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A theory of sequential decay of an unstable system is presented using the projection-operator algebra sug-
gested by the recent projection-operator approach to reaction theory. The formulation is an attempt to
provide an alternative to perturbation theory. While exact, the theory is cast in a phenomenological form
that is suggestive in itsinterpretation and may be extended so as to apply to sequential transitions in general.
Examples treated include the transition between unstable states of an atom induced by an intense electro-
magnetic field as well as a problem in resonance fluorescence. Higher-order corrections to the more familiar
theory are a natural consequence of the description of sequential decay and sequential transitions pre-

sented here.

1. INTRODUCTION

HE theory of the decay of unstable states has

recently been presented on the basis of the re-
solvent operator and has been applied to a number of
simple models with some success.! The formulation
itself has been modified and somewhat simplified?
through the use of the language of nuclear reaction
theory in the form presented by Feshbach.? As a step in
the further development of the techniques, we apply it
to the problem of sequential decays as well as to se-
quential transitions.

As an extension of the Goldberger-Watson operator
formulation of decay theory, the theory of sequential
decays has recently been presented by Goldhaber and
Watson and applied to simple cascade models as well as
to a modification of the Lee model.* In this paper, we
simplify the formulation and illustrate its applicability
to types of problems not normally included in the con-
cept of sequential decay. The value of the formulation,
of course, is that while it is exact, it still may be cast
in a phenomenological form that is suggestive in
interpretation. As a first illustration of the extended
concept of sequential decay theory, we treat the problem
of the transition between unstable states induced by an
intense electromagnetic field. Here the additional
broadening due to the induced transitions follows
naturally from our formulation and does not require a
separate transformation to decouple the states of
interest from the remaining background spectrum of
states. The sequential decay theory presented here
effectively removes the virtual transitions and leaves
only real transitions present. The resulting formulation
clarifies a discussion of the intensity shifts in atomic
beam experiments.
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As a further illustration of the versatility of the
concept of sequential decay, we treat the problem of
resonance fluorescence under double resonance condi-
tions. Here again, the additional broadening as well as
shifts due to the induced transitions follows naturally
from our formalism. By using the language of projection
operators, we retain sufficient generality to treat
induced hyperfine transitions in either the excited or
ground state manifold of states.

In the following section we review briefly the theory
of decay theory based on the projection theory language
of Feshbach. For details concerning the handling of the
poles of the Green’s function, reference is made to either
Goldberger and Watson! or to the author’s work where
additional references will be found. Following this brief
review, the concept of sequential decay is introduced
and treated using a sequence of projection operators.
For use in the actual applications of this method, a
number of formal relations between the level shift
operators associated with this sequence are derived.

2. FORMAL DERIVATION

As a brief review, we consider a system that is initially
in a given state. In the presence of a perturbation, the
system may become unstable and make a transition
from the original state; the transition probability may
be calculated if we can follow the evolution of the system
in time. If initially the system was in the ath eigenstate
of the Hamiltonian K, then through the presence of the
perturbation V, at time ¢ the system will have evolved
to the state

(@) =e""¢|a), 1)
where the Hamiltonian of the system in the presence of
the perturbation is given by H,

H=K+V 2)
and
Kla)=Eﬂla>: (3)

and we have set #=1. The transition amplitude at time
¢ between the states |a) and |d) of the spectrum of K
is given by

Ina()=(b|Y (1)) = (b|eH!|a), 4
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which may be expressed in terms of the resolvent
operator or Green’s function for the system as

Lo ()= (2mi)~! / dE e Gy, (E), ©)

c

where
Gua(E)=(b| (E—H)*|a).

Here, the contour ¢ runs from 4+« to — « above the
singularities of G(E) on the real axis. For the problem
of interest, the spectrum of H will not be discrete, but
will be a mixture of a discrete and a continuum with
several discrete states in the continuum. Hence, the
evaluation of I,.(f) by contour methods requires the
method of analytical continuation to separate out the
singularities from the continuum. For the techniques
used in this separation, reference is made to Goldberger
and Watson.! To facilitate this separation, we introduce
the following projection operators of the unperturbed
Hamiltonian K :

AatP.=1; (6)
where A, is the projection operator for the initial state.

If the initial state is an isolated state, then A, is a simple
projection operator,

AgPo=PA,=0, Al=A,,

As=|a)(a]. )

However, if the initial state is in a manifold of closely
separated or closely coupled states, then A, may be the
sum of simple projection operators projecting onto the
manifold of initial state.

In terms of these projection operators, it is clear that
for the calculation of the transition amplitudes we need
to known two projections of the Green’s function:
AG(E)A, and P,G(E)A,. The first projection includes
only those matrix elements within the initial state
manifold, while the second projection gives the matrix
elements between the initial states and any other state
of the spectrum of the unperturbed Hamiltonian K. To
determine these projections, we start with the identity

(E—H)G(E)=1 8)
and first multiply from the right by A,, and then from

the left successively by A, and P,. The two operator
equations that result,

Ao(E—AHA)AG(E)As— AHP,G(E)A,=A,,
— P HAG(E)As+Po(E—P.HP,)P,G(E)A=0, (9)
may be formally solved for the two projections desired.

On the assumption that P,(E—P,HP,)P, has an
inverse, the two projections are given by

P.G(E)As=P,(E—P.HP,)"\P,HA,G(E)A,,
AG(E)Ae=A.(E— K—AR(E)A), (10)

where we have introduced the level shift operator R(E)
defined by

R(E)=V+VPo(E—P.HP,)"'P,V. (11)
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To facilitate the subsequent analysis, we note that the
following identity holds:

Po(E—P.HPo)""PsV="P4s(E—K)'P.R(E), (12)

which follows from a simple expansion of R(E) given by
(11). Thus, we rewrite (10) as

P.G(E)Ae=P,(E—K)'P.R(E)A.Gus(E),

where
Goa(E)=A,G(E)A,. (13)

If the initial state is isolated, then the subsequent
analysis for the determination of I4,(£) or 1,.(¢) follows
that of Goldberger and Watson.! On the other hand, if
transitions between coupled unstable states are desired,
then the analysis follows that of the author.? Here,
however, we are interested in developing a formalism
for the transition amplitude when the system is known
to pass through a number of states (possibly unstable)
in making the transition from the initial state |a) to the
final state |b). One method of taking these steps into
account would be simply to increase the size of the
original manifold of states spanned by A,. Such a
method would treat all the states in the transition
sequence on an equal basis and would eventually
involve the inversion of a matrix whose rank would
depend upon the number of states in the sequence. As
an alternative procedure, in the next section we intro-
duce a modification of the method of Goldhaber and
Watson based on a sequence of partial projections.* This
method seems to be a natural extension of the partition-
ing technique.5

