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Violation of the Schiff theoremfor unstableatomicstates
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We discussthescreeningof theexternalstaticelectricfield on thenucleusof theneutralatom. It is shownthatfor theexcited
atomicstatesthescreeningis notcomplete.

Dueto the well-known Schifftheorem[1] for the
neutralatom the externalstatic homogeneouselec- ~ ~ p

tric field is exactly screenedon the nucleusby the
polarizationof the electronicshells.The theoremis
valid for relativistic electrons[2,3]. Radiationcor- a b
rectionsdo not violate the theorem [21.One can Fig. 1. Amplitude ofthe2s

112-statedecayin theexternalelectric

easily understandthis theorem: the homogeneous field. Thecrosscorrespondsto thestatesmixing in thefield.

electric field doesnot acceleratethe neutralatom.
Thereforethe field actingon the nucleusis equalto c / i z. i

JI — \ S112 y S112zero.
The physicalargumentsaswell asformalproofof + <lsi,21h512p1,2><

2Pi,~I—e~rI2s
1,2>

the theoremarevalid only for an atom in a station- E2~112—E2~112+ ~ir~
ary state.For the excitedstateswhich decaydue to 1
photonemissionthe situationis not obvious.This
problemis connectedwith the radiation correction Here .~‘is the externalelectricfield, f’~is the radia-
to the energylevels. tion width of the

2P1/2 state,
First of all let us demonstratesimplephysicalar- r—

h~=V2it/wec~ee” (2)gumentsin favor of theSchiff theoremviolation for
unstablestates~‘. In the presentwork we will con- is the operatorof the radiation of the photonwith
siderthe hydrogenatomwithaninfinitely heavynu- momentumk andpolarizatione, ~ is the Dirac ma-
cleusto avoid the recoil. Let us considerthe 2s

1,2 trix. The use of relativistic notation is technically
statewhichdecaysvia Ml -transitionto the 1 s1,2state convenient.A simple linearcalculationin the ! ap-
(in thepresentwork we are interestedin one-quan- proximationgives the angular distribution of the
turn transitionsonly). In the external electric field photonsaveragedoverthepolarizationsoftheatomic
thereis a mixing with the

2P1/2 statewhich decays states(seeref. [41),
via El transition(fig. 1). We neglectthemixing with
the 2P3/2state.The decayamplitudecorresponding dW(k)_F

2s(1+2k)T~, (3)
to fig. 1 equals

where

~‘ Wearegratefulto V.V. Flambaumin discussionswith whom ,~. DT’P
theseargumentswereformulated. — w Ml (E~— E~) 2 + 1f2
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Here El and Ml are the amplitudesof the y-tran- We haveusedthe representationof Hd in the corn-
sitions 2p1,2—+lsl,2 and 2s

1,2—*ls112. D= <
2P1/2, mutatorform (6).

— ez 2s
1,2,~>is the amplitudeof the 2s—2p mix- Now wecanask thequestion:Doesthecorrection

ing, F2~=~w
3I Ml 12 is the one-photonwidth of the (5) meanthe shift of the 2s energylevel which can

2s ,
2-state.Let us stressthatcorrelationof flight di- beobservedin the resonantscatteringof light on the

rectionwith the electric field k•~in (3) is T-odd. ls stateof hydrogen?In the leadingorder in h~the
Justtherefore)~is proportionalto T’~.With the an- amplitudeof the resonantscatteringis shown in fig.
gulardistribution (3) thephotontakesaway theav- 2, anddue to eq. (8) it equals
eragemomentumdirectedalongtheelectricfield. The
recoil force is equivalentto the unscreenedelectric f (1 +ik1 d/e)(l —ik2 ~d/e)
field at the nucleus,

>< ~ , (9)

(4) w+E15—E2~+iO
3e

wherek1 and k2 arethe momentaof the initial and
If the nucleushasan electricdipole momentd then final photons.Theamplitude(9) dependsond, but
onemaysupposethatacorrectionto the energylevel this dependenceis not connectedwith any shift of
shouldarise, energy.Moreover If]

2 is independentofd. However,
it is obviousbeforehandthat in theleadingorderin

SE
2,= — ~‘N ~. (5) h~the shift SE (5) cannotarise, sinceSE-.J’2,F2~.

