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E1-M1 Intérfereh;e in Radiative Decay of

Hydrogen-Like Atoms in an Electric Field*

Peter J. Mohr
Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720 °

ABSTRACT

An unpolarized hydrogen-likg atom in th¢ ﬁetastable 2§U25tate in én  |
electric field decays primarily by one- or two-photon emission.
The angular distribution of.thévsingle-photon rédiation-isvexpecﬁed'td
be asymmetric with respect to the electric field direction. The
asymmetry is due to interference between the fﬁrbidden magnetic dipole
décay mode and the electric field induced electric dipole decay mode,
and is associated with the bound-state level widths. Observable conse-
qﬁences of this effect in high-Z Lamb shiftféxperiments in progress are
pointed out. A 1owest'ordef estimate is given for the dependence of the

~asymmetry on the nuclear charge and the applied field strength.

~* Work supported by the Division of Basic Energy Sciences, U. S
Department of Energy.
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Radiative decay of the 251/2 state in a static electric field has
been studied in recent yéars as a méans of determining the Lamb shift in
hydrogen and hydrogen-like atoms. -Both the lifetime of the excited étate
'iand the angular_distribution.of the emitted radiation, relative to the
i eiectric field direction, have been measured in order to infef values for

' . e 1-3
the 2P1/2-251/2 energy splitting.

It is known that the angular distribution of electric field induced ,
__rédiation from unpolarized hydrogen-like atoms is not isotropic, méinly |
.becauée_of the interfefence_tefm between photon emission.from.the ZPl/2
‘andiZPs/z states, which are mixed with the 25, ,, state by the electric
fiéld; ‘The anisotropy is cbaracterized by a stmetric>angu1ar distribu-
tion of radiation of the form a + b]ﬂoﬁ]z, where E is the electric‘field
Ve;tor and ﬂ is the direction of observation of the radiation. In high—Z_‘
hydrbgen—like atoms, one may expect an additional as&mmetric contribution |
. (proportional to ﬁ-ﬁ) to the angular distribution, which arises from inter-
ference between electric field induced electric dipole radiation and for-
bidden magnetic dipole radiation. For suitable combinations of nuclear
- charge and electric field strehgth, the ratio of the probability of photon
emissibn in the direction of the electric field to the probability of
emission in the opposite direction is less than 75%.

The purpose of this 1etter is to point out the relevance of the
v aéymmetry to‘highFZ Lamb shift experiments now in‘pfogress, and give a
lowest order estimate of its magnitude. The asymmetry can be expected to

play a role in the analysis of experiments based on measurement of the

1

anisotropy of electric field induced radiation from the 281/2 state.” In

these experiments, the relative intensity of radiation in the directions



parallel and perpendicular to the field direction is measured, and a value
for the Lamb shift is inferred from the ratio. The asymhetric term.gives
field strength depeﬁdent contributions of opposite sign to the intensity
in the d1rect10ns parallel and antiparallel to the electric field. The
asymmetry should also be taken into accoun% in experlments based on mea-
surement of the 11fet1me of the 281/2 state in an electric field by the
timé-of_—.f'light*met}‘]od.2 Here, due to magnetic field bending of the meta-
‘'stable atomic beam, single phbton decays are viewed at a varying angle -
with respect to the elecfric field diréction, and the observed intensity
is affected by the asymmetric as well as the symmetric contributions to
the angulaf distribution. Under the conditions of either of these exper-
iments, the asymmetry is a measuréble‘effect.

One can readlly verify that an asymmetrlc term in the tran51t10n

rate is consistent with time reversal invariance, even though k ‘changes
sign under time reversal. An analogous situation arises, for example, in

beta decay_whefe final-state Coulomb interactions give rise to terms which
are proportional to combinations of polarization aﬁd momentum vectdrs,
éssociated with the initial and final stafes, which are odd under time
~ reversal while the inteféction is assumed to be time reversaJ.invariant.4
.In the case considered here, the decay rate is proportional to |

Cae b|ﬂ-f|2 + Tk Wheré I is approximétely equal to the radiative level
-width of the 2P 1/2 state. The sigh of T depends on the boundary conditions
which determine the location of the pole in the electron propagation func-
tion. Inspectlon of the relevant Feynman integrals shows that the photon

- absorption rate is prbportional to a + blﬂ-ﬁlzf-crﬂ-ﬁ. Hénce, the rates
for the timelfevérsed proCééées, emission of a photdn of moﬁentum kK and

absorptionvbf a photon of momentum -ﬁ, are equal apart from overall
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kinematical factors.