Theory of Sequential Decay

If in the transition between the initial and final state
the system has a possibility of passing through a number
of intermediate states, then this fact must be made
evident. If the expressions for the projections of G(E)
as given by (13) are exact, then the information desired
must reside in the level shift operator given by (11). To
make these statements transparent, we introduce a
sequence of projection operators A; corresponding to
each of the 7 intermediate states. Again, the states may
be isolated, in which case the associated projection
operator is simple, or they may be degenerate or closely
coupled, in which case the associated projection operator
spans a manifold of states. We will also find it useful to
introduce the following projection operators related to
the A;:

P,=1—A,,
Pi=(1—A)(1—=A)=1—A,—A,4,

P,‘= (I—Aa)r_j[ (1“‘A,)‘——-1—Aa—z' Aj. (14)

=1

® P.-0. Lowdin, J. Math. Phys. 3, 969 (1962); 6, 1341 (1965);
and the earlier references listed there.
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What is now necessary is the explicit factorization of
R(E) to make clear the steps involved in the transition
sequence. To realize this, a step-by-step analysis will
be followed.

If in going from the initial state |a) the system may
pass through an intermediate state, then we are actually
interested only in a part of the projection P.G(E)A,,
namely,

PiG(E)Aa=Py(E—K)'P1R(E)A,Gaa(E). (15)

The remaining part, namely, A1G(E)A,, is a measure of
the transition amplitude between the initial state |a)
and |1) as a final siate. Hence, we need the projection
of R(E),

PiR(E)Au=P1VAy+P,VPo(E—PHP,)'P.VA,. (16)

The subsequent analysis will be considerably simplified
if we write out the various projections of

P.(E—P.,HP,)™

onto the two subspaces spanned by A; and P; making
up the total space spanned by P,:

P1+A1=Pn. (17)

The algebra necessary to find the four projections of
P,(E—P,HP,)™' desired is similar to that used to
derive (9) and is a special case of a more general deriva-

tion to be given shortly. We shall find that the level
shift operator may be reexpressed as

R(E)=R®(E)+RW (E)AMGY (E)ARW (E)

=RW(E)[1+MG® (E)ARM (E)], (18)
where R'(E) is defined by
RW(E)=V+VPy(E—PHP)"'P,V.  (19)

The new Green’s function G®(E) is defined by the
expression

MG® (E)Ay= Ay (E— A K — A\R® (E)A))™L.  (20)

An inspection of the definitions of both RW(E) and
A GW(E)Ay, shows that in the relationship between
R(E) and R®(E) as given by (18) we have achieved the
desired factorization: The dependence on the two pro-
jectors Py and A, is both explicit and separate (that is,
not in the form P,+4V,). Thus, the desired projection
of the Green’s function is given by

P\G(E)Ay=P,(E— K)P:RW (E)
X[14AG® (E)AsR® (E)JAGaa(E).  (21)

We see that the first term on the right describes the
direction transition between the initial state and the
final state, while the second includes |1) as an inter-
mediate state. This interpretation follows from an
inspection of (19) where we see that the matrix elements
in P1R®A, do not include any contributions from state
[1) as an intermediate state.
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Now, if in going from the initial to the final state the
system must pass not through one intermediate state
but through two intermediate states, then we simply
repeat the above analysis. Here the projection P,G(E)A,
contains two contributions,

P\G(E)As=PyG(E)As+AG(E)Aa, (22)

where the first refers to that portion of G(E) that has
matrix elements between the initial and the final states
while the second has matrix elements between the
initial state and the second intermediate state only. The
above expression follows from the relation

P1=P2+A2 (23)

between the projection operators. On noting the explicit
form of Eq. (21) and the interpretation we gave for it,
we see that we need to focus attention on the first
factor R®(E) which includes the interaction energy
between the first intermediate state and all subsequent
states. Hence, we proceed to factor RW (E) in much the
same way that we did with R(E). Again, in the factori-
zation procedure of the level shift operator RW(E)
as given by (19) we need the four projections of
P,(E—P,HP,)"'P with P, related to P, through (23).
We find that R® (E) may be factored as

RW(E)=R® (E)AG® (E)AR® (E) (24)
= RO(B[1+AG® (BARD (E)], (25)

with the level shift operator R® defined as
R®(E)=V+VPy(E—P,HP,)™'P,V,

and the Green’s function G® (E) defined by
AG® (E)Ae=A E— A K— AR (E)A 1. (27)

Hence, the desired projection of the complete Green’s
function describing transitions between the initial state
la) to a final state with the possibility of passing
through two intermediate states is given by

PyG(E)As=P2(E—K)"'P,R® (E)
X[14A:G? (E)AR® (E) ]
X1+ MGD (E)ALR®D (E) JAuGaa.

(26)

(28)

To provide some measure of physical interpretation
we expand the above expression:

PyG(E)As=P,(E—K)'P,
X[R® (E)+R® (E)AG® (E)A.R® (E)
+R®(E)AGY (E)ARW (E)
+R®(E)AG® (E)AR® (E)AG® (E)
XARO (E) JAGaa(E). (29)

An inspection of the form of both R (E) and R® (E)
allows for the following interpretation. In (29), the first
term in the square brackets has matrix elements be-
tween the initial and the final state for direct transitions
only. The second term describes transitions that pass
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through the second but not the first intermediate state;
the third term describes transitions that pass through
the first intermediate state and possibly the second.
Finally, the last term describes a transition passing
through both intermediate states in the sequence 1, 2.
Clearly, if we replaced the remaining two factors of
R®(E) in terms of R® as given by (25), the extension
to (29) would include a term describing a transition that
passed through the first intermediate state, but not the
second, as well as a term describing a transition passing
through both intermediate states in the sequence 2, 1.
In addition there would be a term describing a transition
passing first through state 2, then through state 1, and
finally passing through state 2 again. The presence of
this last term destroys the otherwise symmetric
character of Eq. (29). However, one should note that
the Green’s functions G® and G..(E) contain RW(E)
and R(E) explicitly and are therefore implicit functions
of R®(E). If the two states were discrete, then the
further factoring of the Green’s functions and subse-
quent manipulations would result in a transition
probability exhibiting a symmetry in the paths involv-
ing states 1 and 2. However, if continua are associated
with the states 1) and 2), then the further manipulations
must be handled with care.

