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and
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ABSTRACT

The p0551b111ty that the mass of a bound electron changes when
placed 1n an 1ntense electromagnetlc f1eld is studled here both
theoretlcally and experlmentally The atom1c beam magnetlc resonance‘
technlque was used to examine hyperflne structure frequency shifts in
133Cs that occur when the atom is subjected to an.1ntense non-resonant
radlo-frequency magnetic field perpendicular to the static "C" field.
Av2921-MHZ Ty, cavity produced the perturbing field and was situated
_between_Ramseyvseparated oscillatory'loops, which induced the resonant
transitiOnSjof interest. Shifts were observed for_six AmF =21
transitions at field-independent points. No evidence was found for
an electronrmass_shift. Good agreement is found between all observed
shifts and those expected from a multi-level Bloch—Siegertveffect.
Theoretical arguments, based‘upon perturbation theory, are giyen

explaining why the mass-shift effect does not occur in the ground state

hyperfine structure of a hydrogen-like system.
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I.  INTRODUCTION - ‘
IIt has been suggested' that, when an eleétron_interacts with a
classical, plane polarized electromagnetic field, a finite mass

- renormalization occurs such that the electron's observable mass

. increases, becoming

S 295 - 2 2
2 . lea 2 1l e a

m, = fm + ST E=m o+ P (1)
* [ o (27' ] 2.4

0
'where m_ is the electron rest mass in the absence of the field, e is
the electrdn charge' c is the speed of light in vacuum, and a is the
~(real) scalar amplitude of the vector potentlal descrlblng the field.

The relatlve mass shift is deflned by

Me~ My gm 1 ela®
m “m 2, 2.7
o : Gnoc )

Sengupta® in 1952 flrst suggested.the p0551b111ty that the mass
of a free electron might be observed to increase when the electron is
allowed to interact with an intense electromagnetlc field. ThlS mass-
shlft effect is just one of many interesting and controversial predic-
tions of theories of intense-field electrodynamics that have appeared

.over the past.few years. Sarachik® has recently made a comprehensive
survey of these effects, none of which have yet been cbserved experi-
mentally 6wing to the difficulty in generating sufficiently intense
laser fields.

In 1966 Reiss” suggested that an intensity-aepehdent mass shift

could be observed for a bound electron in a plane-wayé radio-frequency
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field. He pointed out that an electron mass increase would affect

precision measuremenfs made of spectral lines from a hydrogen-like

system. Such spectral lines depend on the electron mass through the

: ' .1 2 2 _en
Rydberg energy Ry = - = Q'mc and. the Bohr magneton y = T

The mass-shift hypothesis for an electron bound in the ground

state of a hydrogen-1like system is examined here both theoretically

and experimentally. It is found that, if all the effects of the plane

wave field are treated in a consistent manner using perturbation theory,

then the mass-shift effect is not expected. In addition, experimental
work of sufficient sensitivity to observe the mass-shift effect has

yielded negative results.’
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. IL. THEORY OF THE POSTULATED ELECTROMAGNETIC MASS SHIFT

!

The folloW1ng discussion is similar to the one outllned.by Reiss*
for the hydrogen atom, but it is more detailed because it does not
neglect.effects due to thevelectron spin. Atnon—relativistic wave
equation is obtained for hydrogen-like atoms which displays. the mass-
shift_effect expliCitly up to and including the Zeeman energy and
spln orblt coupllng terms Perturbation theory is then applied to
the ground- state elgenfunctlon of the approx1mate Hamlltonlan and

the usual Ferm1 formula for the hyperflne structure (hts) spllttlng is

obtained, and it also dlsplays the mass shlft Flnally, an examlnatlon :

is made of the dependence of the ground state hfs Zeeman 1evels on the

electron mass.,

A. Origin of the Mass Shift Hypothesis

The interaction of a spin 1/2 particle with external electric

(E) and magnetic (E) fields can be described by the following equation:

E - e’y = (G - 2%+ D)2 - ek @B - 1a-B)Iy
1 Y

where B = v x X and E=- <3¢ - V¢ are derived from the magnetic
vector potential X and the electrostatit scalar potential ¢.
E =in g—-and 5 = - 1NV are the total energy and momentum operators

respectlvely The Dirac matrix & is deflned by

-
o =

Qy ©
=t

-> . L. . . _ .
- 0 1s a vector comprising the three Pauli matrices, and ¥ is a four-

component ‘spinor wave function.

