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1. A di ab at ic pr ocesses; an int ro d uct io n

Much of the successof quantum m echanics derives from i ts abi li t y to predi ct
energy eigenstates of vari ous system s, ranging from elementary parti cles to tech-
ni cal ly im porta nt m ateri als. These calculati ons are based on the stati onary states
and do not inv olve any expl icit ti m e dependence. Even the many appl icati ons to
scatteri ng phenomena reduce the situa ti on to parti cle Ûuxes and thei r redi stri -
buti on in the scatteri ng region into outg oing Ûuxes. Onl y recentl y has i t become
possible to exci te nonequi l ibri um quantum states and fol low them as they evolve
in ti me. These adv ances deri ve from the avai labi li t y of short laser pul ses and fast
detecti on schemes.

In many ti m edependent probl ems, the concept of adi abati city pl ays a centra l
ro le. In fact, one m ay claim tha t our abi l it y to separate a f ew degrees of freedom
and fol low thei r evoluti on deri ves from adiabati c separati on of the vari ous physi cal
features inv olv ed. Some of them can be regarded as so slowl y varyi ng tha t they
pro vi de a stable background only.

In 1932 Landau and Zener [1, 2] intro duced the sim plest dyna mical m odel
whi ch combi nes the ti m e dependent aspect wi th adi abati city and asym pto ti c tra n-
siti on pro babi l i ti es. Thi s system trea ts two levels whi ch are described by the Ha mi l -
to ni an
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For large values of ti m e t , the two levels are well separated and no tra nsiti ons take
pl ace. Aro und t = 0 the levels cro ss, and populati on tra nsfer becomes possibl e.
Thi s happens wi thi n a characteri stic ti me scale given by

T =
V

Ñ
: (1 .2)

If Ñ i s smal l enough, thi s is a long ti m e, and we m ay assume tha t an adiabati c
di agonal izati on works. The corresp ondi ng eigenvalues are
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In the adiabati c basis, the two incom ing states go over into swapped outg oing
bare states, whi ch m eans tha t in thi s basis, the tra nsi ti on rate is the probabi l i ty
of not changing state; thi s is the general idea in adiabati c appro xi m atio ns. Thus
in the bare state representa ti on, the coe£ cient whi ch has C (t = À 1 ) = 1 , gives
at t = + 1 the probabi l i ty to have stayed in the same bare state. The expression
(1.4) does not seem to give any change of am pl itude of i ts components, but closing
the ti me conto ur in the com plex pl ane, we noti ce tha t the contri buti on from the
bra nch point at t 0 = iT m ust be considered. Ê Thi s gives the resul t
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For no coupl ing, V ) 0 , thi s must be uni ty , whi ch serves to determ ine the pref ato r.
The probabi l i t y of tra nsfer becomes thus

P 1 ! 2 = 1 À exp

ç

À

¤ V 2

Ñ

Ñ

¿ ¤
V 2

Ñ
; (1 .6)

whi ch wi l l be seen to agree wi th the result from perturba ti on theo ry. Thi s can
be obta ined by an honest calcul ati on, but its form can be found by the fol lowi ng
outra geous argum ent : A naive appl icati on of the golden rul e tra nsiti on rate gives
and \ instanta neous" rate

P 1 ! 2 ( t ) = 2 ¤ V 2 £ ( Â E = 2 Ñt ) : (1 .7)

W hen thi s is integ rated over al l ti mes, the resul t (1 .6) emerges. D o not ask me to
pro vi de an excuse for thi s calculati on, none can exists.

Ê Th e a rgu m ent g iv en ou t l in es t h e st ep s on ly, b u t a det ail ed eval uat ion o f t h e ex pr ession s in

ei t h er b asi s g ives t h e r esult gi ven h ere.
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The Landau{ Zener m odel is the proto typ e of al l adiabati c m odels, i t shows
how quantum physi cs m anages to tra nsfer pro babi li ti es by using onl y oscil lat-
ing functi ons. The asym pto ti c behavi our of scatteri ng theory ' s in and out states
emerges clearl y. In addi ti on, the m odel is exactl y solvable, the asym pto ti c result is
val id for al l parameter values and physi cal ly tra nsparent tra nsiti on rates emerge.
The reason the adi abati c result holds uni versal ly is tha t the adi abati c energies
(1.3) have only one singul ari ty in the who le compl ex pl ane. Thus there is onl y
one ti me scale in the pro blem. The resul t (1.5) also shows why adiabati c resul ts
cannot be obta ined in perturba ti on theory , Ñ ! 0 i s an essential singul ari ty . Thi s
also tel ls why i t is so di£ cul t to obta in system ati c correcti ons to adiabati c results,
no power series expansion in the slowness param eter can work.