Clearly, in attempting to generalize the above
factorization so as to include the possibility of 4 inter-
mediate states or steps, we want to avoid the complica-
tions introduced by the presence of alternative paths.
Hence, we turn our attention to Eq. (28), which is a
statement of the projection of the complete Green’s
function for transitions between an initial state [a) and
a final state with the possibility of passing through at
most two intermediate states. In this factored form, the
generalization so as to include the possibility of
intermediate states or steps in the transition process is
straightforward. The pertinent projection of the Green’s
function is

PG(E)Aa=Pi(E—K)™'P:R®(E)

xf[ (14+AGD(E)A;RD (E)JAuGaa(E).  (30)

=1

This result is found by simply repeating the steps lead-
ing up to Eq. (28). The expression for the projection of
the Green’s function includes not only the contribution
arising from the sequence of ¢ steps ordered from 1 to 4,
but also the contribution from all other nonordered
sequential transitions as well. The former consists of the
single term remaining after dropping the 1 in each of the
1 factors in the above expression. Here, the Green’s
functions G (E) are given by

G (E)A=A;(E—AK—ARD (E)A)™, (31)
with the associated level shift operator given by
RO (Ey=V+VP;(E—P;HP;"'P;V. (32)
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The general relationship between R~ and RO is
derived in the Appendix and is given by

RG-D(E)=R®(E)4+RD (E)A,GP(E)A;RD(E).  (33)

As pointed out earlier, (18) and (25) are special cases
of the above general expression.

The transition amplitude follows from the insertion
of the above expression for P;G(E)A, into (5) and the
subsequent evaluation of the integral over energy. If
the final state is stable, then for ¢ sufficiently large we
may ignore the possibility of complex poles and pick up
only the contribution from the final-state pole at
E=F,. For this case the transition amplitude is given
by

Iba(l) ~ e_iEbt<b | R® (Eb)

Xﬁ [1+AGO(ED)ARD (Ep)JAG(Es) la), (34)

i=1

where 7 intermediate steps are assumed. Here, we have
ignored terms which damp out esponentially with time.
Apart from slight differences in notation, this is the
result of Goldhaber and Watson arrived at by a different
factorization method.* If, however, the final state is not
stable, then the pole at E=FEj is spurious and does not
occur. Indeed, in this case it is necessary to keep all
contributions from the poles in the continuum in order
to find the correct transition probability.? In the first
application of this formalism we shall see that the pole
at E= E, is removable.

We note that in the general form for the projection
operator given by Eq. (30), we have made use of the
idea of sequential transitions. Nowhere, however, did
we make explicit use of a decay of the initial state as
popularly understood. Thus, we have neither postulated
a specific form for the Hamiltonian nor have we specified
the form of the spectrum of H. Hence, the results we
have found are quite general and may be applied to a
cascade-decay problem,* for instance, or may be applied
to problems in which a number of sequences are sugges-
ted by physical observation. It is with this latter point of
view in mind that we have chosen our illustrations. In
each illustration we shall find that higher-order cor-
rections in the perturbative sense appear easily. Indeed,
the value of the present formulation seems to be the
ease in which higher-order perturbations may be
obtained.

3. TRANSITIONS BETWEEN UNSTABLE STATES

As a first illustration of the formalism just developed,
we consider a particularly simple problem, namely, the
transition between two unstable states. These states
may be isolated, they may be members of two different
sets or manifolds of states, or they may be states of the
same manifold. The specific form of the projection
operators actually used will depend upon our inter-
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pretation of the location of these states. One of the
purposes of this illustration is to show that care must
be exercised in evaluating the expression for the transi-
tion amplitude occurring in (34). In the case to be
considered, the pole on the real axis at E=E, is re-
movable and hence does not contribute to the transition
amplitude. In all cases mentioned above, the transition
amplitude is given by

La()= 2ri)™ | (B|G(E)|a)e*E4E

c

= (2mi) / | Ay(E—K)

XAR(E)AGoa(E)|a)e i Etdt.  (35)
Now, the level shift operator R(E) has complicated
matrix elements in and between both manifolds spanned
by A, and A,. We may simplify this situation by writing
R(E) in terms of R® through (19) with state |1)
representing |b). Thus we have the expressions

R(E)=RW®+4R®A,G® (E)A;R® | (36)
with
be(b) (E) = Ab(E'— K— AbR(b)Ab)—‘l ,
R® (E)= V+ VPb(E—PbHPb)—IPbV,
Py =(1—As)(1—Ap)=1—A,—A;. (37)

If we combine these expressions to form the integrand
in (35), we have the formidable expression

Ab (E— K)—lA bR(E)AaGaa (E)Aa
=Ap(E— K)7'A[ R (E)+R™ (E)
X Ap(E— K — AR A)~'A,R® (E)]
XAJLE—K—AR®A,—ARD

XAp(E— K—AuR®A)AR®A T, (38)

which serves to point out the importance of noting the
energy dependence of the diagonal and off-diagonal
matrix elements of R(E). In the case that states |a) and
|b) are otherwise isolated or are in the same manifold of
states the above expression reduces simply to

I b>{Rba(b)[(E_ Ea—Raa(b)) (E"“Eb_Rbb(b))
~RaPReu® T al

where we note the disappearance of the pole at E= E,.
Hence, for this case, the transition amplitude reduces to

(39)

Ia(t)= (Zwi)_‘/ ¢ ER, O (E)

X [(E'_ Eq_Raa(b)) (E_ Eb‘Rbb(b))
—R: MRy E, (40)

which apart from an error in sign is identical to the first
of Egs. (33) in Ref. 2. The integration over time may
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be performed as in (2) with the result that
Iba(l) — [Rba(b)/Z (b-}—id)](e‘”’"“'“—— eibl—-dt)e+i’at—ct ,
(41)
where
a=%(Ea+Eb+(ReRaa(b)"i'(ReRbb(b)) y
b=V (A4+ B 24T,
c=—3Im(R:®+Rppy®),
d=3}V2[(A*+B?)'?— A M? sgnB, (42)
and

A = (Ea_ Eb+meRaa(b)_‘ (Re-Rbb(b))2
—3(ImRs® —ImRy,»)*+4| Rap™® |2,

B=2(E;— E4+®Roo®— R Ry ®)
x (ImR.,a(”)—— IITLRbb(b)) .

Here we have assumed that the energy variation of
R®(E) was so slight that little difference would be
realized by evaluating R;,'” (E) at E= E, and R;;® (E)
at E= E. It is important to note also that both states
|a) and |b) are essentially discrete; neither has a
continuum of states associated with it. Through the
coupling via V only does the continuum arise.

As a specific example of the above simple problem we
consider the shift of the transition frequency as ob-
served (possibly) in an atomic beam experiment. For
simplicity, we assume that the two states are members
of the same hyperfine multiplet and hence have the
same lifetime. The atoms in the beam are assumed to be
prepared in a given state, |a) and then passed through
a cavity where an rf field is allowed to induce transitions
from the state |a) to the state |d), say. The particular
state of the atom is detected after the atoms in the beam
pass through the field region. The states |e¢) and |b) are
particular states of the unperturbed Hamiltonian K,
where K is

K=Hrf+Hat+Hud- (43)

Here H,; is the Hamiltonian of the rf electromagnetic
field, Hy is the Hamiltonian of the unperturbed atom,
and H..q is the Hamiltonian of the radiation field
(decay photon). In the number representation for both
H,¢ and H.a4 the eigenvalues of K are

K|a;n;0)= (W+Wa)la§ ”;0)7
K|[b;n+1;0)=[(n+1)w+W,][b; n+1;0), (44)

where # is the number of photons with frequency w in
the radiation field, W, is the energy of the ath un-
perturbed state of the atom, and there are 0 decay
photons assumed present in state a.

