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A treatment of decay theory is presented which generalizes existing treatments so as to apply to closely
coupled unstable states. The treatment is based upon a Green’s function formulation for the transition
amplitude in which the states of interest are selected by suitable projection operators. As an indication of
the practicality of the resulting formulation a number of examples are given involving the stimulated transi-

tion between closely coupled unstable states.

1. INTRODUCTION

HE quantum theory of radiation is by now a
familiar subject that has been ably presented by
Heitler on the basis of time-dependent perturbation
theory.! Recently a number of treatments have appeared
that present the subject from a different point of view.23
In particular, that of Goldberger and Watson parallels
the formal treatment of time-independent scattering
theory based on a Green’s function formulation. The
power of this approach is seen by noting that this
formulation can be made exact and is easily able to
demonstrate the nonexponential decay properties of
excited states—a subject missing from the perturbation-
theory approach of Heitler. The nonexponential decay
illustrated by the Green’s-function technique shows a
power-series dependence on time, the leading term of
which depends on the energy dependence of the density
of final states.

Common to these treatments are a number of draw-
backs. To begin with, the initial and final states are
treated on an unequal footing, thus making the con-
sideration of transitions between unstable levels un-
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necessarily complicated. Secondly, radiative transitions
between unstable states are inaccurately treated in that
contributions to the natural lifetime may be inad-
vertently left out. This omission also shows up in the
treatment of resonance fluorescence of coupled levels
under anticrossing conditions.* Thirdly, a more practi-
cal, but perhaps a more important, consideration is that
the formalism rapidly becomes unwieldy when other
than isolated levels are concerned.

A method to remove these objections is suggested by
Feshbach’s treatment of nuclear reaction theory.5 This
involves the introduction of suitable projection opera-
tors that select out the isolated levels as well as the sets
of coupled levels of interest. It is the purpose of this
note to extend this treatment so that it will apply to
transition probabilities. The derivation given is based
on the Green’s function and the determination of its
matrix elements in the unperturbed energy representa-
tion when many levels are strongly coupled by an
interaction energy. The directness and the simplicity
of this approach, however, are obtained at the cost of
the introduction of the matrix elements of the level
shift operator, the properties of which have been de-
scribed in detail by Goldberger and Watson.? For the
case of a single excited state our derivation is equivalent
to that of Goldberger and Watson and represents a more
direct approach. The advantage of this approach is
realized when several closely coupled states are involved.

As an illustration of the practical utility of this
formulation, we give in the last section a number of

4K. E. Lassila, Phys. Rev. 135, A1218 (1964).
8 H. Feshbach, Ann. Phys. 19, 287 (1962).
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800 LYMAN
applications that represent different aspects of stimu-
lated transitions between unstable states.

2. FORMAL DERIVATION

We consider to begin with a system that is initially in
a given state. The system is made unstable by the
presence of a perturbation that induces a transition from
the original state. The probability that at time ¢ the
system has made a transition from one state to another
may be calculated if we can follow the system as it
evolves in time. If originally the system was in the
ath eigenstate of the Hamiltonian K, then through the
perturbation V, at time ¢ it will have evolved according
to the expression (#=1)

[Y(0))=e"!|a), 1

where
H=K+V, (2)
K|a)=E,|a). 3)

The transition amplitude at time ¢ between the states
|@) and | ) belonging to the spectrum of K is given by

Lna()= (0¥ (1) =(b|e"#|a), 4)

which may be expressed in terms of the Green’s func-
tion as
)

1

Ib,,(t)=—/ dE e PXb|G(E)|a).
2ri J ¢

The contour ¢ runs from 4« to —» above the real

axis above the singularities of G(E).

To calculate the transition amplitude and hence the
transition probability we need to know the energy de-
pendence of the Green’s function in the representation
appropriate to the unperturbed spectrum. If the levels
a and b are isolated from the remaining spectrum of K,
then the problem is relatively simple. However, if the
levels are not isolated, the evaluation of I5,(f) is not
simple. To reduce the complexity somewhat and to
make clear the states of the system to be included in the
evaluation of the matrix elements of the Green’s func-
tion, we introduce the language of projection operators:
we introduce the relations

P+Q=1, QP=PQ=0, P*=P, (6)

where P is the projection operator onto a particular set
of levels which we wish to treat on an equal footing.
It takes the form

Q)

P=Y ia)(ial ,
where
®)

The variables 7 and « as well as their ranges depend on
the type of problem to be considered.
Using the projection operator language it is clear that

K|ia)=FE; | ic).
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we need to know the two projections of the Green’s
function: QG(E)P and PG(E)P. The first projection
gives us the matrix element of G between a state outside
the set of levels and a state inside the set of levels which
we wish to treat on an equal basis. The second projection
operator has matrix elements only between members of
the set of levels in question. To determine the above
projections of the Green’s function we start with the
identity

©)

Two coupled operator equations may be obtained for
the projections QGP and PGP by first multiplying this
identity from the right by P:

(E—H)PG(E)P+(E— H)QG(E)P=P

(E—H)G(E)=1.

(10)

and then taking the left projection of this equation onto
first P and then Q:

P(E—H)P(PGP)—PHQ(QGP)=P, (11)
—QHP(PGP)+Q(E—H)Q(QGP)=0.  (12)

Here we have introduced the identities
Q*=Q, P?=P, (13)

to clarify the nature of the operators. On the assumption
that the operator Q(E— H)(Q possesses an inverse in the
space spanned by Q, we may solve for QGP in terms
of PGP:

QGP=(E—QHQ)"'QHP(PGP). (14)

Hence, the substitution of this expression into the first
of the above pair of equations leads to

[(E—PHP)—PHQ(E—QHQ)'QHPPGP=P, (15)
which may now be inverted to read
PG(E)P=[E—PKP—PRPT'P. (16)

Thus, the second projection operator of interest is
given by

OG(E)P=(E—QHQ)"'QHP(E—PKP—PRP)-!, (17)

where the integral operator R, known as the level shift
operator, is given by

R=V+VQ(E—QHQ)-QV .

For the case of a single isolated state, the projection
operator P is simply

(18)

P=la)al, (19)

and the above formulation is equivalent to that of
Goldberger and Watson.?

In order to write down the actual matrix element
(b|G(E)|a), it is necessary to specify whether or not the
state |b) is to be included in the set of closely coupled
states. If it is, then the matrix element in question is
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given by calculated. In general the above matrix element may
be written formally as
(®|G(E)|a)=(b| PGP |a)
=(b|(E—PKP—PRP)~'|a). (20) [cofactor(E— PKP— PRP)Jab

)| a)= @
Ol = kP PRP] @)

For the case in which the set of coupled levels is a

finite and small number, the matrix elements of the For the interesting case of two coupled levels, this
inverse of the operator (£—PKP— PRP) may be easily expression reduces to

E—Ev—Ru(E)
[E— Ea— Roa(E) [ E— Es— Ros(E) ]~ Rur(E) Rua(E)
Ru.(E)
[E—Ey— Roa(E) LE— Ev— Ros(E) ]~ Ros(E)Roa(E)

(a|G(E) |a)=
(22)

O|G(E) [a)y=—

For a greater number of coupled states the matrix elements of PGP are considerably more complicated.
If, on the other hand, the state |b) does not belong to the set of levels belonging to the projection operator P,
then the matrix element of G is given by

(8| G(E)| a)= (8| QGP| a)=£.(8| (E—QHQ)*|1)(1| QHP|c)(c| (E— PKP—PRP)™|a). (23)

Here, the states |1) represent a complete set of states, while |¢) represents the set of levels belonging to P. If, we
now make use of the algebraic relationship

(E=QHQ)'=(E—QKQ)+(E—QKQ)'QVQ(E—QHQ)™,

then we see that for those perturbations ¥ that couple only the state |5) with the members of the closely coupled
set the above expression for the matrix element of OGP simplifies to

(B|G(E)|ay=(E~Ep)"* £o(b| V|c)c| (E— PKP—PRP)™|a). (24)

In arriving at this expression we have introduced for the complete set | 1) that set of states belonging to K. If, in
addition to the above form for the perturbation ¥V, we have only two closely coupled levels |a) and |¢), then the
above matrix element of OGP becomes

[(b, VI a>(E_Ec_Rcc)'— <bl v I G)Rca]
E~E){[E—E.—Reo(E)J[E—Eq— Rua(E)]— Rao( E)Rea( E)}

O|G(E) |a)= ( (25)

The form given in (17) for QGP includes the possibility of the interaction of the final state of the system with
the perturber via intermediate states. When this is possible it is sometimes desirable to replace (E—QHQ)™! by
(E—QKQ)~%. To do this is an exact fashion, we make use of the relationship

(E=QKQ)'QRP=(E—QHQ)'QVP=(E—QHQ)'QHP, (26)
which follows from the definition for QHP:
QRP=QVP+QVQ(E—QHQ)'QVP=(E—QKQ)(E—QHQ)™'QVP. e2))
Thus, an alternate form for QGP is
QG(E)P=(E—QKQ)"'QR(E)P(E—PKP—PRP)™. (28)

Using this form, we see that the expression for the matrix element of G between one member [a) of a set of
closely couples states and a state |5) not a member of such a set is given by

(0|G(E) @)=L (E—Ep)~b|R|c){c| (E—PKP—PRP)™|a), (29)

where the sum is over the set of closely coupled states. If the number of closely coupled states is #wo, then the
above matrix element reduces to

(b|R|a)[E—E:~Rc(E)]—(b|R|c){c|R|a)
(E—E){[E—Eq— R E)JLE—Ec~ Roo E) ]~ Ruc( E)Rea(E)})

OlG(E)|a)= (30)
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Here the matrix element of QGP is given exactly and
no assumption need be made concerning the form for V.
It is now necessary, however, to relate the matrix
elements of R to those for V via the definition (18) of
the level shift operator.