One unpl easant feature of the Landau{ Zener m odel is tha t the system cannot
stri ctl y speaki ng be deÙned at t = Ï1 , because the energy levels di verge. Thi s is
corrected in the m odel devi sed by Demkov and Kuni ke in 1969 [3], whi ch is also
solvabl e, but where the adiabati c resul t is not exact. Thi s has m ade i t possible to
consider the appro ach to adiabati ci ty, and in thi s case to evaluate the correcti on
term s [4].

In thi s paper, I wi l l discuss certa in uses of adiabati city in modern quan-
tum opti cs, consider the general features of such appro xi mati ons and give some
exam ples of recent appl icati ons.

2. T h e ST I R A P p rocess

R ecently an im porta nt appl icati on of adi abati c thi nki ng has been the pro cess
cal led STIR AP (sti mulated Ram an adiabati c passage) [5, 6]. In i ts fundam ental
form , i t consi sts of three levels, f j 1 i ; j 2 i ; j 3 i g coupl ed sequenti al ly. However, onl y
the m iddl e one is supp osed to be an exci ted state, the other two are ground states
or metastabl es. In a rota ti ng wave appro xi mati on, the Ha mi lto nian is

H =

2

6
6
4

0 ¨ 1 0

¨ 1 Â ¨ 2
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3

7
7
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The interm ediate level detuni ng Â may di ˜er f rom zero, and the coupl ing rates
¨ i are taken to be ti m e dependent. If we assume tha t these are slowl y varyi ng, we
perform an instanta neous diagonal izati on by using the states

j ' + i = sin ' sin ˚ j 1 i + cos ' j 2 i + sin ' cos ˚ j 3 i ;

j ' 0 i = cos˚ j 1 i À sin ˚ j 3 i ; (2 .2)

j ' À i = cos ' sin ˚ j 1 i À sin ' j 2 i + cos ' cos ˚ j 3 i ;

where we have the eigenvalues f w + ; 0 ; w À g wi th
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2
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) (2 .3)



428 S. Stenholm
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The angles are deÙned by
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; ta n 2 ' =
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Â
: (2 .5)

For Â = 0 , we can choose sin ' = cos ' = 1 =
p

2 .
The state

j ' 0 i =
¨ 2 j 1 i À ¨ 1 j 3 i

p
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2

(2 .6)

is seen to belong to a zero eigenvalue. If we now let
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t ! + 1

¨ 1

¨ 2

= 1 ; (2 .7)

we Ùnd tha t starti ng in the state j 1 i , the tra nsfer to the state j 3 i i s perf ect

l im
t = À1

j ' 0 i = j 1 i ; l im
t =+ 1

j ' 0 i = Àj 3 i : (2 .8)

As thi s appro ach starts by coupl ing two to ta l ly empty states it is usual ly term ed
\ counter- intui ti ve" .

Using the states (2.2) as basis states, the Ha m il to ni an becom es
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The second term is neglected in the adi abati c appro xi mati on. The dyna mic evo-
luti on is conÙned enti rely to the subspace wi th vanishi ng eigenvalue. Thus the
adi abati c l im i t e˜ects the popul ati on tra nsfer j 1 i ! j 3 i wi tho ut popul ati ng the
exci ted state j 2 i :

Thi s STIR AP pro cess has been appl ied extensi vely to laser-induced pro-
cesses, and m any experi menta l rea lizati ons have al ready been achi eved [7]. It pro-
vi des another e£ cient pro totyp e of adi abati c tra nsfer in addi ti on to the Landau{
Zener situa ti on. It i llustra tes som e funda menta l features of al l such pro cesses,
whi ch we can summarize as fol lows:

¯ If the intera cti on is not analyti c in ti m e, the adiabati c behavi our is dom -
inated by the disconti nui ty. If thi s occurs in the ˜ -th derivati ve, and the
adi abati c ti m e scale is given by T , the correcti ons to the adi abati c resul t
di sappears l ike T À ( ˜ +1 ) as found in R ef. [8]; see also [9].

