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The deviation of the natural spectral line profile from the Lorentz shape for the optical resonant frequency
measurements is considered. This deviation leads to an asymmetry, which is mainly due to nonresonant
correction to the resonant Lorentz profile. The nonresonant corrections are studied for the different types of the
atomic resonant experiments. The most accurate recent optical resonance experiments are analyzed, i.e., the
two-photon 1s-2s resonance excitation of the hydrogen atom with the delayed decay in the external electric
field. The description of the nonresonant correction in the latter case requires the employment of QED with
different in and out Hamiltonians. The nonresonant corrections for this experiment are investigated and found
to be about 107 Hz, while the recent experimental uncertainty is 34 Hz and in the near feature is expected to
be a few hertz. The projected 1s-2s resonance excitation experiment with the three-photon ionization detection

(which is now in progress) is also considered.
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I. INTRODUCTION

The recent superaccurate measurements of the resonance
transition frequency in the hydrogen atom [1,2] require a
careful analysis of the limits for the validity of the resonance
approximation in such experiments. These limits are set by
nonresonant (NR) corrections to the standard Lorentz line
profile. Here we address only the natural spectral line profile,
disregarding Doppler, time-of-flight, and collisional broaden-
ing. It is assumed that the accuracy of the experiment allows
for the observation of natural line profile, like in [3]. In the
resonance approximation, which reduces the description of
the spectral line profile to the Lorentz contour, the line pro-
file is described by two parameters, resonance frequency w’*
and width I" and is symmetric with respect to w". In the
early paper by Low [4] it was pointed out that resonance
approximation is valid only up to a certain level of accuracy,
which is defined by NR corrections. Beyond this limit the
line profile becomes asymmetric and the interpretation of
w’ becomes ambiguous. Moreover, the NR corrections are,
in principle, process dependent, so the measured line profile
also becomes dependent on the process of measurement. The
other source of the line profile asymmetry is the dependence
of transition rates on frequency. The NR corrections are,
however, dominant in the most cases.

The magnitude of NR correction Sw’* as it was estimated
by Low [4] for H-like ions appeared to be very small:
ow'|T = a(aZ)? for the dipole optical transition, where a is
the fine structure constant and Z is the charge of the nucleus.
Accordingly, for the long time after the arrival of the paper
of Low [4] there was no need to consider these corrections in
the optical experiments. Recently the interest to NR correc-
tions was triggered by the new very accurate optical reso-
nance experiments [ 1,2] and the various theoretical estimates
were given in [5,6]. Recently the NR corrections were con-
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sidered also within an astrophysical context [7]. In this work
we will present the evaluation of NR corrections for the fre-
quency measurements in experiment [1,2]. The calculations
will be done for the hydrogen atom or H-like ions.

One has to distinguish between two types of the possible
resonant optical experiments. All the processes consist of
three stages: excitation of the certain intermediate states, its
propagation, and its decay. The coherence in the sum over
the intermediate state can be destroyed by the collisions (the
first type of the experiments) or conserved (the second type
of the experiments). The analysis shows that the NR correc-
tions in case of the first type of resonance experiments are
essentially smaller than for the experiments of second type.
However, in the ultimate case when the natural line profile
can be observed and there are no phase distortions, both
types of resonance experiments actually coincide and the NR
corrections to the frequency for both experiments are the
same. In what follows we will consider only this situation.
Our argumentation is the following: when the natural line
profile is not observed, i.e., screened by the collisional, time-
of-flight, Doppler broadening, etc. [1], the latter effects de-
fine the possible uncertainty of the experimental determina-
tion of the transitional frequency. This uncertainty is
evidently larger than the effect of the NR corrections but can
be decreased by the technical improvements. The distortion
of the line profile caused by the NR corrections is the un-
avoidable systematic effect that should be always taken into
account.

The absolute uncertainty remaining in the two-photon
resonance frequency measurement [1] for 1s-2s transition in
hydrogen is 34 Hz, which corresponds to the relative accu-
racy of 1.4 X 107'%. However, in [1] a special scheme of reg-
istration was employed, which requires the special theoreti-
cal consideration. In [1] the atoms are excited by means of
laser radiation via two-photon absorption from the ground s
state. This excitation occurs in a spatial region free of exter-
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nal fields. The excited atoms are moving subsequently to
another spatial region where they experience an additional
weak electric field. In the presence of such a field the 2s and
2p states are mixed and the atoms decay via ordinary 2p-1s
transition. This radiation is detected and provides the neces-
sary information for the extraction of 1s-2s frequency value
from the experimental data. In the rest frame of an atom it
looks like the excitation occurs in the absence of the electric
field and then the electric field is turned on (delayed decay).
In terms of QED, the initial and final states of an atom are

described then by different Hamiltonians ﬁ,-,, and ﬁom. The
QED theory with different in and out Hamiltonians was con-
sidered by several authors. Here, we refer to the book by
Fradkin et al. [8] (see there the references to other works in
the area).

In this paper we will discuss also another possible method
for registration of the excited 2s state in hydrogen: the three-
photon ionization [9].

The paper is organized as follows. In Sec. II the processes
of the first and second types as defined above will be com-
pared. The standard expressions for the excitation and decay
probabilities will be derived. In Sec. III we describe the dif-
ferential cross section for the process of the resonant photon
scattering on atomic electron, having the goal to stress the
difference between this process (of the second type) and pro-
cess of level excitation: in the latter case the information on
the excitation process is usually lost when the decay of the
excited state is registered and the natural line profile is
screened by the collisional and Doppler broadening (process
of the first type). However we always will consider the reso-
nant scattering process for defining the NR correction even
in cases when in the real experiment the natural line profile is
not yet observed. In Sec. IV the NR correction to the process
of the resonant photon scattering on the atomic electron will
be introduced. In Sec. V we introduce the formulation and
present the generic expressions for QED with different in
and out Hamiltonians, which are necessary for description of
delayed decay of the 2s level in an external electric field.
This QED theory is applied in Sec. VI to the description of
the experiment [1], considered as a resonance process of
two-photon excitation of 2s level with a subsequent delayed
decay in the external electric field. These derivations will
result in Sec. VII as the NR correction values for the fre-
quency measurement with this type of experiment. In Sec.
VIII all results are summarized and the final conclusions are
made.

