at v, and n photons at v;. We have studied two-
frequency transitions of types not previously ob-
served, including types which require several pho-
tons of frequency v, .

II. THEORY

In this work the resonant system is an atom in
a constant applied magnetic field H,, which defines
the z direction. Transitions between hyperfine
levels are induced by two oscillating magnetic
fields H, and H,, both in the x direction. If the
atom has electronic angular momentum J= L the
hyperfine Hamiltonian will be®

H=hAI +J)+gsiod H,
+85 lod, Hycosw it +griugd, HycOSwat. (1)

The perturbation theory of multiple-quantum
transitions®* may be illustrated by calculating the

transition probability from state & to state ¢ through
intermediate state j (Fig. 1). We expand the actual

wave function of the atom in terms of §,, the
eigenstates of the first two terms of Eq. (1), and
consider the last two terms as perturbations.
Then we solve the time-dependent Schrédinger
equation for the coefficient of ¢,

da, _—1t (i/m)E,-E,)t
EL— 7 M€ iR <¢j|5€l¢k>’

-1 e““’jk"‘”l)t
a; = o7 M <w!le‘¢)k >gy Mo Hy (@2 wy)
+ rapidly oscillating terms,

where wy,= (E; - E,)/7 is assumed to be almost
equal to w;. Then the coefficient of ; can be
found:

da; :
T XCIEA D REAEATS

ef(w{j +wjk-w1-w2)t

Xg% ug HyH, +eeel (2)

(W — wy)
Resonance occurs when w;;+w,,=w;+w,, that

is, when energy is conserved for the transition

from & to i. Figure 1 is correct in displaying this

V2

FIG. 1. Two-quantum
transition from % to .
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FIG. 2. Transitions observed in this work. Light
arrows are vy quanta and heavy arrows v, quanta. The
transitions are labeled by the quantum numbers of the
initial and final states (F M F,M,) and the number of v,
quanta required. M is the mirror transition (see Ref.
1); the dashed lines do not involve v, and are included
for reference only.

energy conservation, but it is misleading to the
extent that eigenstates % and ¢ are affected by the
oscillating fields H, and H,. If these fields are
strong enough to cause transitions, they will usu-
ally also cause energy-level shifts and wave-func-
tion admixtures which affect the observed reso-
nances.? In the multiple-quantum picture all such
effects must be computed separately by perturba-
tion theory.

Happer’s analysis! transforms to a coordinate
system rotating® at frequency w, about the z axis.
Then the first three terms of (1) can be used to
compute eigenstates, and only H, (and the counter-
rotating part of H,) need be neglected or treated
as perturbation. This procedure accounts quite
accurately for the effect of H, on the energy levels
and wave functions, and we have used it in the
computer calculations which we compared with ex-
periment. Happer1 has obtained excellent agree-
ment between similar calculations and the ob-
served dependence of v, on H; and vy, which in-
dicates that the perturbations due to H, may often
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be neglected. In such a case the rotating-field
description is clearly superior.

Many groups have observed transitions which
take place by the absorption of more than one
photon at a single frequency.? We report here the
observation of such transitions (at v,) in the pres-
ence of another stronger field H, which perturbs
the energy levels. Thus, the multiple-quantum
resonant frequency v, can most conveniently be
calculated in the coordinate system rotating with
H,. However, we have chosen to represent the
transitions on a diagram in the nonrotating system
because it shows the photons at both v, and v,.
Figure 2 is such a diagram for the transitions ob-
served in this experiment.

We remark in passing that the rotating-field and
multiple-quantum pictures have also been devel-
oped for nuclear magnetic resonance. 8

III. EXPERIMENT

The experiments were done with the atomic-
beam apparatus described by Bernstein et al.”
The rf loop which produced the transition was
identical in design to Happer’s. The main loop
(H,) was a circular solenoid about 2 cm long made
of 12 turns of heavy wire, and the auxiliary loop
(H,) was a few turns of smaller wire wound around
its center. Relative rf amplitudes were read from
a voltmeter on the oscillator panel; the frequen-
cies were measured with a cycle counter. The
isotope used was K*°, and the magnetic field H,
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FIG. 3. Calculated and observed resonances near
10.5 Mc/sec.

RESONANCE SIGNAL (NORMALIZED)

| %,210.65
1= 9.20

(¢} 2 4 6 o 2 4 6 8
Vo OSCILLATOR OUTPUT (VOLTS)

FIG. 4. Results of varying v, oscillator output. The
curves are normalized to the observed peak positions
(see text).

was held at 13.706 G, corresponding to a fre-
quency of 10. 225 Mc/sec for the (2-12-2) transi-
tion (see Fig. 2).