In the evaluation of the contour integral in (5) it is
important to note the analytical properties of the level
shift operator R(E) as a function of complex E. For the
case of a single isolated state with a simple projection

operator P:
P=la)a],

the analytical properties of R have been presented at
length by Goldberger and Watson.? As the complica-
tions introduced by considering other than single iso-
lated states do not change the analytical properties of
the level shift operator, we summarize, briefly, their
results.

When all the states connected to the initial state by
the perturbation are discrete and have finite norm, then
the singularities of R as a function of E are all discrete
and lie along the real axis. The resulting transition
amplitude is oscillatory in nature and describes a re-
versible situation. In the limit that some of the states
connected to the initial state have a nonfinite norm and
describe the possibility of a nonreversible decay of the
initial state, then the discrete spectra of the level shift
operator merge to form a discrete spectrum super-
imposed onto a continuous spectrum along the real axis.
This condition is realized, for instance, when the dimen-
sions of the box relative to the dimensions of the “atomic
system” contained therein become infinite. When this
occurs the level shift operator is no longer Hermitian
and as a function of complex E is analytic everywhere
save on the real axis where it has a number of discrete
poles superimposed onto a continuum. From the nature
of the singularities the form of the level shift operator
as a function of complex E is determined to be

Raai(E) = Daa(E):FiIau(E) y
where

ReRH(E)=Doo(E), ImRyH(E)=FI.(E).

Here the == superscript refers, respectively, to the upper
and lower region of the complex E plane. (To make this
statement concerning the form of R it is necessary to
assume that (¢| VOV |a)< «.) The insertion of this form
for the diagonal matrix elements of R into the expres-
sions for the matrix element of the Green’s function
(b|G(E)|a) serve to show that as a function of E,
(6|G(E)|a) is analytic everywhere off the real axis.
Along the real axis, I4.(E) is different from zero only
along the cut E>E,,, where E, is the lowest energy
value in the continuum. Hence (§|G(E)|a) is analytic
everywhere in the complex plane save on the cut along
the real axis £> F,. To evaluate the contour integral
in (5) by contour analysis it is necessary to continue
analytically the matrix elements of the level shift oper-
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ator from the first Riemann sheet through the cut onto
the second sheet. This may be done by defining the
value of the level shift operator on the second sheet in
the vicinity of the cut as

Rn(e:tin) = Rl(éq:in) ,

where the complex energy near the cut has been
written as

E=etin, 5>0.

With this definition the contributions to the transition
amplitude in (5) include the residues at the poles on the
second sheet plus a contribution along a new branch cut.
Further details may be found in Goldberger and Watson.?

In extending the above discussion to the more general
form for R given by (18), we note that the formalism is
such as to render the off-diagonal matrix elements of R
as Hermitian and to remove the rapid energy variations
from all matrix elements of R. Hence we may apply
directly the above considerations concerning the ana-
lytical properties of R for the simple projection operator
to the more general case. In writing down the form for
the various diagonal matrix elements of the level shift
operator we shall refer to Goldberger and Watson for
details where necessary.

3. APPLICATIONS OF FORMULATION

The applications in the following section have been
chosen primarily as simple illustrations of the theory.
Several applications represent different aspects of the
stimulated transition between unstable levels. The
results may be of some interest in spectroscopy for dis-
cussing both beam and swarm experiments. While the
examples chosen are mainly from atomic physics, the
theory developed in the previous section is not so
limited. As an illustration of this we also consider the
possibility of a model possessing a double pole and dis-
cuss briefly the nature of its decay.

3.1 Stimulated Transitions between
Two Unstable States

As a first illustration we consider the stimulated
transition between two unstable levels. We assume for
simplicity that the two levels are isolated in the sense
that the only stimulated transitions possible are between
the two levels of interest. The amplitude for the transi-
tion is given by (5):

Luai)=(1/2ri) f PAEG|GE) ), ()

where for a two-level system the matrix element of the
Green’s function is given by (22). The perturbation
energy for this illustration is assumed to have two parts:

V= VT+H1, (31)
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where V, refers to the coupling of the states to the
radiation field and H, refers to the coupling with the
external field inducing the transitions between the two
states. With this decomposition the matrix elements of
the level shift operator may be written down directly if
we first note that the projection operator Q is given by

— [a)(e] = [2)(®]

in this application. Hence, the matrix elements of the
level shift operator on the second Riemann sheet
ImE<O are given by?

Roe={a|V(E—K—QV,Q)"'V,|a)
=D,—3iT.,

Rbb= Db—- %in )

Ray=(a|H1|b)=H1,=H .

(32)

In writing these matrix elements we have assumed that
the external perturbation couples the states ¢ and b only
and that the interaction energy with the radiation field
V, has nonvanishing matrix elements between the states
a or b and the continuum (“ground” states) only. In
addition, we have tacitly recognized that the level shift
operator has no nondiagonal matrix elements involving
V.. Hence, the transition amplitude is given by

e Ruu(E)
”"‘(‘)“_/ [(E—Ea=Ro)(E—Ev—Rop) = RatRuc]

Hba
—_— dE —Bt__________ ,
i (E—E,)(E—FE.)

(33)

where on the second Riemann sheet £, and £_ are the
two complex roots of

(E—=EA-4Ta)(E—Ey+3iTs)— | Hap|2=0  (34)

or

Ey=3(BoAEy)—4i(Tot Ty)
+i[(Bs—Ey+3i0s—3i0,) 24| H o | ]2,

In writing this expresswn we have absorbed the level
shifts D, and Dy in the terms E,= E,+Da, Ey= Es+ Ds.
Here, the contour ¢ lies above the two poles at E;
and E_.

If for the moment we ignore the contribution to the
transition amplitude that shows nonexponential decay,
then the transition amplitude is found simply by com-
pleting the contour in the lower half-plane and evalu-
ating the integral at the two singularities given by (34).
We find that I4,(¢) is given by

Toa(t)= —[Hya/ (B4 —E_) (e ¥+ =€) (35)

To exhibit the dependence of I5.(2) on the levels E,and
B, we write out explicitly the real and imaginary parts
of E:t:

Ey=(a+b)+i(—c+d), E_=(a—b)+i(—c—d), (36)
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where L
a=3(l.t+Ey),
= WAL+ BY AT,
C=(PG+P5)/4;
= VI[(4*+BY)'2— AT sgnB,
and

A=(E,—Ey)?—3(Ta—T)*+4|Ha|?,
B=(E,—E,)(I's—T,).

Using the above expression for £; and £_, we see that
the transition amplitude takes the following form:

Ino(t)=— [Hb”/z(b+id)](e—ibt+dt_ gibt—dt)g—iat—ct  (37)

The transition probability is given by
Pba(t)E llba(i)lz
—_ [l Hba | 2/4(b2+d2)]e—20t(62dt+ e—2dt_ e?ibt_ eZibt)
=[| Ha|2/2(8%+d?) Je2*(cosh2di— cos2bt) . (38)
In the limit that |Hoe,|?2 goes to zero,
=IV2[ (A2 B)12— A2 — LT ,— T4 <c. (39)

This inequality is still satisfied for H,#0; hence, the
above probability is finite for all time.