II. RESONANT EXCITATION OF ATOMIC LEVELS
AND RESONANCE PHOTON SCATTERING
(TOTAL CROSS SECTIONS)

We start with introducing the resonant elastic scattering of
the photon on the bound electron in an atom in the absence
of external fields. The corresponding Feynman graphs are
depicted in Fig. 1. The amplitude of this process can be
written in the form
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FIG. 1. The Feynman graphs describing the elastic photon scat-
tering on atomic electron. The solid line describes the electron in
the field of the nucleus; the wavy line with an arrow denotes the
absorption or the emission of a photon. Symbol a corresponds to
the certain electron level (njl) in an atom; @ and ' denote the
absorbed and emitted photon frequencies. The right-hand side of
both graphs corresponds to the initial state and the left-hand side
corresponds the final state. In case of the elastic scattering (the
initial and final atomic states are the same) w=w’.
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Here the quantum numbers njlm represent the standard set of
one-electron quantum numbers for the electron in the hydro-
gen atom: principal quantum number n, total angular mo-
mentum j, its projection m, and orbital angular momentum /
which fixes the parity of the state. The photons are charac-
terized, apart from the frequency w, by the total angular mo-
mentum J, its projection M, and the type of the photon (elec-
tric E or magnetic M), which fixes the parity. For simplicity
we assume that the absorbed and emitted photons have the
same J values as it happens, for example, for 1s-2p (El
photon) transition. The indices i, f denote the initial and final
states of the particles. The operator AL T M corresponds to the

photon absorption and A(E M)’ denotes the photon emission.
The absorption operator looks like

AEM Af)%, (2)

wJM(’_:) \/ (\/ 81+1(wr)YJJ+1M(n)
J+1 - N
—\/;ng_mwr)mw(n)), ©)

wJM(;) \ 5 Y JJM(ﬁ) (4)

Here the spherical vector functions Y ;,,(7) are introduced,
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YJLM(ﬁ) 2 C (ML,M)YLML('DX,“ (5)
Mpp
where n= f- Yy, (1) is the ordinary spherical function, y,, is

the vector spin function for the photon,

( )3/2

gilwr) = —==Jj1p(wr),
\ wr

and Jy,»(wr) is the Bessel function. We use the standard
notation ¥ for the Dirac matrices and e is the electron charge.
The relativistic units A=c=1 (# is the Planck constant and ¢
is the speed of light) are employed.

Imposing the resonance approximation together with the
resonance condition

w= E”llll E"()/olo’ (6)

only the terms with njl=n,j,I; in the first sum in Eq. (1)
should be retained; the second sum should be fully omitted.
This yields

JM . JM;
"off)clom Mool (nlj 1 1)

. i . . .
(nalolomf|A§ﬁéy) [nyjilim)ny j 111m|A5‘1E\2?4)|”01010mi>
E -E '

m mjihy ™ Fngioly

(7)

The difference between the two types of the resonant pro-
cesses, mentioned in Sec. I, concerns the summation over the
projection m in Eq. (7). The process of excitation of atomic
level corresponds to the case when this summation should be
decoupled and restricted to one particular value of the pro-
jection. This implies that the summation over m in Eq. (7)
should be omitted and |nj,/;m){n,j,1;m| should be replaced
by |nyjilym)nyjlym'| with the fixed m,m’ values. In the
expression for the transition probability, the summation over
m and averaging over m’ should be restored. This decoupling
may occur due to some averaging process that intervenes
between the absorption of the photon and emission of the
photon. In particular, it could be multiple scattering, where
the value of the projection m changes many times. In the
process of scattering the atom may change also the values
njl, but then it leaves the resonant process (of course, due to
the collisions some atoms can be kicked out of the beam and
thus not detected at all).

If the values njl remain equal to n;j;/, and only m
changes, the atom remains within the resonance. We are in-
terested in the latter case. The result of such changes of the m
value can be interpreted as a random process and thus de-
coupling arise. In this way the experimental methods of the
resonant excitation of atomic levels should be understood.

Now we can write down the expression for the resonant
process probability (excitation cross section) as
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In Eq. (8) it is assumed that both the initial electrons and
photons are nonpolarized.

Here the width of the ex01ted level F"1 iy is introduced in
a standard way. The operators Al JM ) are the spherical tensors
of the rank J with the JM component in the electron space.
Then, performing the summations over all the angular mo-
mentum projections in Eq. (4) with the use of the Wigner-
Eckart theorem for the matrix elements in Eq. (8),

(n'j"U'm'|A jpplnjlm)
VY O A A R W .
=(-1yY ( , _ ><” J'UNA Dy, (9)
m' M m

where (n'j'l'||A;||njl) is the angular reduced matrix
element, yields

m(J) 1b(J)

inlosn gl nyjil,najol
W(J)_ (i) = Mololo /1t M1k "0/0' do
nyj / 1] I J1t 2, 1y2 s
o (E"1111 E"ofolo_w) +4F”1f1’1
(10)
where
b(J) _ [ AT [Ingjolo) (11)
mirletololo ™ (20 + 1) (27 + 1)

is the absorption transition rate for the process ngjoly
—)”llj]l] and

m(J) _ KnajolollAT ™|l 1)
nofolomily ~ 2j, +1

(12)

is the emission transition rate for the process nj,l; — ngjolo-

It follows from expression (11) that the process of the
atomic level excitation, as described above, demonstrates the
standard resonant behavior, i.e., the frequency distribution of
the absorbed photons is determined by the Lorentz profile.
The atomic level emission, also described by the same Lor-
entz contour [Eq. (12)], is fully independent of the excitation
process; the latter can be even of another nature (electron
impact excitation, etc.). In principle, there are NR corrections
to this process, which restore this dependence; these correc-
tions arise from the terms of the expansion over intermediate
states in Eq. (1) with njl# nj,l,. However we have to re-
member that collisional and other processes, which we sup-
posed to intervene between the absorption of the photon and
its subsequent emission, fully distort and screen the natural
line profile for the emitted photons. Therefore there is no
sense to discuss the role of NR corrections in this case. The
systematic corrections to the resonance frequency determina-
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tion from the emission spectrum are defined now by other
factors which in case of 1s-2s resonance were in every detail
analyzed in [1]. Still it makes sense to investigate the experi-
ment for the measurement of 1s-2s transition frequency [1],
idealizing the experimental situation and assuming that the
natural line profile can be observed. Then the experiment for
the measurement of 1s-2s transition frequency will become
of the resonant photon scattering type with a complicated
scattering scheme: absorption of two photons followed by
the one-photon delayed decay in an external electric field.