¯ For smooth pul ses, the analyti c behavi our is strongly dependent on how the
coupl ings behave at inÙnite ti m es, but the correcti ons to adiabati city di s-
app ear l ike exp( À ÙT ) , where Ù i s determ ined by the detai ls of the intera c-
ti ons [4]. In m ost num erical work the pul sesare supp osed to ha ve a Gaussian
form . From the point of vi ew of adi abati city , thi s m ay not be opti mal; simpl e
hyp erbol ic dependence may be more advanta geous.
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In order to il lustra te the adiabati c features of the probl em, we consider a
som ewhat m odiÙed m odel of the STIR AP situa ti on. As the ini ti al pul se ¨ 2 ( t )

coupl es onl y empty levels for t ¿ À1 we can let i t start at a Ùxed value wi tho ut
loss of physi cs. The sam e holds for the other pul se ¨ 1 ( t ) ; at large ti m es i t ideal ly
coupl esonl y empty levels and can appro ach a constant value. Thus we m ay arra nge
the ti m e dependences such tha t ¨ 0 in (2 .4) is a constant, whi ch grossly sim pl iÙes
the trea tm ent. In Ref. [9] we show tha t the choice

¨ 2
1 =

Ê 2

1 + exp( À t= T )
; ¨ 2

2 =
Ê 2

1 + exp( t= T )
(2 .10)

al lows an analyti c soluti on for the popul ati on on the Ùnal state in the form

j c3 ( 1 ) j
2 = ta nh 4 ( ¤ Ê T ) ¿ 1 À 8 exp (À 2 ¤ Ê T ) ; (2 .11)

where the expansion holds in the adi abati c l imi t T ! 1 . In the perturba ti ve lim i t,
Ê ! 0 , the pro cess is a two- step tra nsi ti on and its probabi l i ty properly goes as
( Ê T ) 4 . The exponenti al dependence characteri stic of adiabati c behavi our is seen
to fol low al l the wa y to Ùnal ful l adi abati cit y.

In our work [9], we inv estigated the non adiabati c correcti ons to a STIR AP
pro cess wi th pul sed coupl ings. We were indeed abl e to Ùnd the exp ected expo-
nenti al behavi our over four orders of magni tude in the adiabati city ti m e scale.
Ho wever, f or very large values of T , the correcti ons start to oscil late vi olentl y.
Thi s feature is not expl ained wi thi n the existi ng theo ry but i t is found to be a per-
sistent feature of such system s. In an analyti cal ly solvable model of the STIR AP,
Vi ta nov and Stenho lm [10] managed to obta in an adiabati c result of the typ e

1 À j c 3 ( 1 ) j
2

¿ A exp( À ¤ Ê T ) +
B

1 + ( Ê T ) 2
cos2 ' ( Ê T ) ; (2 .12)

where A and B are constants and ' (Ê T ) i s a given functi on. Thi s resul t di splays
the exp onenti al behavi our characteri sti c of the adi abati c situa ti on, but also the
asym pto ti cally dom inati ng oscil lato ry contri buti ons. W e kno w of no sim ple ap-
pro xi mati ve way to extra ct these term s in the general case. For the deta i ls the
ref erence should be consul ted.

3. Feat u r es of ad iab at i c evo l ut io n

The Schr�odinger equati on we consider is assumed to scale as fol lows:

i
@̂

@t
= Ê H ( t= T ) ˆ ; (3 .1)

where the parameters Ê and T denote the strength and the dura ti on of the in-
tera cti on. By intro duci ng the scaled ti me § = t= T , we can wri te the equati on
as

i
@̂

@§
= Ê T H ( § ) ˆ ; (3 .2)
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whi ch shows tha t the adiabati c l imit T ! 1 is equivalent wi th the stro ng coupl ing
l im it Ê ! 1 . Thi s has been uti l ized frequentl y in our num erical calcul ati ons, when
we do not want to change the coding of the intera cti on interv al in ti m e.

If we ta ke the rate of change of the Ham i lto nian to be form ally given by

1

T
=

_H

H
; (3 .3)

we Ùnd the condi ti on for adiabati cit y to be

ñh
_H

H
§ H : (3 .4)

If al l ti m e dependence resides in the o˜- diagonal coupl ing V and the energy eigen-
values are spaced by Â E thi s relati on gives

ñh
_V

V
§ Â E : (3 .5)

Thi s is the form given in most texts. In the case (3.1) the condi ti on becomes

Ê T ƒ 1 (3 .6)

as we found above; thi s is the form usually given for adi abati c fol lowing in m agneti c
resonance [11].