Usually what is required is the total probability that
a transition has occurred. This may be expressed as

Pr= I‘b/ Py.(t)dt
0

Ts|Hoa|?
=——— [ e 2¢%(cosh2dt— cos2bt)dt. (40)
2(0°*4+4d?) J,
For ¢>d the integral is finite, and we find
Fb[ Hy, ! %
=, (41)
4(c—d?)(cHb?)

In terms of the above expressions for b, ¢, and d, we
see that

(c*—=d?)(c*+0%) = () [(TatI'y)*+ 24— 4(42+ B?)}
= ()Y (TotTp)*+44 (D4 T'p)?—4B2%}.

Hence, in terms of the energy values B, and E,,
(=d?)(c*4-5%) = ()HAT T o(E,— Ey)?
+(To+T0)2(4|Hop| 24Tul's)} -

Thus, the total probability that such a transition does
occur is given by

_ l 2Hba| 2Pb(]:‘a"']:‘b)
4PaF b(Ea_E_'b)2+ (Fa+ Fb)z( l 2Hab | 2+ Fan)

. (42)

The identification of this expression with that usually
given is seen by noting that in the unperturbed
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representation
KEHO-l‘Hrf, (43)

where H, denotes the Hamiltonian of the system in the
absence of the rf field, while H;; denotes the Hamil-
tonian of the isolated field. Hence the two energy levels
E, and E, are given by (A=1)

E.=E,+mw, E=Et+(n+1o, (44)

where the level shifts are included in Z,, Es. Hence, in
terms of the frequency of the level separation,

Ea—' Ey= Wabd,
the total transition probability is given by
[2H 45| *T'o(Ta+T's)

= ) (45)
4T Tp(wap— )4 (Tat+T5)%(| 2Hap | *+T'a's)

which agrees with the expression found by Bennett.$

(a) Nonexponential Decay Associated with
Stimulated Transitions

The contribution to the transition probability just
found displays an exponential decay and is valid for
times such that (1/¢E)<1 provided that I'/EK1 also.
Inasmuch as the transition probability exhibits a reso-
nance phenomenon, it is of some interest to obtain an
estimate of the contribution to the transition probability
that displays a nonexponential decay character. To this
end we now re-examine the problem in detail.

As noted above, the transition amplitude between
the two closely coupled unstable states |a) and |b) is
given by

—1
I ba(l) =—
2
e Ry (E)dE

e
Z/,, [E—Eq— Rua(E)JLE— Es— Ros(E) ]~ RasRoa
(46)

where the contour runs from 4+« to — o above the
real axis along which the singularities of R(E) lie. For
purposes of clarity, we repeat our remarks made in
Sec. 2 concerning the analytic properties of R(E). In
doing so we follow closely the approach given by
Goldberger and Watson.?

As a function of complex E the level shift operator is
analytic everywhere in the complex plane save for a cut
along the real axis for E> E,, plus a number of discrete
poles embedded in the cut. The first constitutes the
spectrum of H belonging to the continuum while the
second are the eigenvalues of the discrete bound states.
(Again, this statement of analyticity depends on the
inequality (| VQV |a)< =, which is violated in an un-
renormalized, nonrelativistic quantum electrodynamics.

6 W. R. Bennett, Jr., Phys. Rev. 126, 580 (1962).

MOWER 142
This difficulty may be removed by introducing a suitable
upper-limit cutoff on any integrals over real E.) To
utilize the method of contour analysis it is necessary to
continue R(E) through the cut from the first Riemann
sheet onto the second. This is accomplished by relating
the matrix elements of the level shift operator on the
two sheets near the cut through the definition

R (E—in)=R.(E+n),

where 7 is an infinitesimal and greater than zero. As
before, the form of the matrix element of the level shift
operator on the first sheet is given by

(Ral)i(E) = Da(E):F’iIa(E) ’

where the &= denotes, respectively, the upper and lower
half-plane of complex E.

Having introduced the analytical continuation of the
diagonal matrix elements of the level shift operator, we
may now deform the contour by bending it down at
E=FE, along the first sheet to E= E,,—7%. The contour
to the right of E=E, may be deformed in a similar
fashion provided we pass through the cut onto the
second sheet. In doing so we also must pick up any
contributions arising from isolated poles of the integrand
resulting from the analytical continuation of R,.(E) and
Ryy(E). The resulting expression for I34(f) consists of
two contour integrals, one about the new cut extending
from E,, to E,—i% as well as the contour about any
singularities of the integrand:

wio=z:f [+

e EGE Ryo(E)

X . (47)
[E— Eo— Ro(E)JLE— Ey— Ry(E)]— RasRuq

The contours are indicated in Fig. 1.

If we equate terms of the form 1—dR,/dE, to unity,
then the contribution arising from the contour ¢, is just
that we have previously calculated. By equating terms
of the form 1—dR,/dE, to unity we are in effect ignoring

/\E"‘

M|

'
1
1
1
1
1
I
1
!
!
1
|
I
1
|
I
|
!
1
I
!
1

F1c. 1. Contour of integration for Eq. (47).



142 DECAY THEORY OF CLOSELY
shifts of the energy levels E, and E; of the order of
D,U,/E,. For a resonance to be resolved, I',/E, must
be much less than unity. Hence, this correction is negli-
gible with respect to D, which in itself is small. (This
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statement is made on the assumption that a phenomeno-
logical energy spectrum of H, has been introduced.)

The remaining contribution to I4(¢) which gives rise
to the nonexponential decay may be written as

1 Ry iE4dE

L()=—

217 J o [E— Ea— Raa(E) [LE— Ev— Rss(E) ]~ RasRoa

—1 pEm—ieo Bt L dF

e H o dE

27t J By,

-1

Em—i®

— 1 Em
1
(E—EJ)(E—E.Y)  2mi / £pie (E— E41)(E— E_1T)
e Bt [ (E— EJN)(E—E )~ (E—EJ)(E—E1) ]
E

; (48)

2wt J B,

where Hp, is assumed to be independent of the total
energy 2 and where

Ey=3[EstEvtRo(E)+Ri(E)]

£3{[Ea— EvtRa(E)— Ro(E) P44 Hoa| )72 (49)

The superscripts on E, denote the sheet on which the
level shift operator is to be evaluated.” An inspection of
the integral shows that for ¢ large only contributions of
the integrand near £=0 occur. Hence, we proceed with
this in mind. The term in the bracket in the integral
may be written as

[ J=(Ea= E)[Ry"(E)— Ry (£) ]
+(Ev— E)[R(E)— R (E) T+ RMRy'— RRy .

The introduction of the form of R, and R; near the real
axis shows that the major contribution to the numerator
near E=0 is Limg.o[ ]=—2EEy(E)—2Eu .(E),
where we have tacitly ignored the real part of R, Rp
in this estimate.

If we expand the integrand in a power series in 1/¢ by
integration by parts, then the first nonzero contribution
arises from the above limiting form of the numerator.
To proceed further we introduce the following phenomo-
logical form for I(E):

1.(E)=3T(E/Ed)",

with a similar form for I3(E). (The exponent 7 is an
integer for radiative decay processes.) With this form,
the first term in the expansion”of I3(f) in powers of ¢
is given by

Hba<— z) w1 [(EJl's/Ev™)+Eslo/Ea]
n! .

¢ [EEo— |Has| 2

(50)

For n=3, appropriate to radiative decay, the non-

”To simplify the evaluation of the integral, we choose the
energy scale such that E,, equal zero.

(E—ESN(E—E N (E—E)(E—ET)

exponential contribution to the transition amplitude is
(ToEo 4T oY)
2 (EaEb-— IHMI 2)2l4Ea3E53
—3Hpy T T,
~+ SHs / b ! ) .
TE iy Bttt 5

(51)

The nonexponential contribution to 73 does not display
any resonance behavior near E,~FE; and, while the
principal contribution for I'>1, is in itself of negligible
magnitude. Hence, we may safely ignore its effect on the
total probability for the stimulated transition between
two unstable levels.

