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The transition probabilities of the multiple quantum transitions of a system of coupled angular momentum
vectors in a uniform static plus perpendicular rotating magnetic field are studied both in the uncertainty
width region, by time-dependent perturbation theory, and at higher amplitudes of the rotating field, by
direct integration of the Schrodinger equation, in the case of well-separated resonance frequencies.

1. INTRODUCTION

MULTIPLE quantum transition is a transition
in which, in the terminology of radiation theory,
several quanta supply the necessary energy so that a
generalized Bohr frequency condition holds of the form

Ef—Ei= n1h«w1+ e —i—n,ﬁwr. (1)

The #’s are positive integers, with 3 #;>2, and the
E’s are the energies of the initial and final states,
including energy-level shifts due to virtual absorption
and emission of quanta.

The theory of two-quantum absorption and emission
processes, in lowest approximation, was first discussed
by Mayer.! Although these transitions are rare events
in the optical region,? many cases of multiple-quantum
transitions have recently been observed in electric and
magnetic resonance transitions between hyperfine
levels. The first such observation appears to have been
that of Hughes and Grabner,® who also discussed the
theory of two-quantum transitions, in lowest approxi-
mation, in the correspondence limit of unquantized
electromagnetic field for the special case that the two
quanta have the same frequency. Such a treatment
(semiclassical radiation theory) is well justified in the
hyperfine case since spontaneous emission is then a
negligible process. Further observations of multiple-
quantum transitions have been performed by many
others.t

The further development of the theory was under-
taken independently by Besset ef al.,° Salwen,® and the
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present writer.” The theories of Besset ef al. and Salwen
are based on the steady state solutions®™7 of the
Schrédinger equation for a rotating magnetic field.
In particular, Salwen has studied the line shapes
of multiple-quantum transitions of arbitrary order in a
rotating magnetic field for the case of well-separated
resonance frequencies. However, it has not been well
understood how the time-dependent perturbation theo-
retical treatment of multiple-quantum transitions, as
given for two-quantum transitions by Mayer and
Hughes and Grabner, is related to the theory based on
the steady-state solutions. Thus, the methods used by
Besset ef al. are applicable only at higher fields, and
Hughes and Geiger* have pointed out the necessity for
a careful comparison of their own results with those of
Salwen. The present paper gives a formulation of the
theory which clarifies the relation of these various
approaches to each other and moreover has the ad-
vantage that it can be directly extended to oscillating
and multiple-frequency fields.” 8

2. EQUIVALENT STATIONARY PROBLEM IN THE CASE
OF A ROTATING MAGNETIC FIELD

We consider a system of two coupled angular mo-
mentum vectors, I and J, with gyromagnetic ratios v;
and vy, which interact with each other and also with
an external magnetic field.® The latter consists of a
rotating radio-frequency field of constant amplitude
and angular velocity, 3¢; and w, and a uniform static
field, of amplitude 3¢, along the axis of rotation. With
the z axis chosen in the direction of the static field and
the x axis in the direction of the rotating field at time
t=0, the Hamiltonian of the system can be written in
the form

2

Ho=aI'J+7J]zGCO+'YIIzJC0’ (3)

7M. N. Hack, Phys. Rev. 100, 975(A) (1955); thesis, Princeton
University, 1955 (unpublished).

8 Multiple-quantum transitions in oscillating and multiple-
frequency fields have also been studied by J. Winter, Compt.
rend. 241, 375 (1955); 241, 600 (1955). The type of multiple-
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® The extension to an arbitrary number of coupled angular
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H=H+H,,
where
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and
Hyi= (v 4711 - [ (3¢ coswh)i+ (3C; sinwt)j].  (4)

The Hamiltonian given by Egs. (2), (3), and (4)
depends explicitly on the time. However, a transfor-
mation to a coordinate system rotating with the applied
radio-frequency field® reduces the problem to a time-
independent one.>~7 This follows with the help of the
identity

Pt g iFtii= (35)

V=24 3C14v1I.3Cy, (6)

and F, is the component of the total angular momen-
tum, F=I+41J, along the direction of the static magnetic
field. Equation (5) can be proved for example by
observing that the derivative of the left-hand side with
respect to ¢ vanishes by virtue of the commutation
relations of the angular momentum operators. The
left-hand side is therefore independent of ¢, and since
(5) clearly holds at time ¢=0, it follows that it holds
generally.

