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Nonresonant corrections to the 5-2s two-photon resonance for the hydrogen atom
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The nonresonantNR) corrections are estimated for the most accurately measured two-photon transition
1s-2s in the hydrogen atom. These corrections depend on the measurement process and set a limit for the
accuracy of atomic frequency measurements. With the measurement process adopted in modern experiments
the NR contribution to the 4-2s transition energy can reach 19 Hz, while the experimental inaccuracy is
quoted to be-46 Hz.
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NonresonanfNR) corrections were introduced in Ré¢d.] 8,=Coma*(aZ)*. 2)
where the modern QED theory of the natural line profile in
atomic physics was formulated. The NR corrections indicatéor the hydrogen atomz(=1) this correction is parametri-
the limit up to which the concept of the energy of an excitedcally of the same order, but numerically it is larger than Eq.
atomic state has a physical meaning—that is, the resonangg): c,=4.94<10 3, 5,=4.89 Hz. Finally, the “asymme-
approximation. In the resonance approximation the line protry” correction, which is of the same order, arises from the
file is described by the two parameters eneggnd width  resonant term when replacing the widtw,), wherewy is
I'. Beyond this approximation the specific role BfandI"  the resonant frequency, B)(w). In the case of the Lyman-
should be replaced by a complete evaluation of the line PIOransitionT (wo) = (2)%a® a.u. should be replaced Hy( o)
file for the particular process. If the distortion of the Lorentz = (2193% o a.u. This result corresponds to the “velocity”
profile is small one can still consider the NR correction as aorm of the traﬁs;ition amplitude. The “length” form that
additional energy shift. Unlike all other energy CorreCtionS’follows from the “velocity” form aft.er the gauge transforma-
this correction depends on the particular process_that h fon would yieldT () = (2173 a3w® a.u. The asymmetry
begn c—_:‘mployed for the measurement of the energy dlﬁergncghift is different for the velocity and the length forms. How-
Quite independent of the accuracy of theoretical caIcuIatlongver, we should remember that the velocity form follows

of the “traditional” energy corrections, which can be much ariginally from the QED description and that the gauge

poorerth_an th_e _expenmental accuracy, NR corrections deflnfa‘ransformation in the simple form mentioned above exists
the principal limit for the latter. One can state that nonreso-

nant corrections set the limit for the accuracy of all atomicOnly at the resonance frequency. The additional asymmetry
y shift which follows from the velocity form of (w) is given
frequency standards.

Nonresonant corrections have been evaluated for thBY d3=Csma*(aZ)® with c3=(5)'"=1.015<10"°, yield-
H-like ions of phosphorusZ= 15) and uraniumZ=92) in ing 532_ 1.007 Hz. Thew-dependent terms in the.Lorentz
Refs.[2,3]. While for uranium the NR correction turned out denominator lead to smaller NR contributiofid. Still the
to be negligible, its value was comparable with the experi-accuracy for the Lymam- frequency measurements is much
mental error bars in the case of phosphorus. Recently the NRoorer: about 6 MHZ5]. Modern experimental techniques
correction was evaluated for the Lymants-2p transition in  employed in Lamb-shift measurements are based on two-
hydrogen[4]. In [4] the process of resonance photon scatterphoton resonances, in particular for the transitiosr25
ing was considered as a standard procedure for the deternif.?]. In the present paper we provide an estimate for the NR
nation of the energy levels. According [i] the parametric ~ correction to the transition frequency in this case.

estimate of the NR correction to the total cross sectidiinis ~ The magnitude of the NR corrections depends strongly on
relativistic unitg the conditions of the experiment. It is important whether to-

tal or differential cross sections are measured since some NR
corrections vanish after angular integration.[#] the fol-
lowing expression for the NR correction to the frequency of
the one-photon transition, which applies in the case when the

Here a denotes the fine structure constamtis the electron total cross section scattering is measured, was derived:
mass,Z is the nuclear charge number, aodabbreviates a )

numerical factor. Evaluations if4] yielded c;=-2.13 1 Ty Fananl'Be:nar

X 1072 and §;=—2.12 Hz. In Ref.[4] a minus sign was =T AT . E—E.
missing in the expression fa¥;. Moreover, there exists an- nrA noeA
other NR correction to the total cross section of the same
process, connected with the contribution of the near-resonant
2p3, State(see below: n" EntEa—Ea—Eg

81=cyma?(aZ)®. (1)

I‘A’AFBA’

I'anarsl nganr
+2 An;A’B1 nB;AA . (3)
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electron states, respectivel! labels the resonant interme-
diate state. Theih', is the total width and o/ a,I'gar are
partial widths, connected with the transitioA$— A and B 2s
—A’. The notationl"pg.cp is used for “mixed” transition
probabilities where one amplitude corresponds to the transi- Is Is
tion A— C and the other one to the transiti@s— D. Finally,
Eg, Ea', andE, denote the one-electron energies. In the FIG. 1. The Feynman graph for the resonance excitationsof 2
case of the Lymarne transitionB=A=1s,A’=2p, and the level in the double photon scattering process+Ry—2s. The
photon frequency is close tw=E,,—E;s. Then I'p solid line denotes the electrons, the wavy lines with the arrows
=L aa=Tga=I"2,. Assuming that the mixed probabilities denote the incident and emitted photons.
are parametrically of the same order];’ﬂzﬁ)zma(aZ)4 (in
relativistic unity and using the parametric estimateE  transition enter at the levels 1& Hz and thus are negli-
~m(aZ)? for the energy denominators in ER) we obtain  gible at the current and projected levels of experimental ac-
immediately the estimatél). An explicit summation over the curacy. At present the latter is46 Hz and is expected to be
total energy spectrum for the hydrogen atom leads to théwo orders of magnitude smaller in future experimeifts
coefficientc, quoted above. The NR correction(5) corresponds to the process de-