1
SRR S —
nOIOIO,nO/OIO(nIJI v 2+ 1) 2o+ 1)
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We will investigate the NR corrections in this idealized ex-
periment in Secs. VI and VIL

For the investigation of the resonant photon scattering on
the atomic electron, i.e., the resonant process of the second
type, discussed in Sec. I, we can start with expression (7).
Now no assumption is made concerning summation over m
in Eq. (7); this summation is exactly performed. The expres-
sion for the transition probability in the resonance approxi-
mation now looks like

. oo
E 2 E <nulolomf|A(JﬁJy) |n1]111m)

M,-Mf Mg m !

X{nyjil, m|A(J%4)|nufolomi

Using again the Wigner-Eckart theorem [Eq. (9)] and per-
forming the summation over the angular momentum projec-
tions in Eq. (13) we arrive again at Eq. (10). To see how it
happens it is useful to perform first the summation over
m;,M; and mp, M in Eq. (13). Thus there is no difference
between the processes of the first and the second types in the
total probabilities (cross sections) and the statement made in
[10] that both types of the process differ in the total cross
sections is incorrect. However, this difference arises in the
differential (with respect to the angles) cross sections. The
NR correction estimates, given in [10], are valid for the dif-
ferential cross sections as well as general derivation scheme
with the use of the QED with different in and out Hamilto-
nians. Therefore, we now go over to the description of the
differential cross sections.

III. RESONANCE PHOTON SCATTERING ON THE
ATOMIC ELECTRON: DIFFERENTIAL CROSS SECTIONS

To write down the differential cross sections we have to
introduce first the wave functions for the incoming and out-
coming photons. We characterize these photons by their mo-
mentum k=wv (w=|k| is the frequency) and the polarization
vector e,

R 2
ArdP) = | e, (14)
w

Function (14) represents the absorbed photon, the emitted
photon is described by the wave function AEE(f). Now we

expand plane wave (14) in the spherical waves or what is
more convenient in the electric and magnetic photon wave
functions,

. T . I\ % . ’ N . *

<n0.1010mf|Ay[::/’1¢/1) |”1] ym' Y nyjim |A(J]1::4?4)|n(11010mi>
(E, , —E, ; —w?*+l? do. (13)

miily nojolo 47 myjily
|

o 2T o 76) (2140

AL dR) =" 2 [& AR ATy (), (15)
JMs

where s=E,M and

> [ w [ J - . [J+1 - .
AIJEM 77)= ;T|: EYJJHM(V)_ EYJJ—IM(V):|»

(16)

AY () = \%m(ﬁ) (17)

are the electric and magnetic photon wave functions in the
momentum space. Instead of Eq. (7) we have the amplitude

>Vi€i
”07010’”/”"0/010’“:'

. peh . . pel .
-3 <n0]010mf|A i im)n LimlA € ngjolom;)
E E

bl

m nyjyly T Englly T @

(18)
where
AP(F) = e Af (7). (19)

An expression, which replaces now Eq. (8), is
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Essential simplification arises if we assume that only one type of the photon with the fixed J value can be absorbed and emitted
in the resonance. Summation over the polarizations we perform with the use of the formula

2 (@ -a)é-b)=[ax #l[bx 7. (21)
Then
16 ALY, G- E(J;_f';f,_(;f)] =[5, X AU, X A7), (22)
f
PRV VA 2V ,M,w)] [5, X A5, X AL, (23)

The vector products [VXA M)(1)] can be presented like

[5 X AEM ()] = AW (). (24)
Then Eq. (20) results in the following:
AW oo = 3 )<2ﬂﬁ) S X SR, ) - Ay ) AG () - Ay ()]
MMy MM S
X E E <nalolomf|A ’7)|n1]1 lm><n0]010mf|A]M (7)|”1]1 ym')”
mimg g !
s . 1 oo
x<n]jll]m|A$;l)/li(;)|n()j010mi><n]jlllm,|A§A)/]((;)|n01010mi> I dvdvdw. (25)
' (E"111 h E"oiolo )+ nyjly

where we have used again notation (2).
As the next step we employ once more Wigner-Eckart theorem (9) and perform the summations over m;,m;,m,m’ in Eq.
(25). This results in the following:

v 1/ 2.]1 +1 2
dW”O/()]() nojolo (21_'_ 1)( 773) 2 |(A f) | | ( ) |
1
X W) i Wit dvdido. (26)
nojolomd " ndilngiol _ 2, 12 !
domR OO(E’HJ] l E”ofolo @)+ 4% myly

The sum over s=E,M is absent in Eq. (26) since the value of s is fixed by the choice of [;,/,. Since the angular dependence
on the angles 7; and ﬁf is separated in Eq. (26), both absorption and emission differential probabilities do not depend on the
angles and we return to formula (10) (see the details of calculations in Appendix A).