The transformation to the rotating coordinate system
is effected by the unitary operator exp (iF,wi/%) so that
the transformed wave function is

where

¢=Uyp=¢tihy, (7)
and
dp _dy 1
—=U—+-F,0Uy
di i h
= (1) W(UHU'—wF )¢, (8)

where in the last line we have substituted from the
Schrodinger equation for dy/dt. By virtue of Egs. (2)
and (5) and the fact that F, commutes with Ho, we have

UHU*=H+V. ®
Consequently, we obtain the transformed wave equation
in(dg/dt) =W, (10)

W=H0—sz+V (11)

is independent of the time. In the following sections
we study solutions of Eq. (10) for w in the neighborhood
of resonance frequencies of the system.

where

3. SOLUTION OF THE RECURSION RELATIONS OF
TIME-DEPENDENT PERTURBATION THEORY
FOR A CONSTANT HAMILTONIAN

Time-dependent perturbation theory starts from the

equations
W=WtV, W=Wys, 12)

where the ¢; and W are the eigenstates and eigenvalues
of the time-independent unperturbed Hamiltonian W,
and V is the perturbation. The wave function is ex-

10 Rabi, Ramsey, and Schwinger, Revs. Modern Phys. 26, 167
(1954).

panded in the form
Yi() =21 aij (e Wit (13)

where the subscript j indicates that the initial condition
is chosen, without loss of generality, as y;(0)=y;1
The perturbation theory consists of expanding the a;;
in a series

ai;() =+ e () +a:i;P O+ - -, (14)

where @;;°=38;;, a;; (0)=0, and the a;; (f) are deter-
mined by the recursion relations!

1: t
2 == [ = vaemarmaonienar, 1)
0

where Wu=W,—W, We will solve these recursion
relations in the important case that V is independent
of the time. In this case (15) yields for the first- and
second-order transition amplitudes the well-known
expressions

eiWiitlh—1
= Yo —0
@ij w( ):
W i

aﬁ“">=212 VilVlj[

(16)

(eiWijt/h_ 1)
FUET)

(eiWiztlh_ 1) .

n
Wille

The solution of the recursion relations (15) to all
orders can be described as follows for the case of a
constant Hamiltonian. In Fig. 1 the labels at the right
designate the initial, final, and intermediate states, and
the sequences of arrows are all possible ways of jumping
upwards from state j to state 7. If a single arrow in
one of these sequences connects a lower state s to an
upper state p and passes over states 7, -+, ¢ on the
way, we associate with it a factor

1/ (W psW e+« W)

If p happens to be the final state, we adjoin an addi-
tional factor (e?¥»st/#—1). For each sequence of arrows
we take the product of all such factors, multiply by
the product of matrix elements V- --Vyj, and sum
over all intermediate states. The rule for obtaining the
sign of each term is explained below. In this way, for

F16. 1. Diagram for con-
struction of the third-order
transition amplitude.

11 The solution satisfying the most general initial condition
¥(0)=3;ciy; is clearly ¥ () =3 c;; (1) (reference 12).
12 M. Born, Z. Physik 40, 167 (1927).
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the third-order case illustrated in Fig. 1, we arrive at
the following transition amplitude:

1
@i ®=3VaVinVm ’ ————(eWitli—1)
! lm ! W isW i Wi
1 .
+——. (eﬁWz'mt/ﬁ__l)
Wilem ij
1
++— (5iWilt/h._1)
Wil leij
1 1
—_—— . (eiWittlh__l) .
Wil Wlm ij

The diagram for order n41 gives 2" terms and can
be constructed from the diagram for order » by (1)
continuously extending the final arrows one level higher
(no new arrows) and (2) adding a new row of arrows
across the top of the diagram for order ». The sign rule
is then as follows: The 27! terms corresponding to (1)
arise from the exponential terms of the preceding order
n and get an additional minus sign when the corre-
sponding terms of order n--1 are obtained from Eq.
(15). Their signs are therefore opposite to the signs in
the preceding order. The 27! terms corresponding to
(2) come from the minus one terms of the preceding
order, and this minus sign together with the one from
Eq. (15) gives no net sign change so that the signs are
the same as in the preceding order. (The sign is negative
for n=1.)