The energy of interaction between the atom and the
radiation fields may be simplified when the dipole
approximation is assumed.® For simplicity we assume
that V has the form

V=H+H,, (45)

8 E. A. Power and S. Zienau, Phil. Trans. Roy. Soc. (London)
A251, 427 (1959).
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where H is the energy of interaction between the atom
and the rf field and H, is the energy of interaction
between the atom and the radiation (decay photon)
field. To lowest order in the interaction energies we
write the level shift operator given in (37) as

R®(E)=R, (E)+R,"V(E), (46)

where the first term depends solely on the rf field. The
second term has diagonal matrix elements only and
describes the shift and width due to the vacuum radi-
ation field:

Ropo®=Ropp®=D—43T. (46")

The diagonal matrix elements of R,‘® are taken to be
equal as the two states are in the same manifold. For
simplicity the matrix elements are also assumed to be
insensitive to a variation in energy and, hence, are
evaluated at

E= sz Wa.

To lowest order in H, the diagonal matrix elements of
R,®(E) are real; as a result of this observation and the
form of the matrix elements of R,, we may simplify the
constants in Eq. (42). In particular, both B and d
vanish, and the transition amplitude reduces to

Ipa(t) = —i(Rpat™®/b) sinbte+iat—et, (47)

Hence, the transition probability is the familiar
expression
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We turn now to the evaluation of the matrix elements
of R™® involving H,, the interaction energyv between the
rf radiation field and the unpercurbed atom. For ease of
comparison, we introduce the notation used by Mizu-
shima.” The matrix elements of H; are nondiagonal in
the rf photon number and diagonal in the decay photon
number and are given by (A=1)

(n; a|Hi|b; n+1)=—i(6XVG)- (¢|Mn|b)
X[(n+1)/20eV ],

(n;a|Hi|c; n+1)=iwG(c|er-M.|c)
X[(n+1)/2weV 2. (50)

Here, a and b may be the same electronic state, but ¢
must differ from a. The M’s are the total magnetic and
electric dipole moment of the atom while &, is the direc-
tion of polarization of the rf field. G(r) is essentially the
amplitude of the single mode field at the location of the
atom. It is normalized such that the integral over the
volume V satisfies

(1/V)/ 1G() |2V =1. 1)
v
We use mks units throughout.

An inspection of form of Ry4® shows that to the
lowest order in the rf field, the matrix element is given

Pya(t)=| R15a'®/b|? sin®ble2¢t, (48) simply by
Here, in terms of the matrix elements of R, Riap®~(n; a|Hy|b; n+1)=H 1. (52)
2c=T Similarly, an inspection of the form of the diagonal
= (We— Wi+ ReR1aa™® — R.R1pp V)2 matrix elements of R;(® shows that the contributions
+4[Rip™®|?]. (49) of Hito Ri® to lowest order are given by
. . 2 . 47— 2
Rlaa(b)= Z { I (a,anllc,n+1)] lr [ <a7n|H1{C;n 1>l }
o Wa—W.—a Wo—Wotw ’
| @;nt1[Hilc;n)|? [(b;nt+1]Hi|c;n+2)2
Ryppy®= 3 { t || i } . (53)
c*a,b Wb_ Wc+w Wb_ Wc'_w

Here the above energy corrections differ from the usual
expressions for the second-order correction to the
energy found by the usual perturbation theory in that
the projection operator P; has restricted the sum to
states other than |a) or |b).7:8 Hence, the energy de-
nominators do not vanish except in the case of acci-
dental degeneracy.

The time-dependent transition probability, which can
now be written as

Poo(t)={|Huao|*/[ T} sin’[[ Jee ™, (54)

where
[ J=i[(We—Wo—w+Q)*+4| Hius|?],

7 See, for example, K. Gottfried, Quantum Mechanics (W. A.
Benjamin, Inc., N. Y., 1966), Sec. 45.2.

8 A. Dalgarno in Quantum Theory, edited by D. R. Bates
(Academic Press Inc., N. Y., 1961), Vol. I, pp. 171-209.

no longer has a maximum at the Bohr frequency for a
given time ¢, but at the frequency

w=W,—Wy+Q, (55)
where the selection rules for dipole transitions allow us
to decompose the shift @ into an electric and a magnetic

contribution:

2=0,4Q,,. (56)

Here
Q= (n0G*/2Ve) 2. |{a|er-M.|c)|?

c*a,b
XLWa=W =) (W= W A-0) ]
— (nwG2/2V &) ;b | (b ex-M,|c)|2

XLWe=Wetw) '+ (W,—W.—w)1]. (57)
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If we now identify (nwG?/2Veo) with the energy density
of the electric field at the atom, p.=3¢E?, then we may
write the electric-field shift as

Qo= (k) T [(a|ex-Mc[c)|?
c#a,b

X [(Wa_' Wc_w)_1+ (Wﬂ_ Wc+w)-1]
— (e ;[.:b | (b]ex-M[c)|?

XLWe—=Wetw) '+ We—We—w) ] (58)

Similarly, the shift in frequency arising from the
magnetic dipole coupling may be written as

Un=(GuoH?) X |(a|ex-Mn]c)|?

c#a,b
X [(Wa_‘ Wc—w)—l'*_ (Wa_' Wc+w)—1]
— (GuoH?) X [ (blex-Man|c)|?

c#a,b

XLWy—W o)+ (Wy—W.—w)™]. (59)

We note that if either the rf electric or the magnetic
field may be measured accurately, the induced shifts
provide a means for measuring the electric and mag-
netic dipole moments. Thus, if the hyperfine manifold
containing |a) and |b) is reasonably separated from
nearby electronic levels, the number of terms con-
tributing to Q. is finite and small. By measuring the
shift and the rf magnetic field intensity, the magnetic
dipole moment may be calculated directly.

These expressions, apart from notational differences,
are identical to those found by Mizushima.® We differ,
however, in our approach as well as in our interpre-
tation. If we had not used either the decay theory
outlined here, or that in Ref. 2, in order to treat this
problem it would have been necessary to introduce a
unitary transformation to decouple the states of interest
from the remaining spectrum of states.’®2 The use of
the projection-operator technique effectively removed
the virtual transitions with an accompanying redef-
inition of the energy levels involved.