Now we go over to the description of the second type of the experiment when the differential (with respect to the angles)
cross section is evaluated. Equation (25) should be replaced by
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Application of the Wigner-Eckart theorem to the matrix element in Eq. (2) and the subsequent summation over indices
mi,mf,m,m’ yields

Vit .
W"ololo’"oioo (2 +1)

J J
2m) X X ARG Ai’,i,?f (F)IA () - Ai‘iﬁl)( ,->]><Z<—1)f<2x+1>(_ , )
x¢

MM} MM] My M; &
J J x\|ly x 7|7 1
x(_ ) R G A 1 S T dvdido. (28)
Mi Mz’ f Ji Jo J1 "oolohiiih ”1]11"0100(En1j1| E”Oiolo ) F"]]l]

Equation (28) corresponds to the photon scattering cross section (probability) for the process of the second type: the
resonance photon scattering on the atomic electron. Namely, Eq. (28) describes the contribution of the resonant term to the
differential cross section. Due to the summation over x¢ in Eq. (28), unlike Eq. (26) the connection holds between the angles
v; and ﬁf for the incoming and outcoming photons. Finally, we can write down expression (29) for the transition probability in
the form

m(J) b(J)
o nojolosm il 7 nggqlanagol, I
quv =S, . V‘V o/ofo™/1f1 M1t olofo dvdido, 29
noiolo-ololo 11011( 1Y (Enlj1 = Enio - w2+ Fim ! d (29)
where
- EM EM
S (717 (2 T 2 S TG A GOTAG @) AL ()]
Jo+ 1y MY MM '
JoJ x\[(J J x\]s x g
XE (_ 1)§(2x+1)(— ! )( — ' ) . . . . (30)
& My My &)\M; M; &)1 Jo Ji
|
The only angular dependence that can arise in the reso- w? 1 0 112
y ang P 5
nant photon experiment in the absence of external electric 1 ]0,1( )= 3272jo+ ) i1 jo Jj (ap + by cos” 9),
fields is the dependence on the Z v;v; between the direction 0 b
v; of the velocity of the absorbed photon and the direction Vf (31)

of the velocity of the emitted photon. While the vector v; is where
fixed by the incident laser beam, the vector Vf is fixed by the

position of the detector. In the experiment of the first type no 1 5
L : : ay=5- "7 (32)
angular dependence can arise since the integration over 3 2V6
angles is performed independently for the absorption and the
emission rate, respectively. In the processes of the second 45
type the angular dependence can occur. by=—+. (33)
To obtain the angular dependence in the explicit form we 26

can choose the direction of z axis in the photon momentum In case of the electric dipole photons (J=1) the correspond-

space along the vector v;. Then the vector v, will represent  ing expression reads

the dependence on the L;;f Expression (30) simplifies and 5 2

L . . L 1) 1 0 1

is given in Appendix B. In case of the magnetic dipole pho- 5115, (@)= — . (ag+bg cos? 0),
tons (J=1) the corresponding expression reads o 32m(2jo+1) Ui Jo Ji

(34)
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where
1+30-4Y10 5 531\3-12
ap = \ \ + — ( A — ) N (35)
9 36430 12\3
5 5
bp= —— 4 ——. (36)
E70030 1243

IV. NONRESONANT CORRECTIONS TO THE
RESONANCE TRANSITION PROBABILITY

In this section we will derive the NR corrections to the
resonance transition probability for the process of resonant

m(J) b(J)
nojolon il mdil ool

de V

nojoloololo SJjOil(VfVi)( . —E 24412
il

T dﬁldﬁfdw-'-s‘/]()]l]z(]jfvl)
”oiolo_w) +3 nyjly
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photon scattering on the atomic electron. The nonresonant
corrections to the resonant process arise as the terms of ex-
pansion in Eq. (1) with njl=n,j,l, # nj,l;. In the expression
for the transition probability the major NR contribution will
arise from the interference between the amplitudes corre-
sponding to n,j,l, and nyj,l;. The contribution from the level
n,j»l, most close to nyj,/; level will dominate. Repeating the
derivations which led to the expression for the transition
probability [Eq. (29)] and retaining now two terms n,j,/; and
n,jsly (ny),1, being considered as the closest neighbor to the
nyj;l;) in the sum over njl in Eq. (1) result in

>

%2 Re( (nojololl AT In 1) majolo| AT Inajalo)n LAY Inajolo)najnlo| AT lngjoloy
w= éF”ljlll) (Enzlez - E”ofolo o= éI‘”21'212)

(E

nyith

- E”ofolo -

where

Sjj0j|j2( fVi) (20+1)( 77') E E [A

Mfo MM

X (i) - A BYTAT" () Aﬁj‘“ ()]

X > (- DE2x+ 1)<f ! x)
xé

J J x\|l7 x J1?
X\ - ' (- (38)
M, M; &) \ji Jo J2

It is important that the factor S; ; ; (¥47;) does not vanish
for j,l, #jl;, i.e., for the levels with different symmetry
properties (different total angular momenta or different pari-
ties). Such terms, as a rule, give the major contribution to the
NR corrections. In [5] only NR corrections from the terms
nyj,l, with j,l,=j,1; were considered.

Expression (38) again can be simplified if we choose the
direction of z axis in photon momentum space along the

vector 17: The corresponding expression is given in Appendix
B. In case of the magnetic dipole photon (/=1) this expres-
sion reads

2

» 1 0 112
M@z ——m— +b (C)
tjs(©) 32w(2jo+1){jl Jo ]2} (@ + by cos” 0).

(39)

)dﬁidﬁfdw, (37)

In case of the electric dipole photons (J=1) the correspond-
ing expression reads

o’ 1 o 1|2
(agp+ by cos® ©).

O)=F— 7
32720+ 1) (J1 Jjo Ja

110/1!2

(40)

Note that factors ag ,bg ) in Eqs. (31) and (34) coincide
with corresponding factors ar , b, in Eqs. (39) and (40).

V. QED THEORY WITH DIFFERENT IN AND OUT
HAMILTONIANS

Aiming at the accuracy estimates for the 1s-2s resonance
experiment in hydrogen [1] we will first introduce necessary
generalization of QED, mentioned in Sec. I, i.e., we will
present the formulation of QED with different in and out
Hamiltonians. In this formulation we will follow Fradkin-
Gitman-Shvartsman book [8] (FGS formalism). In principle,
Fradkin er al. [8] pursued the more complicated task; then
one considered here, namely, the case when the external
electric field creates the electron-positron pairs. Accordingly,
we shall describe this approach in a simplified version, suf-
ficient for our purposes here: the presence of weak electric
field that enables the more efficient one-photon decay of 2s
level in hydrogen. However due to the admixture of 2p state
to 2s state the emission probability changes by 7 orders of
magnitude. We will consider the change in the other atomic
characteristics (Stark effect of atomic levels and Stark split-
ting) negligible. The criterion of the weak field will be
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e<<g,=475 V/cm, where ¢ is the strength of the electric
field. In the field e=¢, the Stark matrix element is equal to
the Lamb shift and the 2s and 2p levels are strongly mixed
[11].

