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A New "Double Resonance" Method for Investigating Atomic
Energy Levels. Application to Hg sPI*
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Excitation of atoms in a vapor by polarized light produces unequal population of the magnetic sublevels
of the excited state, The emitted optical resonance radiation is therefore partly polarized. The application
of radiofrequency or microwave 6elds at a magnetic resonance frequency will induce transitions between
sublevels of the excited state. The degree of polarization of the emitted optical resonance radiation is
altered when the magnetic resonance condition is ful6lled. As suggested by Brossel and Kastler, this e6'ect
may be used to reveal the structure of the energy level; A detailed theory applicable to, and experiments
on the sP~ state of all the isotopes of mercury are reported. The results obtained indicate that double reso-
nance phenomena constitute a valuable new tool for investigating the structure of atomic energy levels.
The mean life of the 3E& state is shown by observations on the resonance line widths to be 1.55&(10 7 sec
for all the isotopes. The g-factor of the 'E~ state for isotopes with zero spin, measured in terms of the proton
g-factor, is 1.4838+0.0004,

INTRODUCTION

'HK only means Rvmlable at present for investi-
gating the internal structure of nuclei involves

accurate determinations of nuclear moments and hyper-
6ne structures. ' These determinations have previously
been made by magnetic resonance experiments on the
ground state of atoms or molecules in a beam or on
diamagnetic liquids. In such experiments magnetic
dipole transitions arc induced by Rn osclllRting Hlagnctic
field. If, in the sample being investigated, there is an
initial inequality in the population of the magnetic
sublevels of any given state, the net CGect of the
transitions induced by the oscillating magnetic 6cld is
to change this inequa1ity and. therefore to modify any
property depending on it. In an atomic or molecular
beam experiment the number of particles having a
given trajectory through the apparatus is altered. In a
nuclear resonance experiment, the degree of magnet-
ization of the core of a coil, and therefore its impedance,
is altered. A further possibility, having the great ad-
vantage of extending observations to the excited states
of atoms, is to detect magnetic resonance in an energy
Ievel by observing changes in the optical radiation
involving transitions from or to that level. '

The present paper gives an analysis and a detailed
description of cfkcts erst observed in I950,' basedon
suggestions put forward by Brosscl and Kastler. 'Exci-

~ This work has been supported-in part by the Signal Corps, -

the Air Materiel Command, and ONR.
f Joint fellow of Spectroscopy Laboratory and Laboratory for

Nuclear Science an.d Engineering.
'A. Bohr, Phys. Rev. 73, 1109 (1948); F. Bitter, Phys. Rev.

76, 150 (1949); A. Bohr and F. Weisskopf, Phys. Rev. 77, 94
(1950).

~ F. Bitter, Phys. Rev. 76, 833 (1949);M. L. Pryce, Phys. Rev.
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Attention is also called to the pioneering work of E. Fermi and
F. Raset ti LNature 115, 'M4 (1925);aIId Z. Physik 55, 246 (1925)j,
who 6rst observed the depolarization of the resonance radiation
of mercury by radiofrequency magnetic 6elds.' J. Brossel and A. Kastler, Compt. rend. 229, 1213 (1949}.

tation of a level by optical resonance radiation with
polRllzcd light provides thc lnltlRI lncguRllty of popu-
lation in the Zeeman pattern of the excited state. The
degree of polarization of the light spontaneously re-
emitted depends on this initial inequality and changes
when it is altered by magnetic resonance absorption.
This is the physical basis of the observations reported
below.

Changes in frequency of the optical resonance radia-
tion caused by magnetic resonance among the sublevcls
of either the upper or lower of the energy levels in-
volved in the radiation process have also been pre-
dicted. ' Such changes have been observed by Autler
and Townes~ in a somewhat analogous case in molecular
spectra but are much too small to be significant for the
atomic spectra discussed in the following.

GENERAL DISCUSSION OF EFFECTS IN
MERCURY VAPOR

Mercury was the element studied experimentally.
Naturally occurring mercury was used for the investi-
gation of isotopes with even mass number and zero
nuclear spin. Samples enriched in Hg'" and Hg"' werc
supplied by the Atomic Energy Commission for the
investigation of these isotopes. Isotopic abunda'nces of
thc sRIYlplcs used RI'c shown in TRblc I.