It should also be pointed out that the results of
Mizushima follow directly from a general perturbation
theory developed by Salwen.!* While developed specif-
ically for transitions between stable states induced by
rotating fields, his approach itself may be extended so
as to apply to arbitrary electromagnetic fields. It
ignores, however, the finite lifetime of the states and
assumes that the states of interest are separable. The
projection-operator approach presented here recognizes
the instability of the states due to the presence of the

9 M. Mizushima, Phys. Rev. 133, A414 (1964).

10 1.-M. Winter, Ann. Phys. (Paris) 4, 745 (1959).

1t H. H. Nielsen, Rev. Mod. Phys. 23, 90 (1951).

2 W. Heitler, Quantum Theory of Radiation (Oxford University
Press, London, 1954), Secs. 15 and 16.

13 H. Salwen, Phys. Rev. 99, 1274 (1955).

DECAY THEORY

151

vacuum radiation field, and hence, is inherently more
powerful than the perturbation theory approach.

4. RESONANCE FLUORESCENCE

As an illustration of the step-by-step process of
sequential transitions, we consider the problem of
resonance fluorescence of an atomic system.!! We assume
that initially the atom is in a sublevel of the ground
state and is exposed to a beam of photons with a spec-
tral energy distribution that is peaked about the energy
separation between the ground state and the first
excited state. The width of the spectral energy distri-
bution of the beam is taken to be large compared to the
width of the excited states. Once the atomic system is
excited, it may decay by either spontaneous or stimu-
lated emission. To add to the interest of the process, we
assume that a second field or bath of the photons is
present. (To distinguish this from the first, we shall
refer to the beam as optical photons and the second
bath as rf photons.) The rf photons induce a transition
from one excited state to another. As a result of such a
transition, the angular properties of the emitted optical
radiation will differ from the initial beam of optical
photons, thus facilitating detection.

The energy of the noninteracting system of atom plus
fields is described by the Hamiltonian

K=H0 at+H0 rad (60)

where the first term on the right is the Hamiltonian of
the atomic system unperturbed by the fields. To
distinguish between the various sublevels of the ground
state it may include, for example, a dc magnetic field.
The remaining term is the Hamiltonian of the radiation
fields, including the optical, the rf, as well as the vacuum
radiation field.

We describe the states of the unperturbed Hamilton-
ian that are of interest to us as follows. The initial state
of the system consists of the atom in the ath sublevel of
the ground state in the presence of # rf photons of a
given single mode of frequency w. There are in addition
ny optical photons with wave number %, 7, with wave
number &, etc. Finally, the initial state is assumed to
be in the ground state of the vacuum or decay radiation
field. The initial state is specified by the ket

!aﬂ}E la;nbn%n-’i" * ';0; n)'

(61)

The excited states of the system differ from the
ground state with respect to the atomic state, the
number of rf photons present, and also with respect to
the number of optical photons present. For simplicity,
we shall consider among the states of interest the two
states

Ib”; —kl>E |b;n1) My, = Wity Bi— 1, Migq, -+ -5 0; n>1
IC“'; _kl>E lc;nll Ny * M1, Wi— 1, Mgy, oo ;05 n’>'
(62)

Here, the number of rf photons in the first state is the
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same as in the initial state. Both states differ from the
initial state in that a single optical photon of wave
number k; has been absorbed from the beam.

The final state of our system to be considered
explicitly differs from the initial state in being in a
different sublevel of the ground state. In addition, the
number of rf photons differs from the initial state.
Finally, we assume that an optical photon has been
absorbed in the excitation process, while an optical
(i.e., decay) photon with wave number k, and polari-
zation o has been emitted in the decay process. The
state is specified by the ket

[an’l; _ki; ka>E la/; ny, Ny, - Niy, i1,
Xnip1, -3 keyn').  (63)

As eigenstates of K, the energies of these unperturbed
states are given by (h=c=1)

K|@n)=Eqnlan)=[W.t+Z, nik+nw]|an),
K|bn; —Kki)=Ep n;—x;|bn; —ki)
=[Wst+ 2/ niki+nw]|bn; —ki),
K[Cn; —ki>=Ec,n';_k,-|Cn'; _ki>
=[W+L/ nikitn'o]lcw; —ki),
K|d’n'; —ki; kv>=Ea’.n’;—k;;k,|a,n’; —ki; ks)
=WotZinkit+kAn'ow]|dw; —ki; k). (64)

Here, the prime on Y designates the omission of one
photon with wave number k;. The number of photons
is assumed to be so large that we may replace the sum
3" over the photon number by the integral

0

/ U(k)dk,

where U (k) is the spectral energy distribution with
width A(k). The description of the optical photons as a
beam implies that the vector wave numbers k; are
peaked in a particular direction, say k;. We shall ignore
the spread about this direction.

The presence of the interaction between the atom and
the optical and rf photons introduces virtual as well as
real transitions: the ground state of the atomic system
is no longer stable as the optical photons may induce the
atom to jump to one or more of its excited states. Of
these transitions, the most likely to occur are the real
transitions satisfying energy conservation conditions.
The virtual transitions which may occur between the
ground state and an excited state are a result of an
indirect path involving several optical transitions.
Similarly, the presence of the rf radiation field induces
transitions among the various intermediate states and
may also involve real as well as virtual transitions. The
virtual processes again differ from the energy conserv-
ing, real processes by introducing additional, indirect
processes involving several rf transitions. In both cases
of optical and rf radiation-induced transitions, the
virtual transitions may be removed by a canonical
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transformation.’*'2 The net result of this transforma-
tion, in addition to restricting all transitions to energy-
conserving direct transitions, is to decouple the states
of interest effectively from the remaining states of the
energy spectrum of the unperturbed system. This
decoupling process results in the appearanee of a shift
in the energy of the states of interest. In thee prsence of
induced optical and rf transitions, these shifts would be
proportional to the intensity of the optical and rf
magnetic fields, respectively. The transition theory
presented in Sec. 2, by embodying the concept of a
sequence, effectively provides the above decoupling.
This decoupling is achieved through the introduction
of the projection operators P; which limit the area of
Hilbert space available for transitions. Thus, while the
states of interest are only four in number, in principle
through the projection operators P; we are able to take
into account the contributions from the interactions of
these states with the remaining states of the system.
The interaction energy may be represented simply as

V=H1+H2) (65)

where H, refers to the energy of interaction between the
atomic system and the optical and radiation field, while
H, refers to the corresponding interaction energy
involving the rf field. We restrict attention to single
photon transitions and treat both H; and H, in the
dipole approximation only.