(2)
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Consider the following vector potential:
K=K v K
where

A __=aRe [(y+iZ2) e}

i(wt-kx)]
rot - .

(3

is the vector potentlal of a c1rcu1ar1y polarlzed plane wave of angular

frequency w and wave number k propagatlng in the +X dlrectlon with

velocity ¢ = K-and amplltude a, and

is the vector potential of a uniform, static magnetic field, ﬁs =B

When Eq. (3) is substituted into Eq. (Z)Qioneeobtains

RS

(& - e’y - [ cp-»—K) +meh)? Al

I‘

dﬁ(o § - ioe ﬁ )
= 2ec Kfoﬁfg;-'edﬁ(33§rbt - i&*§r0£ﬂ Y

where thevsubscripts "rot" and ''s" refer to fhe plane wavenfield;end
the static fields, respectively. In order to keep the wave equation
time-independent, fhe last three terms in&Eq} (4) will be temporarily
ignored and considered later in Section II-D. For the frequencies

of interest, the two terms involving grof and ﬁrot are of small
2y 2

magnitude compared to the e ¢ term and also compared to the static

terms containing §S and Es (Zeeman effect and spin-orbit coupling).
These two time-dependent terms can be satisfactorily accounted for
through the use of time-dependent perturbation theory The Krot
term, on the other hand, will be shown to be of the same order as the

22
e A.rot term.

(4)




.

Once the time dependence in Eq. (4) has been removed, the time
variation of ¢ can be separated‘out, and the operator E can be'replaced_‘
by the total energy, also designated E. For circular polarization,

2 2 2 _ 22
ro Krot Krot =ca

2.2

Since e"a”, like (mc ) > is a constant scalar, it was suggested.by

Reiss’? that the eza2 term serves as a finite mass renormallzatlon, and
that one should deflne an effectlve mass m,, by

mch? = med)? +_,e2a2.,,

As a first step toward obtaining a non-relativistic wave equation from

"Eq. (4), we can transfer the (m*cz)2 term to the left-hand side, divide

by Zm*cz,bdrop thelsubsCripts S, and.intfoduce,the definition

| W=E - mc? - (5)

so the wave-equation can be put into the form

[2“"( - *'K) + e¢ - eh

Znee (678 - 18eE) ——-Z(W-eqb)] =W, (6)
Zmyc : o

This equation is -the same as the one given by Bethe and Salpeter®

fof an electron in an external, static field, except that the electron

mass has everywhere been replaced by my, the renormalized mass given |

by Eq. Q. -

B. The Non-Relativistic Wave Equation

Equation (6) can be transformed, in the spirit of the Foldy-
Wouthuysen method, to obtain a non-relativistic wave equation which
contains Zeeman energy and spin-orbit coupling terms which are the same

as in the usual non-relativistic theory except that the electron mass' is

| everywhere replaced by the renormalized mass m,. The approximation is
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good only to order l/m2 so the last term in'Eq' (6) which is of order

1/m is neglected Hence the startlng p01nt for a reduction to a

non- relat1v1st1c wave equatlon is the following:

3, by = Wi

where

K, = G- ex) %mndﬂ B

o 2m,

The followingIUnitary transformatiOn is introducedf

_u -u
'ngr = e HB e
Uny = euvwd
where .
u = 2———-a° p - —-K)

and:Khr is the non-relativistic Hamiltonian. The unitarity of the
transformation can be established by using the identity

-A

¢"Be

B+ [A,B] + 37 [A,[A,B]] + 3 [A,[A,[A,B]]] + «++
After a lengthy but straightforward calculation one obtains
| }CDI‘ wnr = Ewnr

where

w
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‘ P : o
“This. Hamiltonian, except for the replacement of m by m,;

is identical in formlto the approximate Hamiltonian obtained when

the Foldy—WoUthuysen transformation is applied twice to the linear

Dirac equation’ for an electron in static electric and magnetic fields..