In the STIR AP situa ti on, the Ham i lto nian has the property

l im
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3

7
7
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In thi s case, the ri ght- hand side of (3.4) goes to zero and the inequal i ty (3 .4)
cannot rem ain valid for t ! Ï1 . It thus seems tha t the ini ti al and Ùnal ti mes are
not adiabati c, but for large ranges of the intera cti on param eter strength, the adi a-
bati c tra nsfer dominates and exp onenti al correcti ons onl y ensue. The oscil lato ry
behavi our m ust thus deri ve from the ini ti al and Ùnal periods when adi abati city is
vi o lated.

For the m oment we do not kno w any analyti c appro ach to Ham i l tonia ns
whi ch vanish asym pto ti cal ly at t = Ï1 . Thi s singul ari ty prevents us from closing
the conto urs in the com pl ex ti m e plane. The ful ly adi abati c behavi our found in
Eq. (2.11) deri ves from the fact tha t, in thi s model, the Ha mi lto nian never goes
to zero, but due to the condi ti on ¨ 2

0 = ¨ 2
1 + ¨ 2

2 = constant, the eigenenergies
never vanish and adiabati city can be made to hold at al l ti m es. Thi s feature is
comm on in many adiabati c models; the simpl e STIR AP is unusua l in thi s aspect.
Even here, more inv olved level schemes, however, do tend to reta in som e term s in
the Ham i lto ni an Ùnite.
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4. Ap pl i cat io ns

4.1. Coherent preparation

W e consider a general izati on of the sim ple three- level STIR AP to a situa ti on
wi th N levels f j 1 i ; j 2 i ; . . . j N ig : The coupl ing is assumed to be of sim ple star- typ e
wi th the level j N i coupl ed to al l the other ones, but these are not coupl ed am ong
them selves. The state j N i i s assumed to be an exci ted one, and i t m ay be able
to decay sponta neously. If the states coupl ed to j N i belong to the same angular
m omentum mani fold, the dipole selecti on rul es state tha t N can be at m ost f our,
but we may safely assume i t to be possible to com bine several di ˜erent m ani folds.
The coherence necessary in the coupl ings may well be achi eved wi th coherent laser
sources.

If we assume the ini ti al sta te to be

j ˆ ( t = À1 ) i = j 1 i (4 .1)

and try to prepare a preassigned l inear com bina ti on

j ˆ ( t = 1 ) i = c2 j 2 i + c3 j 3 i + . . . c N À 1 j N À 1 i ; (4 .2)

we m ay use a general izati on of the STIR AP appro ach. Thi s has been shown to be
possible by stra ightf orw ard computa ti ons [12], and an appl icati on of a coherent
contro l algori thm [13]. The amusi ng conclusi on of the latter appro ach is tha t the
pro gram can pi ck out the counter- intui ti ve pul sesequence on i ts own as the opti mal
path to the desired Ùnal state.

If we intro duce the tra nsform ati on U whi ch diagonal izesthe Ham i lto ni an

D = U H U y ; (4 .3)

we Ùnd af ter changing to the adiabati c basis the Ham i l tonia n of the form

H = D À iU y
@

@t
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2
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4

0 iÀ Â

À iÀ y 0 Â
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"
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0 À ¨

#

3

7
7
7
7
5

: (4 .4)

The dots indi cate nonadi abati c coupl ing term s whi ch m ay be neglected. The
stro ngly coupl ed subpace wi th eigenvalues Ï ¨ i s cal led a \ bri ght subspace" be-
cause i t conta ins an adm ixture of the upper state whi ch may emi t a photon sponta -
neously. The remaini ng N À 2 states belong to zero eigenvalues and do not conta in
any adm ixture of the sing le exci ted state. The operato r À gives the adiabati c cor-
recti ons in thi s subspace, and in spite of the fact tha t it is assumed smal l in the
pro per l imi t, i t cannot be neglected. The reason is tha t in thi s subspace the di -
agonal elements are zero, and thus the condi ti on (3.5) cannot be sati sÙed. In thi s
dark subspace, the levels are easily m ixed and hence the inÛuence is dom inated
by À . On the other hand, the dyna m ic evoluti on ta kes pl ace alm ost enti rely in
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thi s subspace, and thus we have reduced the ori gina l N -di mensional problem to
one of evoluti on in a subspace of N À 2 di mensions wi th the e˜ecti ve Ham i lto ni an

H e˜ =

"
0 iÀ

À iÀ y 0

#

: (4 .5)

Thi s shows how separati on of fast and slow ti m e scales can pro vi de an e˜ecti ve
Ha mi l to nian descripti on in a reduced Hi lbert space where the fast subspace has
been pro jected away.