Expression(3) corresponds to the interference term be-scribed by the Feynman graph of Fig. 1. However, the ex-
tween resonant and nonresonant contributions to the photgseriment in[6,7] is based on a different process. In this ex-
scattering amplitude. The nonresonant contributions arisperiment the H atom in its ground state is excited first by the
when we replace the resonant intermediate st@eé@np  absorption of the two laser photons into the fate. After
states withn>2 and also when the incident and emitted some time delayty the 2s state is detected by applying a
photons are interchanged. “small” electric field and observing the quenched Lyman-

In [8] it was observed that a large NR contribution arisesdecay. The corresponding process is described by the Feyn-
when taking into account the fine structure of the H atom andnan graph of Fig. 2. For the analysis we will assume that for

considering the statef,, as a nonresonant one. Ther_l thethe “small” electric field the Stark parametefs=(2s|d
enhancement follows from the small energy den0m|nator.|§|2 VIAE, corresponds tgs<1 d is the electric dioole
AE;=Eyp,,~ Eap, - However, this contribution vanishes in P L b ST P

. . . . moment operatoE is the electric field strength, antlE, is
the total cross section after angular integration and remaing " - b shift between 2and 2 states. Accordingly, we
finite only if the differential cross section is considered. The ' gy,

latter may correspond to a particular experimental situatiof " replace the intermediats 2tate in the graph in Fig. 2 by

r_ 1 -
but it is the total cross section which defines the absolutéhe state 8'=2s+ £s2p. The resonant cross section corre

limit for the accuracy of the frequency measurement. Addi-Sponding to the Feynman graph of Fig. 2 is determined by

tionally, we would like to note that there also exists a qua-
dratic NR contribution to the total cross section frompg2 P i
state. This contribution does not vanish after angular integra- S 2
tion and is given by the formula

Here B, n, and A denote initial, intermediate, and final w% u?% w% w%

> FZS,Zyé‘:%FZp,l’y
(3" @ (East AEQ)—Ey—20)%+ 5 £l 1,
= | |
HereT 5,1, denotes the Lymae- width andAES is the
second-order Stark shift for thesZtate. The Stark shift for
the 1s state can be neglected for “small” electric fields.
However, in the real experimeff,7] the excitation region is
Formula (3) is valid also for the NR correction to the separate_d spatially from the detection regi(.)n..Therefor_e_ the
process of resonant two-photon excitatios+2y— 2s. In Stark shift does not contnbute_ to the excitation cond|t|on
this caseB=A=1s,A'=2S, 20=Ey—Ec, Tp=Cpn 2w=E,s—E5. Moreover, the width of the resonance is de-

(6)

This can be easily obtained in the same way as(Bg(see
[4]). The parametric estimate E(R) immediately follows
from Eq. (4) and from the estimatAE;=m(aZ)*.

=g a=T252,. Herel',s,, is the two-photon width of the
2s level (neglecting the small contribution of the one-photon We W : D)
width I',s,,). Using the parametric estimate for the two- % % I % w
photon widthl, ,,~ma?(«Z)® one obtains '

2s 2p

IS2, [Ma?(az)®)?
=R ™ mazz @206 Is ts

_ _ _ _ FIG. 2. The Feynman graph that describes the quenched decay
This estimate was derived in RdB] where the conclu- of the intermediate € state. The electric field is denoted by the
sion was drawn that NR corrections for th&12y—2s  dashed line. The other notation is the same as in Fig. 1.
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fined by the time delayy, which is necessary for the atom 1 4
to reach the detection region: fgg~0.1 the decay time in T T Erexpt
. . . 2 -1 —7 I 2p,2y* 2p,ly
the electric field is £5I'5p 1,) ~"=10"" s. This is very small =T T 3 9
compared totp: the characteristic atomic velocities are 2s2yl expt  AE[

10* cm/s and the space separation of the excitation and de-

tection regions is 13 crf_6,7]. Ther!tD:10*3 s, which cor-  Here we assumed thatE, >T',,,, where AE, =E,s—E,,
responds to the experimental width of the resonaligg; s the Lamb shift. The corresponding expressitingelativ-

~1 kHz. Then Eq(6) should be replaced by istic unity are sz’1y=(%)Sma(aZ)4=O.O4na(aZ)4 and
1 [T AE_ =0.4ma(aZ)®. Taking into account thak ,,,, is de-

P 2.2y expt . (7)  fined by theE1-M1 transition and,,, corresponds to the
(Epe— Eje—20)2+ EFZ 2E1 transition, we havéﬂzp,yzyll“zgzyz(gs)z. Insertion of

s Tls 4 expt these quantities into E9) leads to a negligible NR correc-

. o ) tion. The NR correction to the differential cross section is
The major nonresonant contribution arises from themych larger. In this case a formula of the type of E).for

closely lying 20" =2p+ £s2s level: the differential cross section should be used:
1 I,y 0,
ONR= 5 A (8) 1(Top 2l apay| P (Tegd®
™ , 1., |8]== =102 Hz. (10
(EZp_Els_Zw) + ZFZp,ly 2 FZSZ?’FQXPI AE,
wherel,, », is the two-photon width of the 2 level. The This limit for the experimental accuracy turns out to be

interference term betweencando g is absent in the total many orders of magnitude larger than the corresponding

cross section, but may be present in the differential crossalue obtained from EqJ5). It is the value(10) that should

section. be compared with the projected experimental accuracy of
To find the NR correction we employ the same idea as irabout 10 Hz [6,7].
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