'C. Application to Hyperfine Structure

It has JUSt been shown that when t1me dependent terms can be
neglected. the sole effect of the plane wave f1eld is to change
: the electron mass from m to m* everywhere that it appears in the

non- relat1v1st1c Hamiltonian; thus Eq (7) dlsplays the mass sh1ft
effect in the Zeeman energy and in the sp1n orb1t coupllng terms.

In partlcular the Bohr magneton changes by Just the amount expected
due to an- electron mass Shlft

Presumably, the e1genfunct10ns and elgenvalues ofJC are the

same as in the absence of the plane wave except that the electron
“rest mass should be replaced everywhere it appears by the renormalized
mass m,. dne consequence of this result is that perturbation theory
applied_to.the usual correction terms gives the same energy splittings

2

except for the mass change. The static perturbation of the “S

1/2
'hydrogen ground state due to the interaction of the electronic and
nuclear spins leads to the usual Fermi formula for the hyperfine
structure separation AW, with the electron mass replaced by m,.

A nucleus possessing a static magnetic dipole moment uI produces a

zero-field hfs sp11tt1ng of the 81/2 ground state given by

_8m2I +1 ly (0)|2

AW = o= =, My (8)
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The interaction of theielectronic and nuclear magnetic dipole moments
with an external static magnetic field H further splits the |

| ]F m } states The application of degenerate perturbation theory

v leads to the Breit-Rabi formula®for the energy E of the statefﬁr_

|F mF) as a function of applied field‘HO:

B . AW “_IH' Y\ P I 21/2

22T+ 1D 1 Ptz D gregx+x

where :
‘U U,
- 1 e
X2 mw
is the magnetic field parameter.

The change in the hfs. energy levels due to a change in the'
electron mass- can be obtained.by differentiating the Breit Rabi
formula with respect to the electron mass. The hydregenic wave
function can be used to‘evaluétezlwo(ﬂ)lz in the Fermi formula

so that the explicit mass dependence of AW can be ascertained.

Using |w6(0)|2'= %T-(Zez)3 miﬁﬁé and pé = 7§?E3 one finds, with m, = m,
. : * - .
AW « m2
and _ .
sawy =2 M | ‘ (9)

where %m-is the electron's relative mass shift. In the same fashion

one can write
“IHo v, H

X = e 2 cem? s
IT W S & *1 2

where 1 and c, do not depend upon m. The change in x due to a
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change in m is o _
Sm Ho B ZHI + 3“
T _ET“

X =
With these results for §(AW) and Gx one obtalns after a stralght—

forward dlfferentlatlon of the Brelt Rab1 formula

AR H 20, 3u 2m 1
= 6m 1 AW P < B Y | e F
?SE"'_IT'[ w1 P AR ( %3 (ZI+1+X}
Where |
’ 4m 1
F 217

- This equatlon glves the change in energy of the hfs level |Fm )

due to a relatlve change gn_ in the mass of the electron. This shift

-1s not the same for all hyperflne 1evels as 1nd1cated.by the dependence

-of §E on mF and F, i.e. through the t 51gn " The frequency shift for
a transition between levels of energy E and E due to a shlft in the

electron mass is given by

-~ . 8E; - &E

of = T h - m
Hence the shift of a transition frequency is proportional to the
relative mass shift. For most casesyof experimental interest, a

relative mass shift of, say, 10-6>results in a relative transition

frequency shift of the same magnitude.