Now we would like to understandwhat the energy Oneshouldconsiderat leastthe Lambshift (fig. 3a),
shift (5) meansandhow it canbe observed.Let us andeven the secondorderin the Lamb shift (figs.
emphasizeoncemorethat SE~-~r’pj’2~,i.e. SE arises 3b—3d). Neverthelessone caneasily verify that in
just due to the instability of the levels. At infinite any orderin the radiationcorrectionthereis no de-
massofthenucleustheonly probeofanelectricfield pendenceond in thescatteringamplitudeexceptthe
attheorigin canbetheelectricdipolemomentof the trivial one (9). Indeed,let us considerfor example
nucleus.Theinteractionofthisdipolemomentwith theamplitudein fig. 3a.Theinsertionis the self-en-
the external field andwith the electronis equalto ergy operator

Hd_-retFr/r
3—d.f= !d.[p,HJ, (6)

where

H=rt~p+flm—e2/r—&f•r (7)

isthe DiracelectronHamiltonian.The externalelec- Fig. 2. Amplitude of thephoton resonantscatteringin leading
orderin H,.tric field is includedinto the Hamiltonian (7). To

emphasizethispointwe will denoteitseigenstatesby
a bar: HI ti> =E~I fl>. The eigenstatesof the total
Hamiltonian H+Hd will be denotedby the tilde: ~21çJ1 II~2~d:il_l:~::3..~:zJI:I::’
(H+Hd)Ifl> =E~Iñ>.Due to the Schiff theorem

= ~. TreatingHd asaperturbationonecaneasily b
calculatethe matrix elementof the radiation oper-
ator (2) betweenthetilde states,

<thIh~In>= <rnlh,Ifl> + ~d•<rnI[h1,p] In> ~ ~
c d

= (1 — ik~d/e)<,n I h~I ,~>. (8) Fig. 3. Amplitude of thephoton resonantscatteringwith the
Lamb-shiftinsertion.
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£ E f d3q <2~I h
7( q) In> <n I h.~(q) I 2~> Justin suchan experimentthe recoil electric field

~ = ~ J (2x) ~ E—s’,, +iO ‘ (4), (12) canbemeasuredandexactlyin thissense
(10) theSchiff theoremis violatedfor the unstablequan-

tum states.
but due to eq. (8), the dependenceon d in the ma- The shift of the NMR frequencydue to the nu-
trix elementof h7 exactlycompensatesthat in the cleus electric dipole moment is equal to
matrix elementh~.In the samewaywe canprove SE=Tr(Hdp). Herep is the densitymatrix of an
the independenceof d of the insertionsin the dia- atomin thelaserfield (11)andHd is definedby eq.
gramspresentedat figs. 3b—3d.Thus,thereis no en- (6). We will solve the equationfor the densityma-
ergy shift proportionalto d which canbe observed trix by iterationsin theperturbationP (seee.g.ref.
in the resonantscatteringof light in the atomic [5]),
ground state. Thenthe questionarises: what does . (e)

formula (5) mean? (1 t
9/ôt—Wjk)pIk+1f’jk(pIk—plk ) = [V, P11k, (13)

To answerthisquestionlet usfirst of all answera p~ is the equilibrium densitymatrix. In our case
moresimpleone: Whatis theusualpressureoflight? ~ (e) correspondsto theequalpopulationofthe states
Thuswithoutanyexternalstaticelectricfield the laser I 1 Si,

2, ±~>. In first approximationthepositiveand
shineson an atom in resonancewith the transition negativefrequencycomponentsof p arise:
1s1 2 2s1‘2• Theinteractionof anelectronwith the

(+) (e)
classicalelectromagneticwaveis oftheform (cf. with = [V — , P Ilk (14)
eq. (2)) ±(O—O)1k+iI’~k

c= v -‘- + v( ) The effect we are interestedin arisesin the second
approximation.The time-independentcomponents

Vt~ — I eA.~ei*.~_~~fV~—~ (V~~ ÷ (11 ~ (2)

— —‘ / / ofp are equalto
A is the wave vector potential.The rescattenngis

(2) ~ry7(+) (1—)i rrz(—) (1+)i
isotropic andthereforelight pressureanses.This is Pk = — V , P J 1k L V , P uk

equivalentto a static electric field actingon the nu- (15)
cleus.Due to balanceof momentumat a small sat-
uration parameter<2pI VI ls>/f’~,~ 1, Thefurther calculationis straightforward:

2 I 2 SE=Tr(H2))=!d~ ~p,H]1~p~)e (w—w0) +~f’~ e 1k

I <
2P1/2,al ~ 1s

1,2,fl> 2, (12) = — Tr( [p, V
t~)]p”~+[p, V~~1p”~)

w
0 =E2~1,2—E15112,a, fl= ±~ are theprojectionsof

the angularmomentum.Similar to (5), an energy =— ~ . (16)
shift proportionalto d mustarise. However,we ar-
gue above (eq. (10)) that thereare no corrections After thesubstitutionofp I) fromeq. (14) we really
to the photonscatteringamplitudeproportionalto getSE=— d

8’N with 8’N from eq. (12).
d. Thuswecanconcludethat the photonwhich pre- We now return to the Schiff theorem (formulae
paresthe unstablequantumstatecannotmeasureby (4) and (5)). Here the Situation ~5very similar to
itself the recoil electric field (4), (12) on the flu- the considerationof the light pressure.However,in
cleus. However,a different experimentis possible. thiscasethe indicesi, k in thedensitymatrixP1k flU-

Let the laserfield (11) preparethe unstablequan- meratenotonly thestatesof anatom,butthe states
turn stateandthe other field probethe atom.Say, ofa photonaswell. Thisis aratherunusualsituation
usingthe microwavefield onecansearchfor the de- andthereforeweemphasizeit oncemore.Usually in
pendenceof thenuclear-magnetic-resonance(NMR) the density-matrixdescriptiononeaveragesoverall
frequencyon the nucleuselectricdipole momentd. photonstatesandkeepsexplicit theelectrondegrees
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of freedomonly. To spot the Schiff-theoremviola- SE=Tr(H~p(3))

tion (eqs.(4) and(5)) weshouldkeepexplicit the
statesof anatom with onephotonandaverageover = — !Tr[d.q(H.~+)p(2_)_pt2~~H~~)J

e
the stateswith rnore thanonephoton.