(b) Energy Variation of the Matrix Elements
of the Level Shift Operator

As a final point in our discussion of the transition
probability for the stimulated transition between two
unstable levels, we note that we have tacitly ignored the
variation of the matrix elements of R as a function of
the total energy E. If, in our treatment, we had utilized
the formulation of Goldberger and Watson appropriate
for isolated, unstable levels, the neglect of the energy
dependence of R would have been catastrophic. Only
by noting the strong energy dependence of both the
diagonal and off-diagonal matrix elements in their
formulation is it possible to obtain the results given in
the first part of the section. We note that to treat the
above problem using their formulation an order of
magnitude more care and algebra are required than in
the use of the generalization presented here. In effect,
then, the largest contribution to the energy variation of
the level shift operator has been removed by our
generalization of Goldberger and Watson’s formulation.
What energy variation is left is largely retained in the
diagonal matrix elements of R; the variation of the
off-diagonal matrix elements of R with respect to the
total energy E is relegated to a higher order effect. To
show the effect of the residual energy variation of the
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diagonal matrix elements of the level shift operator, we
re-express the transition amplitude with this in mind.
Again, we write the transition amplitude as

1
Iba(t) = -
2w

/ dE e EtRy,

X

¢ [E—Eo— Ro(E)I[E—Ey—Ry(E)]— RusRra )
(52

where we have noted explicitly the energy dependence
of the diagonal matrix elements of R only. If the energy
variation of these elements in the vicinity of the value
they assume at E, or Ej is slight, then we may expand
both R,(E) and Ry(E) in a truncated Taylor series
about these values; for instance,

Ro(E)~Ry(E.)+(E—Eo)dR,/dE,.
Hence, the transition amplitude may be rewritten as

Iba(t) =

2w
dE e=iP*Ry,/ (Ey)/(1— dRo/dEs)
¢ (E‘Ea—Ra,)(E_Eb_Rb/)—Rab,Rbal ’

(33)

where for £ on the second Riemann surface with
ImE <O the prime has the following significance:

R,/=R,E,)/(1—dR,/dE,),
Ry/=Ry(Ev)/(1—dRs/dEy),
Rot'=R.1/(1—dR,/dE,).
The first apparent effect such a slight energy dependence
then has is to alter the magnitude of the transition
probability. The most interesting effect is the presence
of additional contributions to the level shift as well as
the natural linewidth of the state:
R/=R,(E.)/(1—dR,/dE,)
=(Dy—3iT4)/(1—dD,/dE+-31dT,/dE,)
=D, -3,
where

., [Di1=dDy/dE) T T/ dR.]
(1—dD./dE.)+}(dT/dE)?
| Tu(l—dDo/dE)+DodT/dE,
" (1= dDo/dE)+1(dTe/dE)

and

with a similar expression for Rp. Provided that we know
both the level shift as well as the linewidth as a function
of the energy, the calculation of these corrections is
straightforward.

As an illustration of the magnitude of these correc-
tions, when applied to the 25/, state of hydrogen the
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additional shift is
—DodD,/dE~—D,2/E,~% kc/sec,

a shift too small to be observable using present
techniques.

3.2 Double Poles

An example of a decay mode that differs in character
from those just treated is associated with the possibility
of a double pole in the spectrum of the Green’s function.
Whenever this occurs the decay is no longer of the
previous form but contains a term depending linearly
on time modulated by the exponential decay. The
presence of this type of decay may be interpreted as an
isolated case included in the previous treatment or, as
we prefer to do here, as a result of accidental degeneracy
in the chosen model.

To illustrate this particular decay mode we consider
a three-level system—two closely coupled excited states,
|@) and |b), and a ground state. The decay mode to be
observed depends upon the preparation of the initial
state of the system which we choose here as the higher,
| @). The decay of the higher state will deviate from an
exponential behavior if

(1) transitions between the two excited states |a)
and |b) are allowed;

(2) the values of the energies involved are suitably
chosen.

To verify these statements we write the amplitude
for the probability that at time ¢ the system, originally
in state |a), is still in that state:

1
Laa(t)=—
2
dE e ¥ E— Ey—Ry')(1—dR,/dE,)™
¢ (E—Eb_Rbl)(E—Ea—Ral)—RablR ba’

, (54)

where we have used the notation introduced in the
previous section. Further, if we write

RJ/=D,/—%I'J, Ry=Dy—3Iv,
then the transition amplitude may be expressed as

1 [dE e E(E—Ey+3iTy)(1—dRo/dE.)™
el _"'/c (E—Ey)(E—E_)

2w

)

(55)
where

Ed:E%-E-a+E—b_%i(I‘a,+I‘b,)
+H{[Ea— Byt 3i(Ty — ) +4Ra'Rud'} 2. (56)
Here we have absorbed the real shifts in the definition

E,=E,+D/, etc.
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A double root in the integrand and hence a deviation
from a purely exponential decay occurs for those values
of the parameters of the problem that satisfy

(Bo—Ep)?—L(I')/—T')2+Re(4R .’ Res’) =0,

(B,—E3)(Ty'—T4)+Im(4Ras' Ryd’)=0. 57)

Whenever these conditions are satisfied, then the proba-
bility amplitude that the system is still in the state |a)
at time ¢ is given by

La()>[1—it(Ey— Es+3iTy) ]
X (1—dRa/dE.)" exp(—iEo), (58)
where
Eo=3(Eo+Ey)—3(TJ/+TY).
Thus

Iaa(t)z{ 1 _%it[Ea'_E—b"*'%i(P b'_ rul)]}
Xexp[—Li(Bo+Ey)t] exp[—L(T/+Ts)]. (59)

Provided R.;#0, the model chosen will exhibit devia-
tions from a purely exponential decay. We note that
this deviation occurs for small ¢ and is of an essentially
different character from the nonexponential decay valid
for large ¢ discussed earlier.

A model of this type has recently been discussed
as a possible example of an elementary particle.® In
the example the following parameters were chosen:
I'/=D,=0 and R,,=ca. For « real, the second condi-
tion can be satisfied if a degeneracy exists:

E.=E,.

Under these conditions the probability that the system
is still in the initial state |¢) at time ¢ is given by

Po(t)~(A+43T01)2 exp(—2T4't).

Within the context of the Schrédinger equation as
usually formulated, then, nonexponential decays of the
above type can be expected as a result of accidental
degeneracies. Nonexponential decays can also be ex-
pected if the energy spectrum of the total Hamiltonian
has intrinsic degeneracies.?

(60)

3.3 Transitions between Two Members of
Degenerate States

As a perturbation on the first example treated, we
consider the stimulated transition between two de-
generate states. The physical situation giving rise to this
case might be a fine-structure transition between two
states of an atomic system in the absence of the com-
plete resolution of hyperfine structure.

The projection operators for the two degenerate levels

8 J. S. Bell and C. J. Goebel, Phys. Rev. 138, B1198 (1965).
(1;61\11[5 L. Goldberger and K. M. Watson, Phys. Rev. 136, B1472
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are given by
g1
Pi=% ia)ial,
a=1
(61)
93
Pi=2 | ju)uil
p=1
where the states in question are eigenstates of K:
Klia)=E;|ia); a=1,- g
| a) ia); &is (62)

K| juy=E;|ju); w=1,---g;.
The two degenerate levels 7 and 7 may be assumed to
be in relative isolation from the rest of the atomic
spectrum even in the presence of a perturbation inducing
transitions between the two levels. This may be realized
by introducing a unitary transformation to remove all
virtual transitions.’® The result of this isolation pro-
cedure, however, is to modify the perturbation energy
in the space spanned by the two levels in question. The
major effect of the decoupling procedure is to introduce
diagonal matrix elements of the perturbation energy
that give rise to transition frequencies between the two
levels that are different from the usual Bohr frequencies.
With this in mind, we assume that the perturbation
energy V has nonzero matrix elements in the space
spanned by |ie) and | ju) only.

The transition amplitude for an induced transition
between the degenerate states |ia) and | ju) depends on
the matrix element of the Green’s function between
these states. We may write it as

(@i| G(E)] ju)
= (ai| (E—Q;HQ)'\Q;HP{(P,GP)) | ju). (63)
With the above choice of states as eigenstates of K,
Q;HP;=Q;VP;.

To simplify this result further, we make use of the degree
of freedom made available to us by the degeneracies of
the two levels. We choose the degenerate sets |ia) and
| ju) to simplify the above matrix element. Thus, if we
choose the degenerate sets to diagonalize the two
Green’s functions, we may achieve the desired simplifi-
cation: i.e., we choose the set | ju) such that

(Ju l R I )= Ri uudui (64)
where

P;RPj=P;VPi+P;VQ;(E—Q;HQ;)~'Q;V P;,
and the set |ia) such that (E—Q;HQ;)~! is diagonal in
|4,a) space. The matrix elements of (E— Q;HQ;)~! may
be calculated by repeating our original decomposition

of the Green’s function using Q;HQ; instead of H.
We find

PG'Pi=P(E—Q;HQ;)~'P;

=(E—P,KP;—P;R'P), (65)

10 J.-M. Winter, Ann. Phys. 4, 745 (1959).
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where
R'=Q;V Qi+ (QiVONQLE—Q«Q;:HQ»)Q: I'Q:(Q5VQ5) .