Then one m ay ask the questi on whether i t is possible to a˜ect a desired
tra nsform ati on in the ful l N -dim ensional space by onl y dyna mics in the subspace of
slow adiabati c evoluti on. In R ef. [14] we show in the fram ework of a solvablem odel
tha t such a process is possible. W e do not claim tha t an arbi tra ry tra nsform ati on
can be achi eved thi s way, but in many situa ti ons i t can pro vi de a soluti on.

4.2. Cavi ty QED

A sim pl iÙed m odel of cavi ty quantum electro dyna m ics (QED ) can be pro-
vi ded by the Jaynes{ Cum mi ngs m odel . In thi s section we are going to use a version
wi th two cavi ty m odes intera cti ng wi th a sing le two {l evel atom . The Ham i lto ni an
is given by

H =
¨

2
( ¥ 3 + 1 ) + ! ( a

y

1 a 1 + a
y

2 a 2 )

+ g 1 ( a y

1
¥ À + a 1 ¥ + ) + g 2 ( a y

2
¥ À + a 2 ¥ + ) ; (4 .6)

where a i ( i = 1 ; 2 ) are the bosonic m ode annihi lati on operato rs, and the ¥ + and
¥ À are the ordi nary Paul i operato rs. W e here assume tha t al l frequenci es are the
sam e, ¨ = ! ; the ato m ic frequency could be di ˜erent wi tho ut any change in the
trea tm ent below.

If we now intro duce the operato rs

B =
1

p
g 2

1
+ g 2

2

( g 1 a 1 + g 2 a 2 ) (4 .7)

and

A =
1

p
g 2

1 + g 2
2

( g2 a 1 À g1 a 2 ) ; (4 .8)

we Ùnd tha t they obey bosoni c com muta ti on relati ons and the Ham i l to nian (4.6)
can be wri tten as

H =
!

2
( ¥ 3 + 1 ) + ! ( A y A + B y B ) + G ( B ¥ + + B y ¥ À ) ; (4 .9)

where the new coupl ing consta nt is

G =

q
g 2

1
+ g 2

2
: (4 .10)
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Thi s Ha m ilto nian corresp onds to the ordi nary single m ode case, wi th the osci llato r
m ode A to ta lly decoupl ed from the ato m . Thi s can consequentl y be solved di rectl y
as in the sing le mode case [15]. The model may, however, also be used in a di ˜erent
m anner [16].

If we can contro l the coupl ing consta nts in such a wa y tha t they sati sfy the
relati ons

l im
t !À1

˚
g1

g2

Ç

= 0 ; lim
t ! + 1

˚
g 1

g 2

Ç

= À1 ; (4 .11)

we Ùnd f or an arbi tra ry photo n state of the form

l im
t !À1

j f i ² lim
t !À1

f ( A y ) j 0 i = f (a
y

1
) j 0 i ;

l im
t ! + 1

j f i ² l im
t ! + 1

f ( A y ) j 0 i = f ( a y

2
) j 0 i : (4 .12)

Thus we see tha t thi s adi abati c change of the coupl ings can tra nsfer any arbi tra ry
quantum state in one cavi ty m ode into the other one; we do not need to kno w the
state in advance. The pro cess is a di rect general izati on of the STIR AP situa ti on,
the coupl ings are turned on in a simi lar counter- intui ti ve way, and the result is
analogous. The larger energiestha t are inv olv ed, the higher the basis states we want
to tra nsfer, the m ore dem andi ng we have found the requi rem ent of adi abati city ,
but the desired resul t is always achi eved when the pro cess is slowed down or
equivalentl y the coupl ing strength is increased.

The scheme expl ained above does requi re tha t the two cavi ty m odes in-
vo lved are ful ly degenerate. It is, however, possibl e to Ùnd a way to overcom e the
restri cti on ! 1 = ! 2 . W e then start wi th the Ha mi l to nian

H =
¨

2
( ¥ 3 + 1 ) + ! 1 a

y

1 a 1 + ! 2 a
y

2 a 2

+ g 1 ( a
y

1
¥ À + a 1 ¥ + ) + g 2 ( a

y

2
¥ À + a 2 ¥ + ) : (4 .13)

We assume tha t we Ùnd a way to modul ate the coupl ing constants to be given by

g i = 2 Ñi cosÂ t; ( i = 1 ; 2 ) ; (4 .14)

where

Â =
! 2 À ! 1

2
: (4 .15)

On thi s ti me dependent Ham i lto ni an, we appl y the uni ta ry tra nsform ati on