D. Consideration of Time-Dependent Terms

In the previous sections va time-independent Hamiltonian whose
elgenfunctlons ‘would be statlonary states was obtained by neglectlng
the follow1ng three terms:

= _ _ €& . eh —F. _ s,
Kot = m,C Krot T Zmec (o8, 1o

rot)-
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Any time-dependent perturbation can be broken up into its_ Fourier
components, each of which can be studied separately. A typical

component may be written in the form
o -iwt . .
hb = ve Mty # V(t)

The resultlng transition probabllltles mixing parameters and energy
level shifts are proportlonal to the matrix- elements of V between
statlonary states. The followmg dlscussmn can therefore be 51mp11f1ed

by dropplng the factor e | from Krot’ _ﬁrot’ and ﬁ

ot’
For a c1rcularly polar1zed plane wave, E + 1§ therefore the

last two terms can be wrltten dropp1ng the %ubscr1pt "rot"

I +I
-2——(0§-1a§) -2——(0§ §(+I I)

When B is one gauss, u B =6 x10 9eV and thlS term is much smaller
than the hfs separatlon AW 6 x 10 6eV.- The treatment of such a

term by time-dependent perturbatien theory.yields transition prob-
abilities? for magnetic dipole transitions when w is near a

- transition frequency and small frequency ‘shifts“’ (Blodd-Siegert effect)
when it is not. These frequency shifts are more than two orders of
magnitude smaller than possible frequency shifts due to the postulated'

electron mass shift. . It can be shown that this Zeeman energy term

will be small compared to the mass renormalization term whenever

ea >> hw,

~

For a circularly polarized 'plane wave where € = y * iz and

K = kX, the vector potential can be written

TR R
Krot = aRe(ee™ ") = a( ¥ ¥ Zkx+---)

e

[
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N
- . The first-order cofi‘éction to the 'grOunc‘l state ehergy due to the

. . . -e K > .
interaction —— A+p is
m,C '

(1)‘_ 1€ >
~ Bo. = {(n Ir_ni'c_K'p

.-_'-%{<nv_|py|n>l:k<nrxxp’z|n>} - ao

where |n) stands for ]nJIFmF) which is an hfs sublevel of the [nJ)

elgenstate In flrst order perturbatlon theory, only the ground state

sublevels need be con51dered W1th the a1d of the 1dent1t1es

(mlpln) = im*w"m(mlrln) : _ ' (ll)v

(mlr p |n) = 2— imgw (mlr T ln} + Z-(mlLkln)
‘ (12)
(m]r Py = 2— imgw (m]r |n) + 2— ins

wheré : _
wnm=‘(E' -E)MA

the flrst term in Eq. (10) becomes a matrlx element of the position
operator between two hfs levels. Such.a matrlx element must vanish
because the ground state ﬁfs lévels all have the same parity. An
apﬁliéation of Eq. (12)lconverts the second term into the matrix
element of xz. This ié essentially an electric quadrupole matrix
¢1ement which vanishes in the case of a 281/2 ground state becaus¢
there can be no electric quadrupole interactionbwithin aJ=1/2
state. .

The second order correction to the ground state energy due to

the 1nteract10n - ea nc P is

y

2 ] (0fpy In)¢nlp, |0
n#0

(2) _ (ea
bl T G MO0
(e} n

%C
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where |0) represents any of the ground state hfs levels whose unperturbed

(0)

energy is E , and |n) represents any hfs level of any other state.

By the use of Eq. (11) this energy correction may be written as
o 2:2 . | S
) -e8 1 J, Olyinaipjo>,
me,C~  n#0 7

which becomes, upon application of closure,

p(2) _ iea KOlyp, 10> - <Oly|0y(Olp |0}
Yo o T 7 WEDRyIT AUy Pyl2 0 -

hmgc

The second term in brackets Vanlshes as a result of the parlty

selection rule With the aid of Eq. (12) the first term in the

brackets is JUSt 1/2 ik, hence

22 S |

2) e“a” - v 2

B2 .. : CEI N s

2mgC ' ‘

Now, if the eZa? term.in Eq. (4) were retained, ins'tead of being
used to renormalize the mass, it would per51st through the transfor-

mation of Sectlon B above and appear in the resulting non- relat1v1st1c

2.2 2

Ham111:on1an as e“a /ch Also when the mass renormallzatlon is not

made, Eq. (13) reads -e a '/2mc . Hence, the K-p term, ta.ken to second
order, exactly cancels the e2A2 term taken to first order. These
arguments based upon perturbation theory do not necessarily invalidate

the mass-shift hypothesis. When, for eicample, the relative mass shift
Sm -6

has the experlmentally realizable value o= 2x10 7, then 7
| 2,2 22 | :
eaZ= 22rmc2=]§nﬂmc2=leV s
2mc 2(mc™) '

which is certainly not small compared even to the gross structure. It
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is therefore not clear that perturbation theoryfis the proper method

for handling these terms.
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ITI. DESCRIPTION OF THE EXPERIMENT