By virtue of the assumed properties of V, the only
nonzero matrix elements of R’ are given by

(ai| R |ia")={ai| V |id/). (66)
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Hence, P.G’'P; may be diagonalized by choosing the
set |4a) to diagonalize R’:
(ai]R' l $Ol>= <a7/| Vl'l:a)aaa,E Vi,aasaa (67)

With this choice in mind, we also see that the diagonal
matrix element of R is given by

(Il R| ju)=Rjup= "V uut Z,<.7#| Via)ia| PG'Pilid )(id' | V| ju)

where we have written the matrix elements of P,G'P; as

= Vj,uu+z I <.7ﬂ’ V!i‘)‘)l 2/(E_Ei“ Vi.aa) ) (68)

(ialP,G’P,-[ ia'>= (E_Ez— Vi_aa)_laaa, .

By collecting the above results, we see that the matrix element of the Green’s function for the induced transition

between the degenerate states |ia) and | ju) is given by

Jw= ZM (i (E—=Q;HQi)™ i/ Xo'i| V| ') jw' | (E— Ej— P;iRP;)™| ju)

(wi| G(E)

at| V|7
(ai| V| ju) 9)

(E—Ei~Via)[E—E~V

jn— 8| (G| V | 8) |2/ (E—E~Vigp)]

In general, the diagonal matrix elements of V; o Will depend upon «. However, in the anticipation that the diagonal
matrix elements will be small compared to the off-diagonal matrix elements we rewrite the above expression as

{ai| V] ju)

(i|G(E)| ju)=

where

and we have introduced the notation

(E—Ei,e)(E—E;,)— 35| (ju| V|i8)| 2= Au(E)
(Vigs—Viaa)
E—E

(70)

[GulV]iB)]*,

7,8

Ei,aE E1+ V'i,aa .

In the absence of the term A,,(E), the contribution of the above matrix element to the transition amplitude

occurs at £=FE,, where

By=5(EiatEju) 23 (Bi o= Ey,0)*+4 26| (G| V| 6) [*]12.

With this value of £, we may estimate the magnitude of A,,

Aal‘(E:(:) =2 Z

As a particular illustration of the theory we consider
the transitions of an atomic system stimulated by the
presence of an external electromagnetic field. If the
language of second quantization is used to describe the

(711)
(Vigs~—Viaa) [ (Gul Vi8] 2 (72)
8 {(Biw—Ei) T2V ssaa— Vip) [ (B e Ej )4 Lol (Gl V i) | 2172 '
given by!!
(ai| V| ju)=/{ai| Hi| ju)
=—(BHXVG) - {ai| My | ju)
X[(n4+1)/2we, V]2, (73)

external field and if an emission process is studied, then
the energies of the initial and the final states are given by

Ei=Wit(nt+ Do, E=Wtnho,

where W; ; are the energy levels of the atomic system in
the absence of the external rf field and #'%w is the energy
of the electromagnetic field with 7’ photons of frequency
w present. Here, for purposes of this illustration we have
introduced %. If magnetic dipole transitions only are
allowed, then the matrix element of interaction is

Here, G(r) is the scalar amplitude of the mode of the
external field in the cavity of volume V. It is so normal-
ized that

/VIG(r)IZdT=V.

The factor {ai| M., | ju) is the magnetic dipole moment
11 M. Mizushima, Phys. Rev. 133, A414 (1964).
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of the isolated atom for the two states of interest, &\
denotes the direction of polarization of the rf magnetic
field, and € is the permittivity of free space in mks units.

The unitary transformation required to isolate the
initial and final states from the remainder of the atomic
spectra introduces shifts of the following amounts
(Refs. 10 and 11):

2=V = Viaea
=gul* 2 | (Gr|M|v)|?
XLW =W y— heo) 74 (W j— Wyt hew) ™ ]
—SuoH? 34" | (ai | M [ )|

X LW i—W o= )= (W i— W oy ho) 1], (74)

Here, the prime on the sum indicates that these energy
corrections differ from the usual results of Rayleigh
perturbation theory by the omission of both the initial
and final states in both summations. In writing this
result we have made the following identification:

2
LuH2 =Y (nhc?*/20V)| X VG2, w1 (75)
A

where H and uo are the magnetic-field strength and
permeability in mks units, respectively.

In the absence of the correction Aua, the transition
probability for the induced emission of a photon of
frequency w is given by

Pii()=4/g)X [ I [{ei| V] ju)|* sin*([ J'*/2}, (76)

where
[ J=(Bia—Ei W) +4 Zsl Grl V]iB) |2,

and g; is the degeneracy of the initial state. As a func-
tion of the external rf frequency the transition proba-
bility may be maximized by the choice

Ei,a-—Ej,“E W1~ I/Vj— ﬁw—9m=0
or
=W i—Wi—Qp.

For many precision measurements, ,<K|W;—W;|.
Under these conditions, the correction

[Aap/3 6| (iul V]i8)]*]

is at most of order | Q. |2/ |W;—W |12, where W; (with
Is%i or 7) is the energy level closest to either W, or
W ;included in the sum defining Q,,. Hence, under these
conditions, we may safely ignore Auc.

The frequency shifts in the magnetic dipole transi-
tional between the hyperfine levels of 2P;/, states of
Cs!%8 have been measured by Faist, ef al.1? and compared
with a theory of the lineshape similar to that presented

12 A, Faist, E. Geneux, and S. Koide, J. Phys. Soc. Japan 19,
2299 (1964).
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here. They calculated the average frequency shift

Zau| (ia [ H, i ]l’«) | ?(Vi,aa'_ Vj,mt)
2o (o] Ha| )|

and found that the ratio &/|W;—W;| was of the order
4X10-3H? where H is the magnitude of the external rf
magnetic field in oersteds. Hence, for fields in oersteds
of strength 1< H <5 we may safely ignore the correction
Aua and use the simple theory.

Q (77)

ll

3.4 Rf Quenching of a Metastable Level

As a final example, we treat the problem of the radi-
ative decay of a metastable level induced by a strong
electromagnetic field. The stimulation processes will
markedly change the decay rate if near the metastable
level an unstable level exists that may be connected
with the metastable level by a dipole transition. Thus,
initially we assume that the atomic system is in a meta-
stable state and, because of the interaction of the system
with an rf field, the system makes a transition to an
unstable level that quickly radiates to the ground state.
If we then measure the number of emitted photons as a
function of the frequency of the rf field, then a relative
maximum number of photons will be counted if the
frequency of the rf field just equals the Bohr frequency
for the two excited levels in question.

Our energy spectrum as formulated consists of two
excited states with different lifetimes plus a ground
state. Actually, the transition in the presence of a strong
rf field may be made either by absorbing or emitting a
single photon; depending on the circumstances, one of
these processes will be virtual while the other will be
real. Hence, we should really consider the problem of an
atomic system initially in one of several closely coupled
excited states—in that one that has a relatively long
lifetime. The rf field then induces a decay via either of
the nearby unstable states. The states are assumed to
be in relative isolation from the remaining states of the
atomic system.

For simplicity, we divide the discussion into two
parts. For intensities of the external rf field sufficiently
low, we may ignore all transitions save the resonant
absorption between the initial metastable state and the
intermediate unstable state. Even for this case com-
plexities occur. By using the language of quantized fields
we must recognize that two exit channels exist for the
strongly coupled states: one from the metastable state
and one from the unstable state. As the number of rf
photons differ in each of these two channels, the ground
state themselves for these two decay processes differ.

As the intensity of the external rf field increases,
additional excited states play an important role and
additional decay channels become available. For sim-
plicity, in this case we shall treat only the induced
one-photon absorption or emission transition.
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(a) Moderately Intense External Fields

The states and the associated energies of the un-
perturbed system are given by

K|Wa;ny=(Wat-nhw) |[Wo; n)=Eqn|Wa;n),
K|Won—1)=[Wy+(n—1)hw]| Ws; n—1)
EEb,n_;[ Wb; n— 1> y
K|Wo;n'; ke)y=(Wotn'hwthow,) |Wo; #'; k,)
=Eow|Wo;n'; k),

where K denotes that part of the Hamiltonian that
describes the system in the absence of the atom-rf field
interaction. Here # denotes the number of rf photons
present, while k, denotes the wave number of the photon
emitted in the decay process. The presence of the inter-
action between the external rf field and the atomic
system strongly couples the two states |W,;#) and
|Wy; n—1), which we represent as |a) and |b), re-
spectively. The matrix element of the interaction energy
between these states is given by

(Wa; n| V| Wa;n—1)
=Wa;n|Hy|We;n—1)=H,p. (79)

The transition amplitude for the decay of the state
|@) in the presence of the external rf field is

(78)

1
Ioa(l) = .

wLJ ¢

e KW o; n; ko |G(E) | a)dE

1
+~/5WWWWhMMDMM,®®
21t J ¢

where the two terms represent the two possible modes
of decay: one, directly to ground, and the second, in-
directly to ground via state |). (In this statement and
in what follows we again set #=1.) We may re-express
the above in terms of matrix elements of the level shift
operator as

1
Tl =— f BB Fy )W o; 1; ko | R a)gaad B
wTLJ e

1
+— / e E—Eyn_y)™!