The transition amplitude between the initial and the
final state is given by

Loy —x; k',ﬂn(l)EIﬂ'n'ﬂ.ﬂn(t)

= Qi) f (@ —ki; k| G(E) | an)e—BdE.  (66)

While we may treat the transitions through the two
excited states as two steps in a sequence in the sense of
Sec. 2, it is somewhat simpler to consider a sequence
passing through a single manifold of states. Thus, the
matrix element in the above transition amplitude is
given by
(@'w; —ki; +k| G(E)|an)

= (E-Ea'.n’:—k.':ka)_l<a,"'; —ki; k,]

XR(E)Aq,G(E)Aa,| an)
= (E—Euo v i—x5x,) @ w5 —ki; ke [RD(E)
+RO(E)AMGP (E)ARD (E)JA4,GAu, | an),  (67)

where we have used (18). Here G (E) is given by (20)
and the level shift operator R® is given by (19) with
the specific projection operators:

P1=1_A1_Aan?
Ao,=|aa)(aa],
A]EZ Ibn) _kl)<—k” b'l

+Z [ew; —k)(—kisew|. (68)
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From the form of the level shift operator R as given
by (19) with the above projection operator, we see that
the first term in (67) involving R®™ (E) describes direct
transitions only and not transitions passing through the
intermediate states. As such, it vanishes unless n’'=n,
and is otherwise insensitive to the properties of the rf
field; hence, we may safely ignore it. The remaining
component,

(0w —ki; ko |G(E) | an)
=(E—Ea ni—xx,) (0 n 5 —ki; kle(U(E)
XAGV (E)YMRP(E)A,,G(E)|an), (69)

has the following physical interpretation: The atomic
system while in the initial state interacts with the radi-
ation fields, and is excited to the states spanned by A;
by absorbing a photon through R®. While in this
manifold it interacts with the radiation fields, primarily
the rf field, and then drops down to the ground state at
the same time emitting a photon through RW. If we
limit ourselves to one-photon processes, the above
matrix element reduces to

(@'w; —ki; ko|G(E) |an)
=(E—Ea ki) (0 w; —ki; k| HIALG P (E)
XAlHlAa,,G(E)|a,.>. (70)

By restricting ourselves to one-photon processes, we
see that #’=n41 if the resulting amplitude is to be
sensitive to the intensity of the rf field. In writing (70)
we have apparently considered real processes only. Thus
n’=n—1 would then apply to the case W.>W,, etc.
The presence of the projection operator Py in both
GW(E) and G(E) ensures us, however, of retaining the
effects of the virtual processes.

Calculation of GV (E)

The contributions to the matrix elements of
AMGMV (E)A; involving K we may write down immedi-
ately from (64); the contributions from R require
more care. If we recall the statement made earlier
concerning the effect of the vacuum radiation field, we
see that we may write the contribution A;RWA; as

A1R(1) (E)A] = Aer(l) (E)A1+A1R1(U (E)A] 5 (71)

Cn—1
Cn—1 E—Ec.n—l;~ki_Ac.n—l+i%rc
bn _<bn|H2ICn—l>
Cny1 0

Here the tilde indicates the natural level shift has been
included in the energy of the atomic level:

W.=W+D.. (75)

The energy-dependent shifts A, , and A, . are given
by (74). From the form of the sequence assumed, the
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where the first term has diagonal elements only which
represent a level shift and width:

(bn; —ki; [ R/ (E)|ba; —k')=(Do—1iT's/ 2,k
<Cnl s —-k,| Rr(l) (E) ICT,» H —k;’)E (Dc'—’l:I‘C/Z)ﬁk'-,kir .
(72)
We have assumed that the matrix elements are rela-
tively insensitive to the energy of the system and have
been evaluated at the energy E,, E. of the excited
states. (In a more careful calculation, this energy
variation must be included. It would appear as a
renormalization factor.?) The contribution to A R; VA,
to lowest order in H, and nondiagonal in #, is simply
(bn; —ki| Ry (E) w5 — ki)
= (bn| Ha|cw )b ns1biiy,  (73)

while the contributions to lowest order in H; and H,
and diagonal in # are given by

(bn; —ki| Ry (E)|bn; —k/)
| (bn| Ha|dn)|?

= ki k'

d #a,b,c E—Egyn
n =nzl
[ (bn; —ks[Hilya)|?
+ Z 5k.‘,ke’7 (74)
y#a,b,c E—E.y"

with a similar contribution from |c. ; —k;). Here, the
off-diagonal contribution (73) describes direct transi-
tions induced by the rf field. The contributions to R®
diagonal in #, (74), arise from virtual transitions
induced by the rf and optical fields, respectively.

On closer inspection, we see that we should write the
matrix element in (70) as

(@'w; —ki; ko |G(E)|an)
= (l'l_]Cu’,n’;—k,-;k,)_l<a,n' y k’l,) kalHlAl.n'
XGW(E)A1,HiA,G(E)|aa), (10')
where we have noted by the additional subscripts on A;
that H; does not involve the creation or destruction of

an rf photon. The form of [A1,nwG® (E)A1,.)! is given
below :

bn Cntl

—<Cn—llH2lbﬂ> 0
E—FEp nx;— Ay ntiiTy
- (Cn+1|H2lbn>

_ —ba|Ha|Cnsr)
E_Ec,n-*-l;—k“_ Ae,n+1+i%l‘c

matrix elements of A! GWA, of interest are given by
—ki|GV(E)|b.; —k/)
cofactor(AiGVAL)  yn,cnrdk, ks

Det[ (A1G (l)Al)'—IJ

(Cn’;

, (706)
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with
(Cnp1; —ki|GD(E) | ba; — k)

(cngr| Ha|bn)(E—Ee ng1— Ac,ng1H 13T )0k, ks

an
det[ (A G (X)Al)—lj

with the determinant given by

det[(AlG“)Al)‘l]
= (E“'Ec‘n——l;—k,;—' Ac,n—1+’i%1‘c) (E—Eb ni—ky
— At i3T8) (E—FEeonpti—x,— A np1+15T,)
— | (bl Halcn1) |[2(E—Ee,niri—x,— Desnir+33T)
— (b He| Crp1) | 2(E—Eont—e,— Ao no1+H13T0).
(78)

In writing the matrix elements of Aj,.G'A1,. in the
form given by (76) we have allowed for a coupling
through the state |4,; —k;) of the processes of absorp-
tion and stimulated emission of rf photons. From an
analysis based upon perturbation theory,? the inclusion
of this coupling will result in an additional resonance
yielding a transition probability of order |H:|%/ws?
times the primary contribution. Here |H;| represents
the matrix element of the rf interaction energy between
states |ba; —k;) and |ca ; —k;), while ws. is the energy
difference. By limiting ourselves to the two simple
decay channels involving #’=#n-4-1 rf photons emanat-
ing from the initial state with = rf photons, we have
already ignored terms of this magnitude. Hence, to be
consistent, we consider the inverse of (A1,nG'(E)A1,r)
to have the simpler form

Cn' bn

Cn’ E-Ec,n’;—-k,‘_AC.n’—i_i%I‘C ‘_ﬁ <C"'|H2[b">
bn —<ban2lcn'> E—Eb,n;—k;_Ab.n_}—i%I‘b.
The matrix element of Ay, ,,G® (E)A1, . for the two decay
channels considered then has the simple form
(enr; kil GO(E)|bn; —ki")

= (Cn’ I H2 [ bn>6,,:,,.i15ki,k'.»/det N (76,)
with
det=(E—Ec,n—x,— ey +i3Te) (E—Ey n,—x,

=8y, nt13T5)— | (car | Ha|ba) 2. (78)
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The decoupling that we have introduced may be made
exact by choosing the sense of the rf field such that only
one of the two matrix elements (cas|H:|bn) with
n'=n=1 differs from zero at a time. When this is not
possible, the double resonance should be treated using
a coherent representation for the rf field.