The level studied was the 'E'l excited state reached
by excitation with the intercombination line 'So—'P~,
having a wavelength 2537A. A diagram of the transi-
tions involved and of the hyperfine structure of the line
is shown in Fig. 1. The ground state is a diamagnetic
'So state. The opticRI transition probabilities hRve been
computed using the formulas of Hill' and Inglis~ and
are shown in Fig. 2 for the weak field case of no de-
coupling of the nuclear and electronic angular mo-
menta. In this diagram the vertical arrows correspond

~ S. H. Autler and C. H. Townes, Phys. 'Rev. 78, 340 (1950).' E. H. Hill, Proc. Nat. Acad. Sci. 15, 779 (1929).' D. Inglis, Z. Phys. 84, 466 (1933).
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TABLE I. Isotopic abundances of the samples of mercury used.

Percent of isotopes v&1th Percent
even mass number 199

Percent
201

Natural Hg
Enriched Hg'99
Enriched Hg~o'

69.80
32.27
37.3

17.0
62.5
4;76

13.2
5.23

57.9

s V. von Keussler, Ann. Physik 82, 793 (1927).
' F. Bitter and J. Brossel, Technical Report No. 176, Research

Laboratory of Electronics, M.I.T. (hereafter called simply
Technical Report No. 176).

to transitions with hnsp=o, or plane polarized m-radia-
tion in absorption or emission with the electric vector
parallel to the applied field, and diagonal arrows corre-
spond to transitions with Amp= +1 or circularly
polarized 0-radiation.

For isotopes with even mass numher l shown in
Fig. 2(a)] m-excitation leads to the middle upper state
only, and in the absence of perturbations, the re-
emitted radiation contains this x-component only. The
experiment then consists of the application of a radio-
frequency field which transfers atoms to the states with
m= +1when the magnetic resonance condition m =yH,
is fulfilled. Here co is the frequency of the oscillating
field, II, is the constant magnetic 6eld, and y is the
gyromagnetic ratio of the state in question, namely,
the 'P» state. When the resonance condition is fulfilled,
the intensity of the m--component diminishes, and that
of the 0-component increases. These changes were
observed and used to detect resonance.

Collisions involving excited atoms will modify the
aforementioned simpIe description, since atoms can
then be reoriented not only by the absorption of rf
energy, but'also as a result of inelastic collisions.
According to previous work, a the vapor pressure of
mercury at —15'C is low enough so that the efkct of
such collisions is negligible, but this is not true at O'C,
the temperature used in the experiments to be de-

scribed. At this temperature a considerable fraction of
the atoms excited to the level with m= 0 are transferred.

by collisions to the levels with m=&.1, and the re-
emitted light is partly depolarized even in the absence

of an oscillating field. This depolarization of resonance

radiation as a result of inelastic collisions will reduce

the magnitude of the signal to be expected when an

oscillating 6e11 is app1ied, and will shorten the mean

life of an atom in any given excited level. No experi-

mental investigation of these eRects was undertaken.
It is simply assumed that magnetic relaxation phe-
nomena may affect the two quantities just mentioned,

but may otherwise be neglected.
The eRects to be expected have been analyzed. in

considerable detail. ' A summary of results will be given

here. The problem concerns the reorientation of a
magnetic dipole with fixed total angular momentum.

This situation was analyzed in a very general way by
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Pro. i. (a) The lour-lying energy levels of mercury; (b) the hyper-
fine structure of the resonance line.

Majorana" and by Rabi, "who derived the expressions

for the required transition probabilities. An angular
momentum Ii in one of its substates mp is in a rotating
6eM B1 at right angles to a constant field 8,. Under

these conditions the probability of transitions to another

state mp is considered. For simplicity we shall write

the magnetic quantum numbers without the subscript

F. Modifications caused by use of linearly oscillating

rather than rotating fields have been considered by
Bloch and Siegert, "These modifKations are negligible

'0 E. Majorana, Nuovo cimento 9, 43 (1932).
I I Rabip Phys Rev 51p

652 (1932)
'~ F, Blotch and A. Siegert, Phys. Rev. 57, 522 (f940).
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FIG. 2. Transition probabilities for the components of the resonance line of mercury (a) for isotopes and even mass number,
(b) for Hg"' with f=1/2, and (c) for Hg"' with f=3/2.

for most purposes. We shall return to their discussion
further on. For rotating 6elds Majorana and Rabi
derive an expression for the probability that a system
of total angular momentum P, known to be in a state
m at time k=0, shall be in a state m' at some later
time t. We designate this transition probability by
P(F, m, m', t) It is rigor. ously derived from the Schroed-
inger time dependent equation and is not arrived at
by perturbation theory. It is therefore valid for large
ampIitudes of the rotating 6eld and for large values of
the time.