The applicability of the FGS picture is defined by the two
inequalities: 7,, < 7y, < 7, Here g, is the time showing
how fast the field is changing in the rest frame of atom, 7, is
the characteristic atomic time necessary for the formation of
the stationary atomic states, and 7, is the atomic decay time.
The inequality 7,,<< g,y means that the field is changing
slowly enough not to destroy the stationary atomic states.
The other inequality 7¢,,;< 7, implies that the field is chang-
ing quite abruptly in space (and, corresponding, in time in
the rest frame of the atom) so that the detection signal has a
sharp peak structure which allows for the accurate determi-
nations of the frequency. Evidently, the second inequality
Tield < Ty is satisfied in the 1s-2s experiments [1,2]. To esti-
mate 7,, we have to recall that for the formation of the
atomic states the electron has to perform at least several
revolutions around the nucleus, the time of one revolution
being of the order 107'¢ s. For the formation of the distinct
2s, 2p levels split by the energy interval (Lamb shift) 1000
MHz, the atomic time 7,~10~° s will be necessary. The
decay time for the 2p level is about 107 s; the same decay
time acquires the 2s level in the critical field .. Assuming
that the “weak field” in the experiments [1,2] is by 1 order of
the magnitude smaller than ¢, and remembering that admix-
ture of the 2s state in the external field & is proportional to &>
we obtain 7,~ 1077 s. Thus the both inequalities mentioned
above are compatible and the applicability of the FGS
picture is a plausible assumption.

Another assumption concerns the duration of the excita-
tion time, i.e., the time interval when laser, exciting 2s level,
is switched on. This time should not be less than the lifetime
of the 2s level in the absence of the field, i.e., 1/7 s. Then the
line profile is not influenced by the excitation time.

The FGS theory operates with two complete sets of eigen-
functions, belonging to in and out Hamiltonians. For the ex-
perimental situation in [1] the in states correspond to the
solution of the Dirac (Schrédinger) equation in the field of
the nucleus. The nonrelativistic approximation utilizing
Schrodinger wave function will be sufficient for our pur-
poses. The out set will correspond to the perturbed wave
function in the presence of an electric field; according to the
experimental conditions in [1] this field is assumed to be
weak.

The advantage of the FGS approach is that it employs the
standard QED methods in a generalized form: § matrix, field
operators in the Fock space, four-dimensional perturbation
theory, and Feynman graph techniques in the Furry picture.
Although inspired by the generic lines of FGS theory, a sim-
plified version of Feynman graph techniques, more close to
the conventional bound-state QED, will be employed here.

Actually the only new element which needs to be used is
the generalized electron propagator, connecting vertices
which refer to the different in and out spaces. The eigenmode
decomposition of this propagator reads
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FIG. 2. The diagrammatic representation of the FGS electron
propagator [Eq. (33)] in the coordinate space. See explanations in
the text.

E;.E,>0
SFOS(xy,x,) = O(t, — 1) 2 ‘l'rﬁ(xl)wﬁnq_’n(xz)
E;.E,<0
-0t - 1)) Z W, (x) 0,V (),

(41)

where W (x) are the solutions of the Dirac equation for the
electron in the field of the nucleus and external electric field,
W _(x) are the solutions with zero external field, and E;,E,
are corresponding eigenvalues. Within the nonrelativistic
theory, sufficient for the description of the process in the
neutral hydrogen atom, in Eq. (41) the contribution due to
the negative energy states can be neglected.
The matrix w;;, is defined as [8]
w,ﬁn=(---n~1---|§’Td|~--n-~~), (42)
where (---7i--| denotes the state vector of the out-Fock-
space with an electron in the state i, |---n---) denotes the
state vector of the in-Fock-space with an electron in the state

n, a' is the creation operator in the out-Fock-space, and d is
the annihilation operator in the in-Fock-space. In the simple
case, when no particles are created by the electric field, the
matrix ;;, is reduced to the overlap integral,

Wjin = f WLV, (X)dx = (iiln). (43)

In what follows the conventional Feynman diagrams in-
volving the propagator S¥°S, defined by Eq. (41), will be
used. The ordinary solid line will represent an electron in the
field of nucleus only, while a double solid line will describe
an electron propagator in the field of the nucleus together
with an additional external electric field. We will denote the
vertex, corresponding to the out Hamiltonian, as a fat dot,
and the vertex, corresponding to the in Hamiltonian, as an
ordinary dot. The new graphic element, corresponding to the
propagator S¥95, is depicted in Fig. 2.

An important question is the evaluation of the transition
probabilities within FGS theory. The problem arise how to
connect the matrix element of the S matrix with the transition
rate (or cross section) of the process. In the traditional QED
this problem is solved in the following way: due to the en-
ergy conservation law the S-matrix element between the ini-
tial (i) and final (f) states can be always presented as

Sif= 27Tl5(El_Ef)Ulf’ (44)

where E;,E; are the energies of the initial (final) states and
Ujs is the amplitude of the process. The squared & function
AE;~E) is presented like
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L T
2] g 2m

where T can be interpreted as the observation time. Then the
transition rate (probability per time unit) can be defined as

2
dWl- _| lf|

=2m8(E; - Ep)| Uy dw. (46)
Within FGS theory the energy is not conserved and definition
(44) for the transition probability fails, in principle.

However, in the case of the weak field, assuming that the
Stark shifts are neglected, the energy conservation actually
remains. Then we can keep standard formula (44) for the
evaluation of transition probabilities using however the wave
functions, perturbed by the electric field.