The Green’s Function Ggn an

The matrix element of interest is diagonal in the rf
photon number and is given simply as

Ganyan(E)=[E—Ea,n—(an|R(E)|aa)]™.

But the level shift operator contains a contribution from
the excited state through the sequence

(@n| R(E)|an)=(an| R®|a,)
+(an| ROALWGD (E)ALnRD [ an)

(79)

(80)

where the first matrix element vanishes, as |a,) is
assumed to be stable in the absence of the optical field.
[It should be noted that the optical photons also
contribute to (a.|R™|a.). However, for U (k) peaked
about a wave number given by the energy difference
Wy—W,, it should be negligible compared to (81).]
The second term may be calculated by noting first that

(@n| ROAL, GV (E)A1,n RV a,)

= <aan1A1,nG(l) (E)Al_nH1[0n> (81)
or

(@n| RWAy .GV (E)Ay, RW |a,)
=Z <aan1§bn; _k1'><_kt; bn[G(l)(E)

X|bn;_‘kﬂil><_ki,;bn[Hl!an>- (82)
But
(=ki; 0| GV (E) [ba; —ki)
(E_E—c,n’;—k‘_Ac,n’+i%rc)5k;,k,"
= , (83)

det

where det is given by (78’). Hence, the matrix element
in question is given by

l (a,,[H1|b,.; —ki>|Z(E—'Ec,n’:—ki'_Ac,n"*'i%Fc)

(@ R(B)|an)=%

)

det

—00

\//w U(k,)(]k,l <dn]H1I bn; —ki>lZ(E_Ec,n’;—-k."_Ac,n""'i%PC)

det ’ (84

The integration here must be performed with care as E may involve k; implicitly. In the limit that we can ignore
| {car | H2|ba)|? in (78), we see that the above matrix element reduces to

© U(k,)dk.l (le1|b; —k;>[2

(ax|R(E)|an)==

-~ E

or

(@n|R(E)|an)=Aa(E)—i3Tu(E),

_Eb,n;—k,;_Ab.n"'i%Pb

(85)

(86)
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where for |{c. | H2|ba)|? negligible as compared to {I'cI's
© U(k:)dk:| {a|H1|b; — k) |2(E—Ep nimx;—Db,n)

A ’
—» (E'_f':b.n;—ki_'Ab-")hi_%rb2
© U(k)dk:| (a| Hi|b; —k:)|Ts

T - : (®7)
—0 (E"'Eb.n;—k.‘_ Ab,n)2+i'r62

The expression (86) for {a.| R(E)|a.) serves also to define A, and T, for the case | (cn' | Hs|ba)|? non-negligible.
In the form given by (87) above we recognize the intensity-dependent shift and width discussed by Heitl@“ as
well as by Barrat and Cohen-Tannoudji.!® Using (86) we see that the matrix element of the Green’s function in
(79) is given by

Gan,an=[E—Ea.n_Aa(E)'i“i%Fa(E)]—l- (88)

Transition Amplitude

Before calculating the transition amplitude,

Turrsan(B)= (2mi) / AEeE (e’ s —ks; ko |G(E) |an), (66)
we note first that the matrix element

<al7l’ 5 _kn ka | HlAl,n’G(l) (E)Al,nH1| an>Ga'n,an
(@'n; —ki; ko |G(E) |an)= (70)
E_'Ea'.n’;—k.'; ke

must be rewritten using the explicit form for the projection operators Ay, given by (68). Thus, we find
(@'w; —ki; K| G(E) lan)= 3 (a'w; —ki; Ko Hilcw s ki Yew; —k!|GD(E) [ba; —k)
- X (b5 =k’ | 1| 00)Gan,an(B) (E—Ear s~
=Z (@'w; —ki; Ko |Ha|Cnr s —Ki){cn ; —ki| GV (E) |bp; — ki)

X (bn; - ki” l Hl[ an>Gan,an(E) (E_ Ea' Wn—ky; k')_l ) (89)
where we have used the relation
(@ —ki; ke |Halcn s =k )=(a"n; —ki; ko | Hi|Cn ; —Ki)bic; iy -
If we now introduce the matrix elements of the two Green’s functions given in (76’) and (88), we find, on per-

forming the sum over 4"/, that the transition amplitude is given by

dEe™ B a’ n ; —ki; ko |Ha|Cn s —Ki){cnr | Ha|bn)(bn; —ki| H1|an)
Iﬂ'n'v,an (t) = ’ (90)
c (27”:) (E“ Eq r"'i—kii+kw) (E_Ea.n_ Aq (E)“l‘i%ra(E))det

with det given by (78’). Here n’ is restricted to #==1. The expression for det is in the form (E— E,) (E— E_), where
ImE, <0. Hence, for times long compared to I';™! and (ImE,)™!, the major contribution to the above integral
occurs at E=Eq n;_x;x, (Here, we ignore the contribution to 74 ,.,.q., that shows nonexponential dependence.)
In ignoring the contributions to the above integral that damp out in time, it must be noted that the time scale used
is in terms of the periods of the pertinent frequencies, here the optical and rf frequencies. With this in mind, the
transition amplitude, for times long compared to I';~* and Im(E,)™, is given by

(@ n; —ki; Ko | Hilcnr s —ki)(Cnr | Ha|ba)(bn; — Ki| Hi| an)emiEe’ n' i—kiskot
(Ea' s —ki ke Ea,n_‘ Aa,+i%rnl)detl

Iﬂ’n‘a.an (t)'\' ) (91)
with det’ given by
det’= (Ea'.n':—-k.'; kc—Ec.n':—k;_ Ac,w+13Tc) (Ea'.n’;—k.".k._Eb.n;—k;”Ab-ﬂ+i%b)_ [{cnr |Hﬂl ba)|?. (92)

4 See Ref. 12, Sec. 20.
18 J. P. Barrat and C. Cohen-Tannoudji, J. Phys. Radium 22, 329 (1961),
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The energy differences are given by

Ea’ ,ntl—ky; k,—_Ec,nil;—-k‘-‘—— Ea' —'Ec+ka y
Ea’ ,atl—ky; k,_Eb.u;-k,-:: Ea‘ _Eb+kd:tw )

Ea'-":!:l;—k.'; ks Ea,n= Ey—E+k,—kitow. (93)

The transition amplitude as given by (91) may serve,
for instance, as a first step in a more complete descrip-
tion of the magnetic resonance in an excited state
observed using optical pumping techniques.!®* The
major changes that would result from this approach
would be in the appearance of an intensity-dependent
shift of the resonance frequency. Under near saturation
conditions, this effect could be important.