U = exp
h
iÂ ( a

y

1 a 1 À a
y

2 a 2 ) t

i
: (4 .16)

The rota ti ng-wave-approxim atio n is assumed to hold, givi ng

2 cos Â t È exp( Ï iÂ t ) ¿ 1 ; (4 .17)

whi ch produces the tra nsform ed Ham i lto ni an
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eH = U y H U À iU y
@

@t
U =

¨

2
( ¥ 3 + 1 ) + ( ! 1 + Â )a

y

1 a 1 + ( ! 2 À Â ) a
y

2 a 2

+ Ñ 1 ( a y

1
¥ À + a 1 ¥ + ) + Ñ 2 (a y

2
¥ À + a 2 ¥ + ) : (4 .18)

Now the m odes have the sam e frequency 1

2
( ! 2 + ! 1 ) and we are in the previ -

ousl y described situa ti on. The correcti on term s oscil late as exp( Ï 2iÂ t ) , and thei r
inÛuence is expected to be of the order ( Ñ=Â ) 2 .

The adiabati ci ty condi ti on requi res tha t ÑT ƒ 1 , whi ch impl ies tha t also
Â T ƒ 1 . Thi s puts restri cti ons on the m ethod, but in the opposite l imi t, Â T § 1 ,
the detuni ng is not necessari ly very e£ cient in destroyi ng the adiabati cit y. Thi s
situa ti on wi th di ˜erent m ode frequenci es has not been investigated num erical ly.

The adi abati c tra nsfer ta kes place in the frame deÙned by the uni ta ry tra ns-
form ati on (4.16). Because however al l moments of the form

h ( a
y

1 a 1 ) n ( a
y

2 a 2 ) m
i = h U (a

y

1 a 1 ) n ( a
y

2 a 2 )m U y
i (4 .19)

have the sam e values in both frames, tra nsfer of Ùeld popul ati on in one fram e,
wi l l appear as the sam e tra nsfer in the other one. Onl y coherences between the
am pl i tudes wi l l have a di ˜erent ti me evoluti on. Thi s is, however, ra ther easily
ta ken into account in the present case.

5. Co n cl u si on

Thi s paper gives a short revi ew of some of the interesti ng and fundam ental
aspects of adi abati c pro cessesoccurri ng in quantum opti cs system s. Som e have
found wi de appl icabi l i ty in laser spectroscopy of ato ms and molecules, others re-
m ain to be intro duced into experim enta l situa ti ons. In thi s concl udi ng section,
I summ arize som e of the main points of the present text:

¯ Adi abati c processesare both e£ cient and robust when they can be imple-
m ented. In m any cases, the adiabati c l imi t can be reached when the coupl ing
streng th is increased.

¯ The correcti ons to adi abati c tra nsfer of populati on tend to vanish exp onen-
ti al ly wi th the adiabati city param eter.

¯ In system s l ike STIR AP , where the Ham i l to nian becom es exactl y zero at
som e l im iti ng ti mes, the adiabati ci ty breaks down, and devi ati ons from ex-
ponenti al behavi our emerges. Thi s m ay m ani fest i tsel f as oscil lato ry depen-
dences on the adiabati cit y param eter. These are genuine f eatures of such
system s, but they do m ani fest them selves at such low levels of correcti ons,
tha t they m ay lack pra cti cal signiÙcance.

¯ The ori gina l adi abati c pro cesseshave been chosen such tha t the energy is
conserved between ini ti a l and Ùnal states. Thi s is, however, not necessary;
som e general izati ons of STIR AP do not have thi s f eature. If one wants to
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compensate for energy m ismatch, the m etho d intro duced in Sec. 4.2 f or cav-
i ty modes can be appl ied. Here energy di ˜erences are com pensated by equip-
pi ng the levels involved wi th suita bly generated side-bands. In the suggested
form , or suita bly general ized, the m etho d can be appl ied to m ost situa ti ons
of adiabati c tra nsfer.

¯ Fi nal ly we stress tha t adiabati c m etho ds are very comm on and e£ cient when
they are appl icable. W e do not, however, know of a system ati c way to gener-
ate appro xi mati ons, where the lowest order one is the wel l-known adiabati c
resul t, and there exi sts a well -deÙned m etho d to generate hi gher order cor-
recti ons.

Ac kn owl ed gm ent s

I have had the pl easure to wo rk on these probl ems wi th m any col laborators.
I owe them al l tha nks f or the results we have obta ined and the many di scus-
sions we have enjoyed. I especial ly want to m entio n: T. A. La ine, B. M. Garraway,
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