Let the laser (11)be tunedto thetransition ls
1,2 = — i f d

3q
—*2s

1,2.It producessomepopulationofthe2s112level e J (2x)
3dq

whichcorrespondsto astationarydensitymatrixp(O).
Saythatat saturationthepopulationsofailfourstates x ~ (hkI[h+~P”)]Ik — [h~P~1kih,~) (22)
Its

1,2, ±~>, I 2s1,2, ±~> are equal.We will solve 1k W O)ik+iO W Wk1 + iO
eq. (13) startingfromp~ Firstof all let ustakeinto Onecanverify thatdueto therelation~

0:k= — Wk1 the
accountthe interactionwith the externalstaticelec- realpartsof the Greenfunctions in (22) arecan-
tric field U= — ef~r which mixes 2s

1,2 and
2Pi/2 celled out, and only ô-functions survive:

levels, (w—wo—iOY’--’ixd(w—wo).Usingeq.(18)SEcan
betransformedto the form

(17)
WIk—if’,k SE= ~ReJ (

2)3dqd(wwo)

e
More explicitly,

xTr(p~<pIhI1s><lsIh~Is)). (23)
~_ <sI UIp> (0) ~ = (~4~))+. (18) The tracein this formula is overthe projectionsof

Psp — wsp_lirpPss
the angularmomentum.Comparingwith eqs. (1)—

Heres, p denotes2s1,2and2p1,2, andp,~l)still is a (5) we seethat expression(23) identically coin-
matrix in the projectionsof angularmomenta. cideswith theenergyshift (5) which isderivedfrom

The interactionwith the photonwith momentum the balanceof momenta.
q andpolarizationa due to eq. (2) is of the form In conclusionweformulatetheresultsof the pres-

ent work. The Schiff theorem(screeningof an ex-
H1(q, a)= H$ ~ + H~—), ternalstatic homogeneouselectric field on the nu-

cleusof a neutralatom) is violatedfor the excited
~ =h a ~ +h~a~. (19) (unstable)atomicstates.As a matterof principlethis

1 7 q,e~ I
violation cannotbe observedin the scatteringof a

Herea + anda arethe creationandannihilationop- photonon thegroundstateofanatom.In otherwords
eratorsof the photon.In the secondapproximation thereis no effectif oneusesasa probethe photon

whichitself preparestheunstablequantumstate.The
(2±)— [H~ ), p” ~]Ik (20) violation takesplace if the photons(laserfield) are

P-k — ±Cl) — W,k + Iflk usedto preparethe unstablequantumstateand the

otherfield probestheatom.Sayusingthemicrowave
Similarly to eq. (15) the time independentpart of field one can observethe dependenceof nuclear
p (3) is equal to magneticresponsefrequencyon thenucleuselectric

dipolemomentd. Justin this sensethe Schiff theo-
= — ([H~,p~

2~]lk+~ . rem is violatedfor the unstablequantumstates.
0~1k The mainsubjectof the presentpaperis to point

(21)
outtheSchiff theoremviolation forunstableatomic

Analogouslyto eq. (16) thecorrectionto theenergy states.Besidesthatwewould like to drawthe atten-
is of the form tion of the readerto an interestingprincipal possi-

bility. We meanthe useof theeffectiveelectricfield
[12] due to the light pressurefor the experimental
searchfor theelectricdipolemomentof thenucleus

298



Volume 158, number6,7 PHYSICSLETFERSA 9 September1991

in nuclear magneticresonanceexperiments.This References
methodis moresuitablefor light atoms.

[1] LI. Schiff,Phys.Rev. 132 (1963) 2194.
[2] I.B. Khriplovich, in: Proc.LNP Winter school in Nuclear

We aregratefulto V.F. Dmitriev, M.G. Kozlov, J. physicsandelementaryparticles,Leningrad,1982,p. 137.
Sucher,V.B. Telitsin, V.F. Yezhov,andespeciallyto [3] V.A. Dzubaetal., Phys.Lett.A 118 (1986)177.

V.V. Flambaumand I.B. Khriplovich for the nu- [4] Ya.I.Azimovetal.,Zh. Eksp.Teor.Fiz. 67 (1974)17.

meroushelpful discussionsandstimulatingquestions. [5] R.H. PantellandH.E. Puthoff~Fundamentalsof quantum
electronics(Wiley, NewYork, 1969).

299