When the spectral energy distribution of the beam of
photons is quite broad, the shape of the emission line
becomes independent of this distribution. To see this
we sum the probability for the transition a,— a’n,.
over the distribution of absorbed photon:

])a'n’mbn(t)sz I Ia',,lg,a,,(t) | ?

= dkUk:) | Larprean@®]?.

-0

(94)

Here we have anticipated the similarity to the transition
probability for stimulated emission from the state |a.)
by changing the subscript. If we drop the extraneous
factors in the description of the states in the first matrix
element in (91), we find

Pariaba(@)=1{a"n; Ke| H1| Crr Y{Crr | H2| b, )/det’ |2

x/ U (ko)dki] (ba; — ki Hal an)|?/

[(Eo—E.+ki—kit (0’ —n)o— Ay )2+10.2]. (95)
By assumption, U (k) varies slowly in the vicinityof
ki=ko= (ko+Eo+n'w)— (EatnwtAs),

where ko is equal to the difference in energy between the
final state and the initial state. In addition, in the dipole
approximation the matrix element | (bn; —ki|H1|@a)|?
varies as k;£! [see (50)], which is essentially constant
in the immediate vicinity of k;=k,. We assume that
U (k;) falls sufficiently fast near ;=0 to avoid any
singularities at zero energy. The major contribution to
the transition probability occurs for those photons
satisfying the energy conservation condition, (96), and
is given by

Pn',,f,.b,.= | (a,n’ 5 kolHllCn')(Cnl |H2|bn>/d3t’l2
X[2xU (k:)/Ta’ (k) ]| (bn; — ki Hal @n)|*] k=, -
(97)

18 J. P. Barrat and C. Cohen-Tannoudji, J. Phys. Radium 22,
443 (1961).

(96)
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For a final photon k, satisfying the energy conservation
condition (96), the transition probability per unit time
T'./(k;) for absorption of a photon from the initial state
is determined by (86):

ra’E I‘a(E= Ea’ ,nt =k, k,,)
=—% Im(a,.[R(E=Ea;_,.:;_k,.;k,)]a,,). (98)

An evaluation of the above matrix element as given by
(84) involves an integration over the spectral energy
distribution of the initial photons. The integrand in
(84) depends on k; only implicitly through the final
photon k,. This dependence is made explicit by the
energy conservation condition (96). By repeating the
analysis leading up to (97) we find that

T/ (k) =2xU(ks)| (@n| H1|bn; —ki)|2,  (99)

where k;=*ko by (96). Finally, if we integrate over the
angle of the emitted photon k,, we find that the transi-
tion probability per unit energy range for the stimu-
lated emission of a photon £,, is given by

Pat b= (Te/27) | {cns1| H2|bn)/det’|,  (100)

where

|det! 2= [ (Eur— Evt-bo— Ao ms2)
X (Eg—Estkytw—~Ap,2)
—iTTe— [ {cnz1| Ha|bn)|* T
+ %[Pc (Ea’ _Eb‘l‘ka:l:w— Ab,n)
+T3(Ear—Ectke— A ny1) P

Apart from notational differences, this result is in
close agreement with the second part of Eq. (85) or
Ref. 2. The subsequent analysis given there can be
followed if we note that the rf resonance no longer
occurs at the Bohr frequency, but is shifted by the rf
and optical intensity-dependent terms included in
Ap,n and Ac,n;(:l-
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APPENDIX

The relationship between the level shift operators
that appears in the step-by-step analysis given in the
text is easy to come by. We start out with the definition
of the level shift operator for the j—1th step in the
decay process:

RGD (E)E V+VP _1(E— Pj_lHPj_l)—le._lV. (Al)

The projection operator P;_; acting on any of the previ-
ous j states (|a), [1), -+, |j—1)) yields no contri-
bution—it in effect couples to the remaining portion of
the spectrum. From its definition we see that

P;1=Pi+A;. (A2)
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Hence, if we take the four projections of
P; y(E—P;,HP; )™

onto the various subspaces spanned by the combinations
of P;and A;, we will be able to relate RF(E) to R(E).
We start with the identity

(E— P,'_lHPj__l)P i—1 (E— Pj..1HPj_1)'1Pj_1= Pj_l (A3)

and multiply from the left first by P; and then by A,.
The two operator equations that result,

P(E—P;HP;)P,(E—P; \HP; 1)"'Pj_,
—P;HA;(E—P; \HP; ,)™'P; 1=P;,
—A;HP{(E—P;\HP; 1) P; 1+ A;(E—A;HA;)

XA(E—P;\HP; 1)7'P; 1=4;, (A4)

may be formally solved for the projections desired. If
we assume that the inverses of A;(E—A;HA;) and
P;(E—P;HP;) exist, we find

Aj(E—Pj..lHPj_l)_le_l
=AGP(E)Aj+AHP,(E—P;HP;)"'P;],
Pj(E"“Pj_lHP '_1)—1Pj_1= Pj(E—P,'HPj)_IP,'
+P;(E— P,HP,)~\P,HAGY (E)

X[A+AHP{(E—P;HP;)'P;], (A3)

SEQUENTIAL DECAY THEORY

where we have introduced the definitions

AGY(E)A=ALE—K—ARP(E)AT,

RO (E)=V+VP;(E—P,HP;'P;V. (A6)

If we combine these two expressions, we find

P (E—P; HP; 1)7'Pj
= (Pj+A;)(E—P;—HP;_,)"'P;,
=P;(E—P;HP;)7'P;
+[P;(E—P;HP;)™'P;HA;+A;]GP (E)

X[Aj+MHP;(E—P;HP;))'P;]. (A7)

The substitution of this relation into (A1) yields the
following expression for R(E):

RU-D(E)=RW(E)
+VIP{(E—PHP;)"'P;HA+A;]JGP (E)
X[A;+AHP;(E—P;HP;)7'P;]JV (AS8)
or

RUD(E)=R{(E)+RP(E)AGP(E)ARD(E), (A9)

which is seen to be identical with the expression (33)
given in the text. In arriving at (A9) we have made use
of the definition of R (E) given in (A6) and the fact
that by definition K has no matrix elements between
the subspaces spanned by A; and P;.