Let co be the frequency, in radians per second, of the
rotating field HI. The gyromagnetic ratio is & =ge/2Mc.
The Larmor frequency ~0 in the constant field H, is
given by ~0= yH, . The Landh g-factors for the various
isotopes of mercury in the 'P~ state in question are
given in Table II. The values listed have only a limited
validity, since gg is computed on the assumption of L-5
coupling which is surely not rigorously valid for the
'Pi state of mercury. If it were, transitions to the
ground state, which is a singlet state, would be for-
bidden, whereas in fact, the life of the metastable
triplet state is of the order of 10 ' sec.

We now de6ne an angle, o,, by the relation

n (o/YH, )' (yH, )'
sin

1+L1+ (H*/HI) j' (VHI)'+ (~—~o)'

Sin'12[(yHI)2+ {oI—4oa)aj&t. (1)

This is a periodic function of the time. The amplitude
of this periodic function is shown in Fig. 3, From an

inspection of this illustration it is clear that for H,/HI
~10 the function plotted has a maximum near M =Np,
and Eci. (1) may be written, to a good approximation,

(VHI)'
sln —=

2 (rHI) + (4o—Ma)

X»n'2[(VHI)'+(~ —~4)'j'& (2)

(yHI)'(n)
P($, 12 —-'„f) = sin'~ —

~

=—
E 2i (yHI)'+ (oI—4oa)'

Xsln 2[(rHI) + (M —roc) ]if.

Transitions induced by the oscillating Geld will take
place with appreciable probability in a radiating vapor
if the above transition probability has an appreciable
value within the lifetime of the excited state. For
example, for lifetimes of the order of 10 " sec we must

In terms of this angle 0. the required transition proba-
bi1ities given by the. Majorana formula are

P(F, m, m', t)

= (cos-',n) 4~(F+m)!(F+m')!(F m)!(F—m')!—
- 2p ( 1)m(tanrn)2n —m+m' -2

xp- (3)
~=o rI!(44—m+m')! (F+m —n)!(F—m' —e)!

The simplest case is for F=1/2. The aforementioned
formula then reduces to
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have yII~, of the order of 10' sec ', or since y 10', we
must have rotating fields of the order of a gauss.

EGects caused. by transitions induced by the rotating
magnetic 6eld must now be combined with e6ects
caused by transitions involving optica1. resonance radi-
ation. Ke shall describe here procedures to be followed
in making the calculations and leave the discussion of
speci6c formulas to later parts of this paper where
they will be compared with experimental results,

I.et I be the number of optical quanta absorbed per
second involving transitions from some one particular
magnetic sublevel of the ground state, designated by
m„to one particular magnetic sublevel of the excited
state, designated by the two quantum numbers Ii and
m. The number of atoms excited in an interval of time
df at the time I,=o is then ddt. If T, is the mean life of
atoms in the excited state, the number of atoms re-
maining in the excited state after a time t has elapsed
is ndte '~~'. lf the excited atoms were in a rotating
magnetic field during the entire time interval t, the
number in a sublevel m' of the excited state at the time
t is NI'(Il, m, m', t)e '~r dt

%e wish to compute the total number of excited
atoms in R vapor in the sublevel m'. %e have just
derived. the number which had been in the excited state
for a time between t and t+dt. Evidently, the total
number may be arrived at by integrating

- l4
8 x

0 I I I I I ( I t I l

0 2 4 6 8 IO I 2 I4 I 6 I8 RO

Hg jH)

FIG. 3. A contour plot of

(~jest)' j~+L1+ (&.j&1)j'(&&1)'jt.(yB1)'+(~—~0)'j.

eP(F m m' t)e "~dt. - (4)

In this expression the excitation rate is obtained from
the steady state condition n =X,./T„where

Am, mgXm&I0. The coef6cient Am, m~ is the transition

probability between an excited sublevel ns and a ground

state sublevel m, shown in Fig. 2. X~, is the number of
atoms in the ground. state sublevel in question, and Io
is the intensity of the light used to produce the exci-
tation. The only one of these quantities requiring
further discussion is E~,. For practically realizable
intensities of illumination the fraction of the atoms in

TAsI.E II. The Lande g-factors for the 3E& state of the isotopes
of mercury computed from the relation.