The prescription given above can be proved by
mathematical induction. It is obviously valid for n=1.
We now assume its validity for #» and prove its validity
for n+41. For a term arising from an exponential, say
eiWwtlh  the multiplication by ei%it¥% in (15), and
integration, gives a factor (ei"wt%—1)/W,,, which is
just the additional factor needed according to the above
prescription for the term arising from continuously
extending the final arrow of the corresponding sequence
of the nth order diagram. For a term arising from a
minus one, the multiplication by ¢¥i¥%# and integra-
tion, gives a factor (et"it/5—1)/W;, which is just the
additional factor needed for the term arising from
adding an arrow to the top of the corresponding #th
order sequence. Thus (15) establishes the validity of
the procedure for #-4-1 if it holds for #; since it holds
for n=1, it therefore holds for all 7.

4. MULTIPLE QUANTUM TRANSITIONS IN THE
UNCERTAINTY WIDTH REGION

The time-independent transformed Hamiltonian W
[Eq. (11)] can be split up into an unperturbed Hamil-
tonian Wy and a perturbation V proportional to the
amplitude of the rotating magnetic field,

W=Wot+V, (18)

HACK
where
W0=H0—O~)Fz’ (19)
and
V=957 :3+v113C. (20)

W is diagonal in the representation determined by the
eigenstates y; of the commuting Hermitian operators
Hj and F,, and we have

W= Wapi= (Ez_ M ihw)‘/’i’

where E; and M7 are the eigenvalues of H, and F,,
and W, is the eigenvalue of Wy, in the eigenstate ;.
Thus

Wi=W—W;=h(wi—[M:i—M;J),  (21)

where w;j= (E;— E;)/%. Also we define matrix elements
A;j by
Vii= i, Vi) =1d4.;. (22)

Since the y; are eigenstates of F,, the M selection rules
are the same as in the F, My representation,'® namely,

A;;=0 wunless M,=M ;1. (23)

For an ordinary allowed transition, with M;= M ;=+-1,
the first order of perturbation theory gives for the
transition amplitude

etlwiiFw)t 1
aiV=—A4; ) (24)

w;iFw
and therefore for the transition probability

sin?[ % i
PO (“_)]) =44 ij‘z—[z.(wjuﬁzg_ (25)
(@0Fwsy)?

If E;~E; and M;—M ;(==1) have the same sign, we
obtain a resonance for w= | E;— E;| /7. If, on the other
hand, E;—E; and M;—M; have opposite sign, then
there is no resonance for any positive value of w. The
physical basis of this situation is the fact that for the
positive direction of rotation of the radio-frequency
field, the absorption (emission) of a photon increases
(decreases) angular momentum as well as energy, so
that both angular momentum and energy can be con-
served in the first case but not in the second. However,
in order to obtain a resonance in the second case, it is
only necessary to choose the opposite direction of
rotation.

For a two-quantum transition,? insertion of Egs.
(21) and (22) into (17) gives

egiwijF2w)t__ {

ai-(2)=z AiV4l' S —
! i ! (wij:lZZw) (wlj:Fw)

etlwirFo)t__q

- 26
(wu:Fw) (wlj:F(J)) ( )

18 E. U. Condon and G. Shortley, The Theory of Atomic Spectra
(Cambridge University Press, New York, 1953), p. 61.



MULTIPLE QUANTUM TRANSITIONS 87

for M ;=M ;=£2. The summation over / may be restricted
to intermediate states for which M ;=M ;=1, as other-
wise A;A;; vanishes. The first term in the braces
exhibits a resonance at

w== (E;—E])/zﬁ (27)