Figure 3 shows the results of the first experi-
ment. The points represent observed resonances
v, for various values of v, and the lines show the
calculated resonant frequencies. The v, oscillator
output was held at 3 V; the calculation uses H,
=0.2 G. The conversion factor 15 V/G came
from a study of the variation of v, with v, voltage!
at v, =10.3 Mc/sec.

The most interesting part of Fig. 3 is the re-
gion where three resonances cross. Two of the
three involve more than one quantum at frequency
V. The points do not lie exactly on the lines be-
cause both H, and H, perturb the energy levels,
and the calculation only considers H,. Near v,
=9. 38 Mc/sec, the (2 1 2 0) resonance frequency,
the perturbation due to H, is quite large; the same
resonance was even found at different frequencies
for different values of H,. To confirm our assign-
ment of the points to the lines, we tested their
quantum multiplicity for v, by measuring the de-
pendence of transition probability on rf amplitude.?
Figure 4 shows this dependence for selected
points. Theoretically,? it should vary as sin®(aHY),
where N is the multiplicity, but systematic devia-
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FIG. 5. Calculated and observed resonances near
472.7 Mc/sec.

tions can be expected at large H,.° The results for
small H, appear more consistent with the calcu-
lated multiplicities (solid curves) than with pos-
sible alternates (dashed curves).

The third multiple-quantum transition in Fig. 3
is the (2 0 2-2)2Q line. It can be observed in the

absence of v;, and then has the frequency 9. 999
Mc/sec. The presence of v, can be seen to lower
this frequency by the amount calculated.

For the second experiment, v, was set near
472.7 Mc/sec, the resonant frequency of the tran-
sitions (211 0) and (201 1). The impedance of
the 12-turn loop was quite large at this frequency,
but a broad resonance was found at 5 V oscillator
output. This may be compared with the 0.2 V
needed at 10. 225 Mc/sec. The oscillator output
was increased to 22 V, and the two-frequency
resonances shown in Fig. 5 were found. In this
case, the lines represent the calculated frequen-
cies at zero H,.

Figure 5 contains a variety of interesting effects.
Lines 2 and 5 are two-quantum transitions, easily
identified by the different slopes. Lines 1 and 2
represent frequencies that can cause transitions
by two mechanisms connecting different pairs of
states; the transition intensities therefore add,
and the observed resonances were somewhat larger
than usual. Lines 3 and 4 represent frequencies
that can cause transitions by two mechanisms con-~
necting the same pair of states (see Fig. 2); the
transition amplitudes therefore add. For line 4,
the two transition amplitudes, computed to lowest
order using Eq. (2), are equal and opposite, so
that line 4 is forbidden. Although we searched
carefully for it, it was observed only when v, was
very close to 472.7 Mc/sec. Here higher-order
terms are important.

Transitions similar to these have been re-
ported, '° but with the roles of v, and v, reversed;
the low-frequency signal perturbed the energy
levels and the high-frequency resonance was split
by the perturbation. This is sometimes called the
Autler-Townes effect. !

*Work supported in part by the U.S. Atomic Energy
Commission and the Higgins Scientific Trust Fund.

TPresent address: Nuclear Chemistry Division,
Lawrence Radiation Laboratory, University of California,
Berkeley, Calif. 94720.

W, Happer, Jr., Phys. Rev. 136, A35 (1964).

M. N. Hack, Phys. Rev. 104, 84 (1956).

3Hyperfine structure theory for atomic beam experi-
ments is discussed by N. F. Ramsey, Molecular Beams
(Oxford U.P., London, 1956).

‘W. Happer, Jr., thesis, Princeton University, 1964
(unpublished).

%, 1. Rabi, N. F. Ramsey, and J. Schwinger, Rev.
Mod. Phys. 26, 167 (1954).

8See A. G. Redfield, Phys. Rev. 98, 1787 (1955);
S. Yatsiv, ibid. 113, 1522 (1959).

"A. Bernstein, R. A. Haberstroh, D. R. Hamilton,
M. Posner, and J. L. Snider, Phys. Rev. 136, B27 (1964).

8For a previous application of this method, see R. A.
Haberstroh, W. J. Kossler, O. Ames, and D. R, Ham~-
ilton, Phys. Rev. 136, B932 (1964).

9Two principal reasons are the distribution of atomic
velocities, which smears out the oscillations of the sine
function, and higher-order terms in H,, which according
to Happer (Ref. 4) can “stretch” the curve, making it
oscillate less rapidly with H,. Both these distortions
are familiar to the Princeton atomic beams group, and
can be seen in Fig. 4.

0y, Hartmann, Compt. Rend. 268B, 404 (1969);

C. Audoin, M. Desaintfuscien, P. Piéjus, and J. P,
Schermann, IEEE J. Quant. Electron. 5, 431 (1969).
We thank W. Happer for directing our attention to this
work.

113, H. Autler and C. H. Townes, Phys. Rev. 100, 703
(1955).