VI. TWO-PHOTON 1s5-2s RESONANCE WITH DELAYED
DECAY REGISTRATION IN AN EXTERNAL
ELECTRIC FIELD

In this section we will apply the formalism described in
Sec. V to the derivation of NR correction to the resonance
1s-2s transition in the idealized experiment [1], i.e., in the
process of resonant two-photon excitation of 2s level in hy-
drogen with the subsequent delayed decay in an external
electric field. In the experiment [1] excited by the two-
photon absorption hydrogen atom in 2s state left the excita-
tion region (in space) and entered the decay region (out
space), where the weak electric field was present. The decay
occurred predominantly via the fast 2p-1s transition (transi-
tion rate ~10° s~!). Thus the lifetime of the excited 2s state
as defined by the experimental setup was in the millisecond
range. This lifetime is much smaller than the natural lifetime
for a 2s level associated with the two-photon decay (~% s).
Within the reference frame of hydrogen atom this situation
corresponds to a time-dependent problem, where the in and
out QED formalisms involving different asymptotic Hamil-
tonians are applicable. Employing the diagrammatic tech-
niques for the FGS formalism introduced in Sec. V, the pro-
cess of 1s-2s excitation, described above, is represented by
the Feynman graph depicted in Fig. 3.

Writing down the S-matrix element, corresponding to Fig.
3, we find

Su= (=) f 1) 74 AU (1) SFOS 1) 24 U3 M)

X (xz)S(xzxz) ’)"M3A(J L M")(Xs)\lfa(xs)
Xd4x1d de .X3. (47)

Here W ,(x) is the initial electron wave function (in the in

space), W(x) is the Dirac-conjugated final state wave func-
tion (in the out space), y* are the standard Dirac matrices,
A(JLM) is the photon wave function with quantum numbers
JM [12], S(x;x,) is the ordinary electron propagator in the
Furry picture, and S¥9S is the propagator defined by Eq. (41).

The integration over the time variables in Eq. (47) in the
nonrelativistic limit and with neglect of Stark shifts of the
levels in an external electric field yields
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o <;E§§:\€§§:w
m n
1% a=1s

a=1s

FIG. 3. The process of the two-photon excitation 1s-2s followed
by the delayed decay in an external electric field. The picture is
understood with respect to the frame of reference of the hydrogen
atom. The ordinary external and internal solid lines describe the
electron wave function and electron propagator for the bound elec-
tron in the absence of external electric field. The double internal
electron line represents the FGS electron propagator as described in
Fig. 2. The external double solid line corresponds to the electron
wave function in the external electric field. The two absorbed pho-
tons are the laser photons with frequencies wzé(Ezs—Els), where
E; are the energies of the atomic electron states in the absence of the
electric field. The notations n,7 for the wave functions were intro-
duced in Sec. V.

Saa= 278w - 20") D, (GlA], )]0
nn]
<n|AJ’L’M’|n1><n1|AJ’L’M"|a>
(En - Ea - 2(‘),)(En1 - Ea - (,0,) )

(48)

In Eq. (48) we omitted the sum over /7 in the FGS propaga-
tor [Eq. (41)] and kept only the term m=n having in mind
that 77— n when the electric field is switched off. Keeping the
other terms /m # 77 would mean the energy nonconservation
and would contradict to our basic assumption about the en-
ergy conservation in the weak field limit. More accurately,
m=n means that we keep summation over the degenerate
substrates; in case of hydrogen for n=2s,2p we keep m=n
=2s,2p.

In Eq. (48) the last two matrix elements in the numerator
together with the last energy denominator after the summa-
tion over intermediate states n; represent the ordinary two-
photon absorption amplitude, corresponding to the transition
from the state |a) to the state |n) in the absence of the electric
field. The resonance condition, as it was realized in the
experiment [1], is

20’ =Ea’_Ea7 (49)

where a=1s,a’=2s. Then, setting in Eq. (48) n=d’,n=a,
using Eq. (46), integrating over w, and summing over angu-
lar momentum projections, except the initial M;, M| and final
M photon projections in the resonance approximation we
receive the following expression for the differential probabil-
ity of the process:
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Iy oo
AW (') = —S7, (vv! v,
( ) 20 aa J( fri )
We!f(JL)K&',|a,>|2Wab(JL’J/L/)
= — dvdv]dide’, (50)
"2 12 i i B
(Ey— Eq—20')+ 1T

a’

WZ?I(JL)|<5,|61’>|2WZ}/)C(IJLJ L")

Uy
AW (') = —S87, (v 1;)
2 @ Y (B B, - 202+ 1T

a’
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where Wa},’(JL’J'L') is the two-photon absorption probability

a a
and Si;’, J(vv] 1)) is the angular factor, similar to the factor in
Eq. (30) in case of one-photon scattering.
In case of the Doppler-free spectroscopy employed in [1],
v!=—v,. Taking into account the NR correction due to the
closest to a’ neighbor level a” results in the expression simi-

lar to Eq. (37),

1
P T e, 2 - oy
s—dvdvidvde' + ——S. ), . (v v,

2

(<5| AFM @ Wall A |a"a o'y @ la"Xa |ASY, o llaXaJAS) . iy
c

(Ear - Ea - 2(1)/ - éra/)(Ean - Ea - 2(1), - %Farr)

| aab b
Here (a'||A7),, i lla).<a"||AT),, i lla) are the angular
reduced  two-photon  absorption  amplitudes  and
SZZ,a,, (V! ;) is the angular factor, similar to the factor in

Eq. (38) in case of one-photon scattering.

VII. NR CORRECTIONS FOR THE FREQUENCY
MEASUREMENTS IN 15-2s RESONANT HYDROGEN
EXPERIMENT

For moving further we have to choose the procedure for
the determination of the resonance photon frequency. In [5,6]
the evaluation of the maximum value of the frequency dis-
tribution was used for this purpose. As it was shown in [6],
any other procedure (e.g., finding a “center of gravity” for a
line profile) would give the result close to the choice formu-
lated above. In case of the Lorentz profile all the methods of
defining w"™* give the same result,

wy =E, —Ea.