I'(Ii+1)+J(J+1)—I(I+»
K+= g~ 2P(I;+1)

I'(P+,1)+I(I+1)—J(J+1)
2r(v+1)

, 2J(J+1)+~(~+1)-L(L+»
2J(J+1)

a vapor which are in an excited state at any instant is
very small Rnd may be neglected in comparison with
the number in -the ground state. Normally thermal
relaxation processes insure that the various magnetic
sublevels of the ground state are equaQy populated.
The use of polarized resonance radiation may upset

. this thermal equilibrium, particularly when circularly
polarized radiation is used. Such eGects are not im-

portant in the experiments discussed here, and we shaH

therefore neglect them in this discussion. For isotopes
with even mass number Ã~, is simply the total number
of such atoms present, For Hg'" with a spin of ~~ there
are two ground-state sublevels, and N~, =%~99/2 For.
Hg2" with a spin of ~ there are four sublevels, and.

tVmg
——E2og/4.

The intensity of the light radiated by atoms which
have been excited from m, to m, transferred from m to
ns', and which 6nally decay from m' to m, ' is propor-
tional to

lVmiA vnr, en~i.

Isotopes with even mass number

~j2
Hg199

1j2

S/2
Hg"' 3j2

1j2

1 —1.81X10 4

2+1.81X10-4

)+1.19X10-4
g9+1.46X10 '

—~+3.31X10-'

S„is given by Eq. (4), and the transition probability
A is that shown in Fig. 2. The dependence of the state
of polarization of the resonance radiation on the magni-

tude and frequency of the rotating magnetic field may
then be obtained by summing over the various levels

involved. In general, in a vapor containing a mixture
of isotopes, several optical frequencies mill be absorbed
and some assumption must be made regarding the
structure of the resonance line used Lsee Fig. 1(b)g.
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No measurements were made of the absolute magni-
tude of the oscillating field. Relative measurements
were made by means of a crest voltmeter in an auxiliary
inductively coupled circuit and are considered reliable
to about 1 percent.

Magnet currents were measured with a Leeds and
Northrup Type K2 potentiometer, with the auxiliary
shunt kept at O'C. Two magnets were used. The first,
having a uniformity of only about one part in 10' over
the volume of the resonance lamp, was used for the
determination of line shape and of the mean life of the
V'i state. The second was uniform to better than one
part in 10' over the region occupied by the lamp and
was used in the determination of the gyromagnetic ratio.
This magnet was calibrated by means of proton reso-
nances at 1.6, 0.812, 0.530, and 0.350 Mc/sec. The
local earth's field. was evaluated. by making resonance
measurements with the magnet current Rowing in both
senses through the magnet.
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SQUARE OF THE R"F FIELO

Io (vHi)' hHi)'
=

2 (.H )+(-:-.) «/T. )+4(~H.)+(---.)
(Cd

—(d 0)
(5)

(1/T,) + (yHg) +((y—(go)

This represents a bell-shaped curve for values of

yH~(&1/T„but for yH~&&1/T, the curve has two
maxima. The separation between these maxima is V2H~,

and the rat, io of the intensity at maximum to that at
resonance is, in the limit for large rf power, 4/3.

A detailed check of Eq. (5) was undertaken. One
finds for the intensity at resonance

(~H.)'
8,.=k—---

4(~Hi)'+(1/T. )'
(6)

where k is an arbitrary constant. In order to check this
equation the quantity HP/B„was plotted as a function
of H~ in arbitrary units. The result is shown in Fig. 6(a).
It is clear that this aspect of the theory is well borne

OBSERVATIONS ON ISOTOPES WITH EVEN
MASS NUMBER

. Kith the aforementioned apparatus operated at fre-
quencies from 50 to 150 Mc/sec, resonance curves such
as are plotted in Fig. 5 are obtained. They show, at one

given frequency, galvanometer deflections as a function
of the applied constant field for various rf amplitudes.
Increasing the rf amplitude produces a stronger and
wider line a,nd also produces characteristic changes in
the line shape. All of these features, as we shall see, are
accounted for by Eq. 4. In Technical Report No. 176
it is shown that for the case in question involving

lntegrals containing I (1,0, 1, I), the galvanometer de-
Rection should be proportional to a quantity which we

call 8:

x
Cl

x,
4J
X:

LL

O
ld
K

Vl

l I I

SQUARE OF THE R-F FIELO-

Fio. 6. {a) A plot of Eq. {6);(b) a, plot of Eq. (7).

out by the experiments. In the absence of an absolute
determination of IIi, however, it is not possible to
deduce T, from this relation. Another procedure was

adopted to determine this quantity. From Eq. (6) it is

possible to compute the width of the resonance line Ace

when the amplitude is half its value at resonance, as a
function of II~. For our purposes the complete expres-
sion is not important. The 6rst two terms in a power
series expansion are

AaP = (4/T. ') [1+5.8(yHgT, )']. (7)

The form of this expression is also experimentally
veri6ed for the range of rf amplitudes used, as is shown

in Fig. 6(b) where the experimental data are plotted in

arbitrary units. It is possible, however, to plot this

data using the correct units. The half-width of the
resonance curve in frequency units may be obtained.

from the observed half-width m gauss alld the ki1own
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within 2 percent with that found for the isotopes of
even mass number, again indicating that all isotopes
have the same mean life in the excited state.