Similarly, making use of the solution developed in the
preceding section, we see that for given I and J,
multiple quantum transitions are possible of orders #=2
up to n=2(I+J)=max(M;—M;) at resonance fre-
quencies given by the generalized Bohr condition

w==(E;—E;)/nh. (28)

For well-separated resonance frequencies and for w in
the neighborhood of the value (28), we have

d,’j(")g(-— 1)"
Aalim: - Al eiwiiFre)i—17]

X 29
l.mz.-:--.r (wijFnw)[wi;F (B—1w]: - - (wriFw) @)

for M;=M ;2=n. The summations over intermediate
states , m, -+ -, r can be restricted to states satisfying
M=M;xn—1), Mp=M;&=(n—2), -+, M,=M;=+1
as otherwise the product of matrix elements in the
numerator of (29) vanishes. Thus

2

w
PO (i ) sinn(w—w)i],  (30)
(w—wo)?
where
2
w1=— Z
n l‘m. e, T
A iLA im** 'A rJ
X 31
Lo F (n— 1w [wn;F (1—2)w]" - - (0, Fw)
and
wo=tw;j/n. (32)

This result already accounts for the principal ob-
served characteristics of the multiple-quantum transi-
tions. Resonance occurs at the frequency given by the
generalized Bohr condition (28) and with an uncertainty
width of the order of Aw=2m/nt!* It is clear that the
intensity of the transition depends on the relative
locations of the intermediate states, falling off, as
observed by Kusch,* as the locations of the intermediate
states become much different from equally spaced
points between the terminal states of the transition.
Since the matrix elements in the numerator of (31) are
proportional to the amplitude 3C; of the rotating field,
the leading term of the transition probability for an
n-quantum transition goes as the (2#)th power of 3C;.

¥ The narrowing of the uncertainty width with increasing » is
by no means in conflict with the energy-time uncertainty principle.
In fact, by (28) the uncertainty in the measured energy difference
is n# times larger than Aw, so that AE-¢~h.

5. EXTENSION TO HIGHER RADIO-FREQUENCY
FIELDS

As the rotating field amplitude 3C; is increased, the
lowest nonvanishing order of time-dependent pertur-
bation theory ceases to be a good approximation and
higher order corrections must be taken into account.
The result that for well-separated resonance frequencies
a formula of the Rabi type holds [Eq. (53) below] was
first proved by Salwen® for multiple quantum transi-
tions in a rotating radio-frequency field. We derive
this formula here under the same assumptions by a
simpler and more direct method which is also applicable
to oscillating and multiple-frequency fields.

We consider first the simplest case of coupled angular
momenta, I=J=3%, and afterwards treat the general
case of arbitrary I and J. In the I=J=7% case the
time-dependent Schrédinger equation becomes

ida;/di= A e+ 4 ime@im—)tg,
idal/dt=A”ei(wli+w) tdrl-Aljei(w”_“)taj,
idam/dt= A pieilomitaltg .4 A mjei(“’mf—‘“) ta;,
ida]./dt= A jlei(wil+m) tdl+A jmei(w jmtw) ‘dm,

(33)

where the second subscript on the ¢’s, which would
denote the fixed initial state, is suppressed, and the
basis states ¢; are labeled as follows according to the
(F,M r) quantum numbers of the states into which the
¥; go over continuously as

3C—0: 1"—(171): l'_(lyo)l m_—(oio)7 ]—(17_1)

In order to treat the two-quantum resonance transition
between states ¢ and j, we take as initial condition

¥(0)=y; or

a;(0)=1, a;(0)=an,(0)=¢;(0)=0. (34)

We are interested in the solution of (33) subject to the
initial condition (34) for w in the neighborhood of the

two-quantum resonance frequency
wo= (Ei—E;)/2%. (35)