With our choice of the resonance frequency definition the
NR correction will look like

5(1)NR = M _ yres

where @™ corresponds to the position of the maximum of
the asymmetrical frequency distribution. In this section we
will investigate the two-photon transition in hydrogen [1],

lsl/z(Fz 1) +2’y—) 2Sl/2(F: 1)

Here F is the total angular momentum for an atom, which
defines the hyperfine structure sublevel. The value K=1 for
the total angular momentum K of the two-photon system
with equal photon frequencies is strictly forbidden by the
Landau theorem [13]. Then the NR correction due to the
transition

o\
dvdvidvdo'.  (51)

Lsip(F=1)+2y— 2s1,5(F=0)

is forbidden because of the Landau theorem and main NR
contribution arises from the transition

151/2(F= 1) +2’y—> 2p1/2(F= 1)

Note that according to Eq. (38) this NR contribution van-
ishes for the nonpolarized initial photons. In experiments,
however, the incident laser light should have nonzero
polarization.

For deriving the NR correction we have to use expression
(51) where we have to set

a=ls;p(F=1),
a, =2Sl/2(F= 1),

a"=2pp(F=1).

In the weak electric field,

\I,ff: ‘Pa’
\P[;r = \Pur + 77\Pau,
\Pau = \I’au - 77‘I’ar 5

and the overlap integrals are
@la"y=(@a"y = 1.
Here
AE;

is the Stark shift to the Lamb shift ratio. This ratio is 1 for

the field e=¢,... For deriving the NR correction we set in Eq.
(51)

res
Ear - Ea =wq ,
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Ean - Ea = Ea!l - Ear + Ear - Ea = w66.3' - AEL,

where
AE = Ey  —E, =~ 10° MHz

is the Lamb shift. Here we assume that the hyperfine splitting
for the 2s, 2p levels is much smaller than Lamb shift.
The width I, follows from the experimental conditions

F r= Fexpt 1 kHz.

The width
Farr = F2p =~ 100 MHz

is very large but still can be neglected in the corresponding
denominator of Eq. (26) compared to AE;. Insertion of the
wave functions Wz, Wz and Wz in the emission amplitudes
in Egs. (50) and (51) yields

(@AFM||a"y = p(l,,)", (53)

@|afMary = (Iy,)">. (54)

For the estimates of the NR corrections we omit the angular
factors in Egs. (51) and (52), assuming them to be of the
same order of magnitude. Then, performing the evaluation of
the maximum value in Eq. (51) with respect to o’ we write

2
d 772le 2510
do' | (wf* -2w')*+ ngpt
2
7’W1_;‘}:2p1/2

+2Re (ref 2 r_il—‘ ) e _ AE —20

Wy w 2+ expt (“)0 L w )
=0, (55)
where W%Zzyl/z and W%;/zp are the two-photon transition

rates for the decay of 2sy), and 2p1,» levels, respectively. We
should remind that the interference between two channels

Lsip+2y— 281

and
Isl 1
51 +2y— 2p2

can arise in the differential (with respect to the angles) cross
section according to Eq. (41).
In case of experiment [1],

Fo=F =F'=1

(see Fig. 4). The probability for the two-photon emission
ng”(zzsly/)2 is very well known. The accurate nonrelativistic

value for this transition was obtained in [14],

Wﬂ”” =132 %X 10%(a2)° a.u.

5,28

It is assumed that @Z << 1. The probability Wig”(ﬁ’) was evalu-

ated recently numerically for all Z values [15], 1<Z<100,
and analytically for [16] aZ<1. The result is
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Basic

28112 /. two-photon

transition(K=2,1,0)

I = Main NR
2 H contribution
D1i2 it for hydrogen
| i (K=2,1,0)
T
H: E===="NR corrections

forbidden for
hydrogen (K=1)

/ F=1
1S12

FIG. 4. Scheme of the levels for the two-photon 1s-2s transition
in hydrogen. The vertical double lines denote the two-photon tran-
sitions. The K numbers denote the total angular momentum for a
two-photon system, possible for the different two-photon
transitions.

2YEIM1) 2Y(E1E2)
w3 =W + W
Is2py, = " ls2py )y 1s.2py )y

=2.907 X 107°(aZ)® +3.69 X 10°%(aZ)® a.u.

However, for our purposes we need the two-photon absorp-
tion probability calculated for the case of two photons of
equal frequencies,

w=w'= %(EZS_EIA‘)~

These probabilities can be easily obtained from the results in
[15,16] and are equal to

WY =091 X 107(a2)°,

b(2 b[2y,(E1IM1)] b[2Y(E1E2)]
thzv 213;/2 thzv 2[7);/2 + W(IIY 201
=1.94 X 1074(aZ2)® + 0.887 X 1074(aZ)3.

Solving Eq. (55) and employing definition (52) yield
b(2y) \ 112
5] = L Lo t( L 2””2) 2 (56)
4 AEL W‘llb(z’y) n

$,281)2

Inserting all numbers in Eq. (56) and taking #=0.1 which
corresponds to the weak electric field e=47.5 V/cm, we ob-
tain the final result

|6w™R| =~ 107 Hz. (57)

This accuracy is still far from the recent experimental inac-
curacy estimate of 34 Hz [2]. However as it was stated in [1]
the refitment of the experimental techniques will allow one
to reach the better accuracy in the future.

In [10] it was incorrectly claimed that the NR correction
in case of deuterium can be several orders of magnitude
higher than in case of hydrogen due to the different selection
rules between the levels with the half-integer F' values. In
reality these selection rules are the same as for the integer F'
values for the transitions between the s states in any atoms
(i.e., for any isotopes of hydrogen atom, etc.).
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x1 2s x2 x3

gjl 1s

FIG. 5. The Feynman graph corresponding to the process of
three-photon ionization of hydrogen atom. Here ;! are the quantum
numbers of the electron in continuous spectrum with the energy &
=3w-|E |=1; au.

There exists another idea how to register the 2s level ex-
citation in the 1s-2s experiment [9]. This idea consists of the
registration of the 2s state ionization with the third laser
photon with the same frequency

, = %(EZV Elx)'
The energy of the three photons
3(0, = %(EZS - Els) = % a.u.

is higher than the ionization potential |E;,|=3 a.u. The reg-
istration can be performed via the registration of outcoming
electron. The Feynman graph corresponding to this process
is depicted in Fig. 5.

This kind of registration means actually the integration
over the direction Ef. This eliminates fully the NR correc-
tions connected with the interference terms and makes these
corrections fully negligible.