2ni J ¢

X(Wo;n—1; ki |R|b)gs.dE, (81)
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where the matrix elements of the Green’s function are
given by (22) if we replace E, by E,,, and Ey by Ep s
The matrix elements of the level shift operator are given
by (32). The remaining matrix elements of R between
the ground states and the excited states represent the
coupling to the radiation field giving rise to the decay
and will be retained as is in the subsequent calculation.

Hence, the transition amplitude for the stimulated
decay of an atomic system initially in one of two closely
coupled states is given by

1o 1 /dE(Wo;n;k.,]RIa)(E—E’b,n_1+%iI‘b)e“"E‘
0a\l)=""
2ri J . (E—Eo ) (E—EL)(E—E-)
1 [ dE(Wo; n—1;k\| R|a)H pee iE¢
2n1J o (E—Eon1)(E—Ey)(E—E_)
where

Ey=§(BapntBony)—3i(Tat )
3 Fon—Bonrrb3iTs— 4l 4| Har| ]2 (83)

and we have absorbed the real part of the diagonal
matrix of R in the definition

Ea,nEE-a,n+Da~
We assume that both the matrix elements
(Wo;n;k,]Rla), <Wo;"—1;kxlkfb>

are independent of the total energy £ such that we may
evaluate them at £=FE, , and E=E, ,_,, respectively.
(The variation with energy may be included in a more
precise calculation.) With this in mind, then, the transi-
tion amplitude for times such that I';, ' are not too
large and for a system in which

To/Een&l; To/Epna<1,

is given by

(Eon—Ey 13T )¢ iEont 1 (E4—Epnat+3iTp)e i (E——Ey ny4LiTy)eiE-t

Toa()Wo; m; k«lR[a){ (F PE )
ZQ,n T Lot 0,n " L

e~ iEo,n—1t

(E+—Eon)(Ey—E)

(E—"‘Eo,n) (E+_ E—) }

e iE+t e—tE-t

—(W ;n—l;kleIb)Ha{
W V(B nr— ) (Eour—E-)

1
]
(By—Eont)(Bx—E-) (E_—FEy 1) (Es—FE.)

| @

For T'yt, T3>0, only the first term in each bracket is appreciable. Hence, if we restrict ourselves to the non-
vanishing contribution for large values of /, then the transition probability per unit energy range of the emitted
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photon in the induced decay of the metastable state |a) is given by

1)

Lol (Eon—Eb n1)?+1142]

P(Ju —> ( ~ — — —
Tpt>1 27F/[(Eo,n—Ea,n)(E0,n"'Eb,n—l)—’ | Habl 2—%Purb]2+%[Pa(E0,n_Eb,n—l)+ Fb(EO,n—Ea,n]2
Ts|Has|?

(85)

1y
L S _ .
ZW/[(EO,,,_1—Ea,n)(Eo,n_1—Eb,n_1)_ [Hab[ 2—i‘I‘aPb]z‘*“%[Pa(EO,n—l_Eb,n-—l)+Fb(EO,n—l"‘Ea,n)]2

In writing this expression we have noted that the two
decay photons are independent, and hence, the two
decay channels are independent. In doing so we have
utilized the relationship!?

20 % [ ool RIW G ms ) 0Ves ' o RIS
(36)

=T"40200nn Oier’ -
The first term in the above expression for the stimulated
transition probability describes the modification of the
direct decay of the state |a) by the presence of the
external rf field. The second term describes the indirect
decay of the state |a) available by the presence of the
interaction energy H,,=H;. Similar expressions have
been given by Hack and Hamermesh.¢ To see this more
clearly, we introduce the following frequencies in terms
of the energy differences involved in the above

expression:
— 7
EO,n'—Ea,n=wv_w0 )
] —_ ’
EO,n“Eb,n—l=wv— W' —Wpatw )

(87)

Epna1—Ep n1=wr—wy,
Eo,n-—l" Ea,nEw)\_w0+wba_w .

In the absence of the interaction, the first term in the
expression for the transition probability, which we refer

to as Pya,p, reduces to
./ 27

(wa"_wo,)2+%ra2 ’
a Lorentz-shape line with a width I',. By assumption
I'.<T's; hence, we may ignore this contribution for
| Hy[>>I,. (The presence of a strong interaction | Hy|>T'
serves only to shift the resonance and broaden the line
somewhat; in addition, it substantially decreases the
probability at resonance by the ratio I';?/I's2.)

The major contribution to the induced transition

probability for I';<<T's is given by the second term in
the above expression, which we refer to as Py, r, where

(88)

POa,D=

P()a,1=

Ty Hy|%/ 2%
[(r—wo)(@r—wotwse—w)— | Hi[*= 31Ty P+ Ta(or—wo)+ o(on—wotws—w) &
At rf resonance, w=uwsq, this expression simplifies to
T'y| Hq|%/ 27
Poo 1res= (90)

which, as a function of the frequency wy of the emitted
photon, has extrema at

(wx—wo)2= ]HII 2— (I‘a2+1‘b2)/8 . (91)

For intensities of the external field such that the
matrix element coupling the states |a) and |b) is less
than the decay rate I's, then a single line exists and is
located at the natural line center. The maximum transi-
tion probability for this case is given by

POa m&'czrb/ZW[Hllz§ I‘a<<IH1l <Pb

B M. E. Rose and R. L. Carovillano, Phys. Rev. 122, 1185

(1961).
14 M. N. Hack and M. Hamermesh, Nuovo Cimento 19, 546

(1961). i

WA=Wg,

(92)

[(r—w0)*— | Hy|*—3TTs+Her—w) (Tt T0)?’

with a half-width given by
A~4[H,|*/Ts,
which is narrower than the natural line. For somewhat

larger intensities, | H1|> T, the line splits and has a
relative minimum at wy=w,. The maxima are located at

w)\=wo:l:IHll(l—sz/Slﬂllz)”z, (93)
with a probability
POa maxg(z/"rrb)(l—Fb2/16[H112)_1, (94)

somewhat larger than the probability for the natural
line. The width of this line is

A~TyA2,

which is comparable to the natural line.
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For values of the time ¢ that do not satisfy the in-
equality (I',+T'5)>>0, we must treat the time depend-
ence of the transition probability directly. In the
previous case we examined the transition probability at
rf resonance (w=ws,) as a function of the frequency of
the decay photon. In general, it is easier experimentally
to count the emitted photons instead of scanning them
with a monochromatic filter. Hence, we should deal with
the rf frequency dependence of the total transition

To| (Bon—Ebn1+3ils)

POa,D(t) =

(E3—Ey nyt3iTs) »
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probability found from the transition probability per
unit energy range of the emitted photon by summing
over the frequency range of the emitted photon. As
there are two different types of photons emitted, one
for each decay channel, this must be taken into account.
Thus we have

Ptotal(l)___/ deP()a,D(/)+/ dw)\POa,I(t)a (95)
0 0

where

2

(B——Ey,1+%iTs)

2w

T
P(]a,l(t)=—'-|[]10b] 2
2w

- - D——ilz‘o,nz+ e—iF+ e~ it , (96)
(Eon—Ex)(Eon—E_) (Ey—Eo)(Ey—E_) (Fie=Eon)(Ey—E_)
e~ tEBo,n—1t e iE+t e—ili-t 2
- f - . 97)
(Bopma—E)(Eona—E_)  (Ey—FEona)(Ey—E_) (F_—Egn1)(Es—E.)

In writing these transition probabilities we have made use of Eq. (84). We may replace w, to %y, and wy to

Ey 1 by noting that for =1,
dw,,=dE0,n y

dw)\= dl'jo,n—l .