Integration by parts of the second equation of (33)
gives

Ali Ali

a= ei(mli+w) tdi_
Wi w Wi w
Au. pt da; o
— eiwiitw) t__dH_ g Hwii—w) taj
wi1— wYy dat wjrtow
Ay ! da;
— fei(wz,'—w)z____dt’ (36)
wirtwYg dt

and similarly for a,. We assume that the separations
of the resonance frequencies are large compared to the
widths of allowed transitions. To the lowest order in
the rotating-field amplitude, we may neglect the inte-
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grals involving da;/dt and de;/dt in (36). We may also
neglect the constant term, since on substitution of (36)
and the corresponding equation for a, into the first
and last equations of (33), it will be multiplied by
exponential factors which oscillate rapidly for w in the
neighborhood of (35). With these approximations we

obtain ]
idai/dt =ea;+ye i tdj,

37)
idaj/di=na;+0et"a,,
where
Q=2w—w;j, (38)
and
A'ilAli AimAmi AilA-lj AimAmJ'
€= IT ) ’Y= + ’
W= W Wi — @ witw wintow
(39)

Aadi;  Amdm
witw wjmtow

Ale 123 A ij mi
o= } .
Wil—w  Wip— W

The diagonal coefficients e and 5 correspond to energy
level shifts due to virtual emission followed by absorp-
tion, and the opposite order, respectively. The off-di-
agonal coefficients determine the peak intensity at low
fields and the resonance width at higher fields. In the
neighborhood of the resonance frequency (35) we can
make the approximation §~y. In terms of

bi=e"“a,-, b,~=e""‘a,~, (40)
we then have
1db;/dt=0e%"t%;, 1db;/dt=2odet*% th;, (41)
where
V=Q—e+. (42)
The solution of (41) which satisfies the initial condition
(34) is ] ,
bi(t) = (p+/d)e’r*— (p—/d)e’?+", (43)
Bi)= (prp/d8)e ™ (oirri—cin-),
where
pim—i0dd, d=@HaL (@)
This gives for the transition probability
62
(45)

P(i— j)m% sin®(3dy),

or, if we recall the definitions of ©, &/, and 4 and put

(0135, wo=%(wi,~—|—e—n), (46)

At (w—wo)*w:? sin’f (0 —wo)* e JH.

Equation (47) extends the previous result (30) to
higher radio-frequency fields, for the case I=J=1 and
n=2. In the case of arbitrary I and J, the Schrédinger

(47)

HACK

equation becomes
zda,/dt=2: A eitwit=otg, (4,8)

fori=1, 2, ---, (2I4+1)X (2741) and where the — or
-+ sign is to be taken according as M,=M;+1 or
M;=M;—1, respectively. The summation can be re-
stricted to states satisfying M ;=M1 as otherwise
A vanishes. For an n-quantum transition +—j where
M ;=M j==n we obtain, integrating the preceding equa-
tions successively by parts and making the same
approximations as before,

1ddz/dlf = eai—l-ve_ L ‘aj,

. (49)
ida;/dt=na;+detq,,
where
Q= +nw—ws; (50)
and
4, 4,8
€= Z + Z 3
Mi=Mi-1w;;—w Mi=Mitl wﬂ—*—w
Alj2 A1j2
7= X + X :
Mi=Mi-1wj—w Mi=MiH wj+ow
‘/=(—1)"‘11 h (51)
% Aadim---4,;
[ouT (1= DeJlwnF (1—2)0]- -+ (0,7F )
d=(-1r ¥
Um, e,
Ajr' * AmlA 141

X .
Loriz(n—1Dw]- -+ (Wnit2w) (witw)

Equations (49) are of the form (37) already considered,
and we can again make the approximation y~4 in the
neighborhood of resonance since the A;; can be chosen
symmetric and

woiF (n— p)er~wei—[(n—p)/n]wi;

gk pw.

(52)

We can thus immediately apply the previous formula
(45), where d is defined as before [Eq. (44), with @’
given by (42) and (50)]. Thus

2

LN
=i

1
(=) Hw?
w1=28/n, wo==(1/n)(wij+e—n).
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