VIII. CONCLUSIONS

First, the results of the measurement begin to depend on
the method of extraction of the frequency value from the
experimental line profile: the frequency value corresponding
to the maximum of the line profile will differ from the value
obtained for the center of gravity, etc.

Second, the results will depend also on the method of
excitation of atomic level, i.e., the excitation by photons will
provide the frequency value different from the value ob-
tained with excitation by electrons.

Third, the method of detection will also influence the
measured frequency value. In particular, as it follows from
Eq. (44) in case of 1s-2s excitation in hydrogen, the depen-
dence on both excitation and detection method is present.

Extracting from the experiment the frequency value “in-
variant” with respect to the different kinds of measurements
and characterizing pure atomic property one has to take into
account the NR corrections which should be considered as
specific systematic corrections in every particular type of
experiment.

Moreover, in case of 1s-2s experiment using another de-
tection scheme (e.g., three-photon ionization) one can fully
avoid the necessity to take into account the NR corrections.
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APPENDIX A: THE FORMAL PROOF OF THE ANGULAR
INDEPENDENCE IN EQ. (26)

Here we evaluate the scalar products

S5 =A%) - )P =2 (- DTAS, - (9)1IAS, - (D],

(A1)

First we introduce the expression for the spherical compo-
nents of the spherical photon wave function A(‘) ),

[AS()]a= 2 Clmp)Y 1, (7) (X,

myp

\/ 2 CJH l(mlM)YJHml ;)(XM

Loy

(A2)

A )=

J+1
2J+1

+

2 C;;/Il,l(mZM)YJ—]1111(;)()?M)a’

mypk

(A3)

where the spherical components of the photon spin vector are

()?,u,)a = 5,(1,&' (A4)
We consider first the magnetic photons. The insertion of Egs.

(A2) and (A4) in Eq. (A1) results
S (9) = E( D72 Couymm)Y g, (DC i DY, (7).

ml Wll
(AS)
Then

2 S%)f( Vf) E E Cﬁ,,f(m,”r)Cﬁw (m[ 7)Y (Vf)Y (Vf)
My M7 imym)

(A6)
The orthogonality condition for the Clebsh-Gordan coeffi-
cients reads

2 (= 1)Chy, (m,r)c,M (mi7) = Sy St (A7)
MfT
Using Eq. (A6) for the [=1"=J we arrive at
2J+1
E S (7)) = E Vi@ ==— (a8

i.e., the probablhty given by Eq. (26) does not depend on vy.
The same proof concerns the dependence on v, The proof

052506-12



NONRESONANT CORRECTIONS FOR THE OPTICAL...

for the electric photon follows again from Eq. (A7), which
gives zero result for [#1'.

APPENDIX B: EXPRESSION FOR THE COEFFICIENTS
[EQS. (31), (34), (39), and (42)] VIA THE ANGLE

Choosing the direction of z axis in the photon momentum
space along the vector v; we obtain the following expression
for the coefficients [Eq. (30)] (for magnetic photons):

0?2+ 1)* s

— N (= DM 2K+ 1)
8(2jo+ 1) MM,

K

AV AV
X A

00 0/\M 0 4,/|/ K J
2K+1]JK(JKJ
ar \0 0 0/\M; 0 j,

Yxo(vp) X 2 (2x+1)

M
S‘]]Oll(yf) =

XE

J J
J K J

— > (- 1)Mf*ME (2x + 1)(
f

8(2 ot 1)MM

x>
KK

Sfjoil(vf)

~
+
—_
—_
~

J x
M, M; 0

! (2K + 1)Ygo(vp) X (JA(2] +3) (
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JoJ x)(] J x) 7 ox J |7
X _ — . . . .
My My 0)\M; M; 0)1ji jo Jr

(B1)

Here we have taken into account that according to formulas
(3)—(5) we represent operators A, (vf) Ay (vf) A,M(V)
and Ajy (v;) via spherical functlons Yu (Vf) Yim, (Vf)
Yo, (7;), and Y,y i, (7,). Then having combined the corre-

spondmg functlons into Y (vy), Ygy(7;) and using equation

Yiu(p z)vTTz 2K+l = 6yr0 we can get rid from the direction ;.

That is why there is no dependence of the 7; in Eq. (B1). In
case of J=1, representing spherical functions in a standard
way,

2K+1
= pr(cos ©), (B2)
aa

Yio(©) =

where @ = £ v,v, Pg(cos ©) are Legendre polynomials, and

summing over momentum projections and K=0,2, K =0,2,
x=0,1,2, we arrive finally at Eq. (31). Similarly we get ex-
pression (39).

For the electric photon instead of Eq. (B1) we get

)(J J x) Jox J|°
M; M; 0)\ji Jjo Jr

><J+1 J+1 f(){]+1 1 J }
0 0 0 0 0 0 J K J+1

J-1J-1 K\(J+1 J+1 K y J-1 1 J
0 0O O 0 0O 0 J K J-1

J+1 J+1 K

J K J+1

J+1 1 J J+1 1
J K J+1 J K J-1

—_—

J+1 1 J J+1 J
J K J-1 J K J-1
J-1 1 J

J-1 J+1 K
X X
0o 0 0 J K J-1

J-1J+1 K\[J+1 J-1 K J+1
X X
0 0 0 0 0 0

— QP +3J+ NP+ DI+ 1D(2J + 3)( 0

J-1 1 J J-11 J
J K J-1 J

X N
K J+1

{J+1 1 J } (
X R +JJ+ 1DH)(2J-1)(2J +3)
J K J+1

J

+

— (4% + 6N + 1) (2T — 12T + 3)(
+2J(J+ 1)(2J - 1)(2J + 3)(

— QP+ T = DV + DT+ D)2 + 3)(

J+1

J+1 J+1 K\[J-1 J+1 g
0 0 0 0 0 0

J-1 J+1 K\[J-1 J+1 K
0 0 0 0 0 O

J-1 J-1 K)

0 0 0

1 J

P +2J(J + 1)(2J - 1)(2J + 3)

1 J J-1 1 J
K J-1 J K J+1

J-1 K><J+l J-1 K)
o o/\o o o

(B3)

In case of J=1, performing the same operations as for the magnetic photon, we arrive at Egs. (39) and (40).
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