In the absence 6f an external field, é hydrogen-1ike atém in the
Zgjzstate willradiatively decay to thelSiQstate primérily by either a
~ two-photon transition or é one-photon forbidden magnetic dipole M1)
'transifion. For a hﬁclear charge Z, the two-photon transition rate is
Azy,é 8.2 70 sec’! and the magnetic dipole transition rate is
‘AM1=¥ 2.5 x 1070 710 sectl,,”At low Z, two-photon decay is dominént;
however because of the more rapid Z dependence of AMl’ magnetic dipole
decay is more probable for Z > 40.5 In anvapplied electric field, one-
photon electric dipole (E1) decays also occur with a tranéition raté given
approximately by'A.g1 ~ 3.1 % 10° (E[V/cm]/S[GHz])2 72 secgl,‘where E is
«thelnagnitude of the electric field and S = E(zsl/z)fﬁ(ZPﬁ/Qis the Lamb

4. From the scaling of the rates, it

shift which scales roughly as Z
is clear that the condition Ay, ~ Agl, which maximizes the E1-Ml inter-
ference, is achieved with‘realistic eiectric fields over a range of Z
for which the branching ratio for one-photon decays is not_extfemely
small. For example, at Z = 18, the condition AM1 ~ Agl occurs in an.

5 V/cm, which is the motional electric |

applied electric field E = 10
field seen in the restvframe of a beam of atoms with'velocity v =‘O.1c
passing through a laboratory magnetic field of 3.3 kG. in this case,

| 6% of the metastable atoms radiatively decay by one-photon emission.
The following simple estimate gives the magnitude and field depen-
dénce bf the asymmetry. A more accurate calculation of the one-photon .
angular distribution and decay rate (which does not assume'that Zis
necessarily small) with a derivatibn based on the bound interaction

formulation of quantum electrodynamics will be discussed in a separate

paper in preparation. We consider here a hydrogen-like atom in a uniform,
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constant, and weak electric field ﬁ, where weak means.that the 281/2 —2P1/2
matrix element of the electric field perturbation is small compared to the
Lamb shift, e.g. when E[V/cm] << 10%2°. The effect of the electric field
on thé 251/2 state éan be taken into accouﬁt by applying first order pertur-
bation theory with‘the complex radiative level shifts included in the energy
denominator. .Only mixing'of the 251/2 State with the ZPI/Z state is con-

sidered. 'We.then have

S, = |25, w0 + n};<zp,/z,u"|eﬁ-§ 25, W[ 2P ") (1)

o= eHrt BEC)

and where u,u" are the z components of the angﬁlar.momentum; S is the
" Lamb shift, and I, is the 28, state level width. The 25/, width isnegli-
gibié compared to Fp. The transition rate f0152$y2,~* 1SL72 with a photon

emitted in the’difection k (averaged.over initial spins, summed over

final spins, and summed over phbton polarizations 1) is

AR ek L) w2 3
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(in units in which ® = ¢ = m, = 1) where
W@

In (3) and D, k=E(281/2) - E(lSl/z) and €5 is the polarization vector of
the photon. Substitution of (1) into (4), keeping only the leading

terms in ‘(Zoc)'zz yiellds'

M o= - —L—(u' |'3(Zoc)4 S

» Aa‘-i - 3_21n6’-2x8~ﬁ|u>_ (5
817 o

where |u) is a two-component. vector With upper and 1owe1.'j components (1/2)+u
and (1/2)-1, and F = eE. The First term in (5) is the forbidden magnetic
dipole decay contribution and the second term is the electric field induced
electric dipole decay contribution. - From (3) .and (5), the diffefehtial

decay rate is

- SR 2 96(Za)’T_ -~ 4
dR _ ak 8 1024F
= 9(Za)° + ——= - — k-F . (6)
e 13122“, [ 52+Pp2/4 g +Fp /4 ] _

The cross term gives a field-dependent asynmetry_proportiOnal to I‘p.
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An asymmetry parameter A may'be defined in terms of the rate for
photon emission in the direction of the electric field I , and the rate

for emission in therpposivte direction I_ as A = (I, - I_)/(I+ +1):

4
96(Za) T F
(oc)p

0(za) *(s%r"/4) + 1024F
The maximm magnitude of A, with respect to variation of F is

r /2

- - (8)

-

which occurs when the two terms in ‘the den'ominatdr of (7) are equél,

-i.e. , when AMl = Agl The maximum asymmetry is a slowly varying
function of Z with the values Amax =-0% at Z =8 and'Amax = -14% at

Z = 18. For the special case'AM1_<< Agl’ which i)értains fo thé experi-
ments mentioned above,'. A depends only weakly bn S, and »is' given
approximately by | B |

T : -6.8
X |
A~ - i(_m)"‘.-_ﬁ? - - __E.nz-S UT—cln?t | (9)

to lowest order in (Za)z. '

. _ o
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