SUMMARY

j.. An eGective method has been demonstrated for
extending rf absorption measurements to the, excited
states of atoms.

2, The g-factor and the level widths for the V'j state

of mercury have been studied. These levels could be
examined in sufBcient detail to establish their center to
within 2 percent of the level widths.

3. The method can be extended to measurements of
the hyper6ne structure.

4. Other promising 6eMs of observation include the
Stark effect, the quenching and depolarization of reso-
nance radiation, and in general, problems related to
magnetic relaxation phenomena in vapors.
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Effect of the Atomic Core on the Magnetic Hyperfine Structure*

R. SmRNHKIMER
Brookhaeen Sationat Laboratory, UPton, Sm F'ork

(Received December 20, 1951)

Equations have been obtained for the magnetic 6eld at the nucleus due to the current induced in the
electron core by an external valence electron. The magnetic Geld is written as —4ppLj/(j( j+1))j(r )„(1+8),
where (r )~ is the average over the valence electron function, assumed in a P state, R is the correction due
to the core, jMO=Bohr magneton, j=angular momentum. E is of importance in obtaining the nuclear
quadrupole moment Q from the value of the magnetic moment pl and the ratio bja of the splittings due to
Q and pl. The electric field gradient at the nucleus, —~~e(r 3)„(1+8),which determines b, contains a similar
term E for the distortion of the core by the valence electron. It is shown that R~ approximately cancels
the exchange terms of R, so that the correction factor for Q is that predicted by the Thomas-Fermi model.

I. INTRODUCTION

IN the calculation of the eQ'ect of the quadrupole
& ~ moment induced in the electron shells on the nuclear
quadrupole coupling) lt was pointed out that the elec-
tron core may exert a similar e6ect on the coupling of
the nuclear magnetic moment with the electrons. The
closed shells are distorted by the electrostatic inter-
action with the valence electron. The exchange part of
this interaction leads to additional terms in the core
density for the electrons with spin parallel to the valence
electron spin, which are not. present for the electrons
with antiparalle1 spin. Moreover, the density induced
by the exchange depends on the magnetic quantum
number of the core substate. Both terms in the core
density give rise to a magnetic 6eM at the nucleus, and
hence to an interaction with the nuclear magnetic
moment.

The purpose of this paper is to calculate the magnetic
eGect and to show that it approximately cancels the
exchange terms in the quadrupole coupling correction.
Therefore, the correction to nuclear quadrupole mo-
ments is essentially that predicted by the Thomas-
Fermi model. Values of the correction are given for the
nuclei whose Q has been determined.

D. THE MAGNETIC EFFECT

The magnetic splitting)is determined by the com-
ponent along j (angular momentum of atom) of the

~ Work done under the auspices of the AEC.
'R. Sternheimer, Phys. Rev. 80, 102 (1950); 84, 244 (1951}.

The latter paper will be referred to as I.

magnetic fteld at the nucleus H(0):

(1; 1 3(s; r)(r,'j) s; j)
H(0) j= —2~s Zl + — I, (1)

' &r rs rs)
where I; and s; are the orbital angular momentum and
the spin of the ith electron, whose radius vector is r;;
po ——.Bohr magneton. The excitation of s states will be
considered first. To be speci6c, we consider the per-
turbation of 1s by the 3p electron in Al. The unper-
turbed wave function of the three electrons for the
'Ps~a state with magnetic quantum number m;=3/2 is

+=3 'L4(1, 2, 3)+0(2, 3, 1)+0(3, 1, 2)j, (2)

l( (1, 2, 3)= lit.

(1)hatt.

(2)A., t(3)
&&L2 'f (1)b(2)—&(1) (2)) (3)3 (2 )

Here pt, is the 1s function, p,,~ „
is the 3p function

with magnetic quantum number m, u(i) and b(s)
are spin functions for the s component of the spin of i,
s;,=1/2, and —1/2, respectively.

To obtain the perturbation of P due to exchange, we
write the Schrodinger equation

2Z) 2,—Zl ~"+—I+2 —4=&4,r;)»r;;
where 7; is the gradient for the coordinates of s (in Bohr
units err), r;;= l r,—r, l, E is the energy (in Ry units).