Finally, the lower limits on the integrals may be extended to — % by noting that the antiresonances so included
contribute very little to the integral. The integrals may then be evaluated by contour integration. To simplify the
resulting expressions, we introduce the following notation:

Ey=(a+b)—i(c—d), E_=(a—b)—i(c+d), (98)
where
a=3Fant+Epn), b={V2[(AH-B) 124 A2 c=1(T,+T), d=}2[ (424 B)'/2— A2 sgnB,
and B
A= (E—a,n—Eb,n—l)2+4‘ ' Hlab I 2—%(1‘61— Pb)2, BE (Ea,n_Eb,n—l)(Fb— Fa) .
In terms of this notation, we find
® To{c[(a— By n1)*+T32/44+b>+c2—d* ]+ 2bd(a— B 1))
f POa,D(t)dEO,n=
e 4(0%4-¢*)(c2—d?)
{cL(a—Epn 1)+ (c—T4/2)*+ b2+ d* ]+ 2d[b(a— B n_1)—d(c—T4/2) ]}
—T, e~%¢t cosh2dt
4(b24-a%) (c>—d?)
{d[(a—Fy 1)+ (c— I‘b/2)2+b"’+d2]+20[b(a—E—’b,n_1)—d(c—-I‘b/Z)]}
—T, e—2¢t sinh2dt
4(b24d2) (c2—a2)
{2606(c—Tv/D)+d(a—Ey n 1) +c[(a— By n1)?+(c—T'/2)2— 62— ]}
+T. e~2¢t cos2bt
4(0*+a*) (b*+c?)
{2e[b(c—Ts/2)+d(a—Ey 0 1)]—b[(a— B n 1)+ (c—T/2)2—b2—d*]}
+T, e2¢tsin2bt,  (99)
4o p+e)
and
i dF; Toldh [ D™ oshad h
Poo 1(1)AEg na1= - t+d sinh2dt
/_ _Poerl I MOt (=) Ay O sinh2dl]
FbIHII 2p—2ct
[ cos2bi—b sin2bt].  (100)
40a) 0o

In terms of consistency we note that each of the two contributions to the total transition probability vanish
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at 1=0:

/ Poa,D(i-_—‘-O)dEo_n:O, / Poa,I(l‘::O)dEo,n_l:O, (101)

hence, the total transition probability vanishes at {=0. Furthermore, if we introduce the definitions for a, b, c,
and d, we see that the time-independent contributions to the total transition probability are given by

To|Hy|% AT Hy | (Tut Ty)
40242 (c2—d?) (Dot To)2(Tal'o+4| Hy|D)+4T To(Ean—Eon1)?

and
Tofc[(a—Ep n1)?+Ts2/4+b2+c2—d2]4-2bd(a—Ep n1)}
4(b2+c?)(c2—d?)

_41‘arb(Ea,n—Eb,n-,)2+(ra+rb)[1‘a1‘b(ra+ ['y)+4T,| Hq|?]
(Tt T2 (T Lo +-4 | Hy | 2) 44T Ty (Bo — By n1)?

b

which sum to unity. Hence, in the limit of large time the total transition probability approaches unity. That is,
if one waits long enough the system, originally in state |a), will eventually be found in the ground state with a
decay photon.

Of some interest from a practical point of view is the decay rate. Using the above expressions for the total

transition probability we find that the decay rate is

dPT(l) d PblH1|26"2°‘
Poa Idw)\+ /POa D -
di dz 2(b24d?)
I‘ae-2ct
I —
2(b24-4?)

—[(a—Ep,u_1)*+ (c—T4/2)2—b2—d?] cos2bi—[2b(c—T's/2)+2d(a—E} 1) ] sin2bt} .

The initial decay rate is given simply by
(dPr(t)/dl) | tmo=T4; (103)

the contribution from the induced decay of state | a) via
state |b) varies as #2 for small #. The decay rate via state
|6 for 1520,

I‘blH1[26~zc¢
— / Py, 1de=—————cosh2di—cos2bt], (104)

2(024-d?)

has a simple interpretation. It is simply the rate of
decay of state & to ground, I',, times the probability
that after a time ¢ the system has made the transition
from |a) to |b). For I'y>>T, this is the major contribu-
tion to the decay rate of the system, hence we take a
brief look at this rate. If we introduce the definitions of
b and d, we find

2(b*+d2) = 3(424 B2
=%[:(‘E_a.ﬂ—Eb,7L—1)2+%(I‘a_ I‘b)2
+4|Hy| 21— 2| H|*(To—T5)’

which becomes small at rf resonance,

Ea,n_E_b,n—l=w—wba=0-
Under this condition, d=0, and the above decay rate

[cosh2di— cos2bt]

{([(a—Ep n1)*+ (c—T5/2)2+b2+d?] cosh2di+[20(a—E», 1) —2d(c—T'4/2)] sinh2dt

(102)

becomes

I's| H | 2g2et

d
~ f Pogrden =
i w=ata

b=3[4|H:|*—5(Ta—T5)*]"2,
=%(I‘a+rb) .

(b) Strong rf Fields

At higher intensities of the external inducing field it
is possible to cause a transition from the metastable
state via stimulated emission as well as by absorption.
Not only does the stimulated emission process couple
more states, but it also introduces new decay channels.
Virtual processes exist that couple not only with the
initial state but with the final state as well. To illustrate
this coupling process, we redefine the states as

laY=|Wasn'), |0 )y=Wi;n').

In terms of this notation, we assume as initial conditions
that the state of the system is represented by

¥li=0)=1a.),

that is, initially the system is in the metastable state |a)

sin%,  (105)

where
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n+l> lun +2>
lo S F1c. 2. Energy-level diagram for the
25" relevant states involved in the rf-induced
decay of a metastable state. Absorption
of real rf photons is denoted by horizontal
ons2ikc)  arrows. Virtual absorption or emission
Ws, 0411k of a rf photon is denoted by a diagonal
N arrow. Decay photons are denoted by
|W° n? ku> 3
g vertical arrows.

with » rf photons of frequency w. The specific states
closely coupled by the rf interaction are the following:

|@n-2), [bas); |@n), [ba1); |@ny2), |Buga).

This coupling is schematized in Fig. 2.

The presence of the additional states as well as the
additional exit channels requires a modification of the
initial formulation. For simplicity, we limit oursevles to
the induced process and ignore the decay through the
direct exit channels. With this in mind, a study of the
above energy-level diagram leads to the following ex-
pression for the transition amplitude of the rf-induced
decay of the metastable state |a):

1
IOa(t) =— / dE e—iE¢ Z(E— Eo,n')Nl

L J e

X(Wo,nke| Ry |bnr){bur| gl @n), (106)

where the sum over #’ includes the three decay channels
[64—3), [bn—1), and [bn41).

The level-shift operator in the space spanned by the
coupled states is unchanged in form from that given
before. The projection operator Q, however, is given by

Q=1-P,

P= [0 )av |+ [bw)bu]

where the sum over » includes just the coupled states.

In the space spanned by the coupled states the nonzero
matrix elements of the level-shift operator are given by

(bu1|R| @)= (bn-a| Hi|an)=H_n,

(but1|R|@n)y=bus1| Hi|@n)=Hy,n,
(bu-1| R|@u—2)=(buns| H1|@n-2)=H n2,
<b‘n~—3 l R l an—2>= <bn—3 ] H, [ Gn—2>5 H_, .,
(brnt1| R| @ny2)= (b1 Hi|@ny2)=H_ nis.

Here, only one-photon processes have been included.
The subscript (—) refers to an absorption process, while
the (+) refers to a stimulated emission process. In the
limit of the number of photons # being large compared
to one, all these matrix elements have the same magni-
tude. The remaining nonzero matrix elements of R take
a familiar form for ImE<0 on the second Riemann
sheet.
{@w|R|@n)=Ra, ap=Da—1Tc/2,

(b | R|buw)=Ru,,,b,,=D1—iT/2,

where we have assumed that the individual matrix
elements were insensitive to the differences between the
number of rf photons in the states considered.

From the form of these matrix elements we see that
on the second Riemann sheet for In£<0 the array for
the matrix elements of g~!, the inverse Green’s function,
in the space spanned by the closely coupled states is
given by

bn_s An—2 bn1 Qan bn+l Any2
bn-s E—Ey, n3+iTs/2 —H_ 0 0 0 0
An-2 —_, no® E— Ea ,._2+sz/2 - H—h nso® 0 0 0
bn—l 0 H+ n—2 E—E’b,n_l—f—iI‘b/Z '—II 7 0 O
an 0 0 —H_* E—Ily ntiTa/2 —H, 0
bn+l 0 0 0 —H+ n E— Eb n+1+1'1‘b/2 _—H_' n42
Gnt2 0 0 0 0 —H_ s E—Ey, ny2+iTa/2

The states of this array consist of pairs coupled by an absorption process that are in turn coupled to one another
via stimulated emission processes. In writing this array we have absorbed the level shift of each state through

the definition &;=D;+E..

The matrix elements of the Green’s functions that appear in the expression for the transition amplitude may
be calculated from the above array by means of the relation

(bar| g| @n)y=(cofactor g=V)an,bn"/Det,

where Det is the determinant formed from the above array. We find the following cofactors of interest in this
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calculation.

(cofactor)an,bn—s= — (H_ n2) (Hy,n2*)(H-,n) [(E—Ep ni1+iTs/2)(E— Eq npatiTa/2)— | H- ny2| 2],

(cofactor)an, pn-1=— (H—, ) [(E—Ey,n—s+iTs/2) (E_Ea,n—2+ira/_2)—' |H_ n2|*] _
X[(E—Eyni1ti0s/2)(E—Eo,n2a+ila/2)— | H_ n12| %],

(cofactor)an,bnt1= (Hy,n) | Hy,ns| 2(E—E_'b,n—3+irb/2)(E—E'a,n+2-_i-i1‘a/2)— (H+,n)(E_—Ea,n+2+iI‘a/2)

X(E—EynatiTs/2)[(E—EynstiTs/2)(E—Eqno+iTe/2)— | H_ n2|*],
(cofactor)an,an=—| Hs.n2] YE—Ey p_g+il’ z,/_z)[(E—E,,,,,+l+iI‘,,_/2)(E—E’a,n+2+ir,,/2)— |H_ ny2|%]
+(E—Epn1+iTs/2)[(E—Ey,n3+i's/2) (E—_Ea,n—z-l-ira/z) - II_{—.n—2| 7]

><[(E—Eb,n—kl'l'irb/z)(E—Ea,n+2+ipa/2)" lH—.n+2| 2]-

The determinant of the above array for the elements of g~! may be calculated using the above cofactors. If we
expand the determinant in terms of the @, row, we find

Det(E)=+H_ ,*(cofactor) an, bn1+ (E— B an+il's/2) (cofactor) s, an-tHy n*(cofactor) an, sny1 -
After a certain amount of algebra to render the fat from this expression, we find

Det=[n—2][n]ln+2]— |Hy ns|(E—Euntils/2)(E~EynstiTs/2)[n+2]
— |Hy 2(E—~E,,,n+2+iI‘a/Z)(E—Eb,n__l—l-iI‘b/Z)[n—2] }
+ [H+,n| 2] H+,n—2l 2(E_Ea.n+2+ira/2)(E—Eb,n—8+irb/2) ’
where we have introduced the abbreviation

[n’]E [(E—E-b,nl_l—l-ipb/z)(E—E—a,n'+iI‘a/2)— [H—‘,"l' I 2:' *

To proceed further we limit our attention to that component of the transition amplitude that is not damped
in time. Hence, if we make use of the relationship:

2 Z dp/<bn I Rr’ WO,n; k0><W0,n‘; k)\ I Rr I bn’>= Pbann'ak,,k)‘ ’ (107)
é
then we find that the probability for the rf-induced transition from a metastable state is given by

r
. P0a=5_b{ l <bn—1|g(E= Eo,n-1) l an) l 2+ l (b,._slg(E=E0,n_3) | 0n>! + ] (bn+1[g(E=E0,n+1) ! an)[ %}

Ty
5
An examination of the cofactors involved suffices to show the asymmetry of the decay of the metastable state |a).
To simplify these expressions, we introduce the following definitions
Ey—Eo=wsa, Bo—Ey=w,—w,

where w, is the frequency of the decay photon in radians and woy=wso. In terms of these frequencies, we find that
the various terms in the expression for the transition probability may be written as

2 2

(COf‘dCtOI‘) an,bn+1

Det(E)

(cofactor) an, bn—1

Det(E)

(cofactor) an, bn—3

Det(E)

2 } . (108)

E=Eo, n+1

E=Ey, n—-1 E=Ey,n—3

(cofactor)an, bn—1|2

Det(D) =+ | (H_)|?| (=1, n=2) 2| (n—=1, n42) |2+ | (n—1, n—2) (n—1, n) (n—1, n+2)

Pl 20— 1, = 2) (e 0ot b 30HiTa/2) (0,— 00+ iT/2)
— | Hy ns| 2(n—1, n+2) (0, — woFwpa— w+iTa/2) (05— wot20+4114/2)
(cofactor)an,n_s|? + | Hyn|?| Hins| 2@o—00F050— 30T/ 2) (0, —wot20+4T/2) |2,
T Det®) | lpen, = [(H_ ps)(Hy s)(H_ ) (n—3, n+2) | 2+ | (n—3, n—2)(n—3, n) (n—3, n+2)

— | Hy 2| 2(n— 3, n+2)(ws— woFwba— 30410/ 2) (wo—wo+ 115/ 2)
— | Hy n|2(n—3, n—2)(wo—woFwpa— Sw+1T0/2) (wo—wo— 20+1T'5/2)
| Ho | 2] Hop s | (00— - 080 S0 iTa/2) (w0 —c0-iT's/2) |2,
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and

(cofactor)an, pnta]

Det(E)

E=Ey, n+1

LYMAN MOWER
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= | (Hyn) | Hynz] *(005— 00+ 40+iTy/2) (0s— o+ woa— w4114/2)
— (Hyn) (41, n—2) (0s—woFwpa—w+iTa/2) (wo— wot-2041T4/2) | 2+ | (n+1, n—2)(n+1, n)(n+1, n+2)
— | Hy ns| 2(@s— 0ot wpat 04T/ 2) (wo—wot-4w+il's/2) (n+1, n+2)
— | Hypn] 2(ws— w0t wpa— 41T 0/ 2) (0e—wot20+11s/2)(n+1, n—2)
+ | Hy a2 Hy pns | 2(wo— w0t 0pa— 04T 0/ 2) (wo—wot4w+11'5/2) | 2.

(' ") = [wg—wot (' —n"+1)w+iT's/2 [wo—wotwoat (W' — 1" )w+1Ta/2]— | H_ nrr | 2.

Here

To locate the maxima in the transition probability as
functions of w,—w,, we assume

(1) TKLTW< |Hyl;

(2) that we may safely ignore the off-diagonal
coupling terms | H, .| that occur in the denominators.
The resonant contributions then all arise from the first
term in each of the denominators involving the product
of three terms of the form (#/,%""). To justify this ap-
proach, a subsequent calculation to include the remain-
ing terms of the denominator would show that the
locations of the relative maxima are shifted by terms of
the order of magnitude of

| H y | %/ 26080

The major contribution to the transition probability
comes, as one might expect, from the term involving the
decay channel via the state |d,—1). The smallest con-
tribution arises from the term that decays via the state
|b,—3). Without going into the details of the algebra we
list the location of the resonances as well as the value

of the transition probability at these resonances.

Location of resonance

we=wot |H_|

we=wo+2wpat lH_l
wo=wo—2wpaz | H_|
we=wo—4wpe | H_|

Magnitude of Pg,

Poa=(2/xTo)[1+0(| H-|*/wpa?) ]
Poa= (2/xTs) (| H-|*/4wss?)

Pos= (2/7T's) (| H-|*/4ws?) (T's/4wsa)?
Poa=(2/nTs) (| H-|*/4ws?) (Ts/8wsa)?

Other resonances exist at w,=wo+nws,=|H_|? with
even smaller magnitudes of Py,.

The perturbation of the strong resonance at w,=wy
=+ |H_| may be estimated by determining the zero of
the real part of the denominator of gsn—1,as, that is
Det(Eg,n-1), in the limit I'y — 0. If we assume that

IH:!:.”’I = |H~I ’

which is valid in the limit of intense rf fields, then the

substitution of
we=wo+ | H_|+8

into the equation
Real[Det(Eo,»-1)]=0
yields the following equation for 4:
824+2|H_|6— | H-|*/4wpa?=0,

where we have ignored terms of order §/ws, compared
to one. Hence, the main resonance of the transition
probability occurs at

we=wok | H_| (14 | H-|2/8wsa?).

The shift here arises from the coupling between the
states arising from stimulated emission and takes the
expected Bloch-Siegert form.®

Finally, to take a specific example, if the two states
in question are the 25y/; and 2P;, states in hydrogen,
then as pointed out by von Roos,!¢ for external beam
intensities of ~7.2 W/cm? the interaction energy |H_|
is about 1/10 the 2S7/,—2P3/s separation ws, Hence,
the intensities of the satellites are less than 1/100 that
of the two main lines. The frequency split of the main
line, 2| H_|, is about equal to three times the natural
linewidth of the 2P—1S transition (Lyman « line).
However, the broad band tuning requirements placed
on the rf source are so great that the observation is most
likely precluded.
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