A. Experimental System

The atomic-beam magnetic-resonance technique was used in this

search for an electron mass-shift effect in 133Cs. Although the theory -

of the electron mass Shlft was developed in Section II with the hydrogen

atom in mind, it should.apply to alkali atoms whenever the valence
electron experlences an electrostatlc potent1a1 wh1ch is a functlon of
radial p051t10n only (central f1e1d approx1mat10n) The non-central
magnetic dipole 1nteract10n has already been accounted for by pertur-
bation theory and has ied to the.hyperfine interaction described

by the Fermi formula. The spherical Symmetry of the 281/2 electronlc
state forbids the existence of any multlpole interactions beyond
electric monopole and magnetic dipole.

Breit 2 and Kopfermann? ? have summarized some of the correction
factors which should be applied to the Ferml formula before it is used
to deduce alkali nuclear magnetic dipole moments from measured hyper-
fine energy separations. When these correction factors are taken into
coneideratiOn; one obtains |

s(W) = 1.96 20 aw

which differs by only 2% from the result obtained in Eq. (9) assuming
hydrogenic wave functions and no»corrections to the Fermi formula.

The nuclear spin angular momentum I of 13§§$€1557/2 K and the
total electronic angular momentum in the grouhdﬁstate is J =S =1/2 K.
The total angular momentum F=1T+JFcm assume in this case only the

values F=T1+J=4and F=1 - J = 3. The projection of the total
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angular momentum onto a preferred direcfion in sﬁace is given by the
magnetic quantum number m# =F, F -1, =« ; (F - 1),'— F. Figure 1,
whlch is a plot of the Brelt Rab1 formula in frequency um1ts, shows
how these levels are split by a static, externally applled magnetic
field HO Effects of field inhomogeneities can be

minimized;by working at fields where the transition frequencies are
only weéklyvdependent upon.H_ . At those magnetic fields where
df[dH0,=,O'(field-independent points), the transition frequéncy-f
uis.independent,-fo first order, of magnetic field HO' Table I-is a

133Cs. Four

list of the field—independent-AFvé + 1 transitions for
are of the O-type_(AmF’='0), while six are of the 7 tYpe (Am.F =+ 1).
‘Thé six ﬁ;tfansitions occur in three doublets which are labelled a, b,

and ¢ in Fig. 1. These three doublets were chosen for extensive study

in the search for an electron mass shift.

B, 'Apparatus

" A standard fldp-iﬁ'atomic?beam:magnetic-resonance apparatus'*
utilizing tHe separated-oscillatory-field technique'® is used to

' iﬁvestigate shifts of hfs transition frequencies that occur as a

cesium beam traverses a microwave cavity. Cesium atoms are produced

in a resistance-heated steel oven by the féaction of ‘calcium metal

with a cesium halide, e.g.,

Ca + 2CsCl + heat - CaClZ + 2Cs

1. . Cavity-Hairpin Assembly. The actual experiment is performed in the
constant-field region where appropriate resonant and non-resonant

oscillating fields are introduced through the cavity-hairpih assembly.
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Figure 2 is a sketeh‘of the assembly with the covefiremoved to show
the inside of'the_eavity; .The beam.passesvfrom left to right, and the
static fleldeo is_at right anglee.to the.eavity.faces: The entrance
and exit apertureé’in the eavity>eaCh consist'ef four 0.055-inch
diameter holes which serve to collimate the beam o |

The cav1ty is resonant at 2. 921 GHz (TM010 mode), and has an .
unloaded Q of 4200 = 200 (determlned by a least squares analysis
of the pewef abéorption curvej' The rf magnetic fieldvlines inside
the cav1ty are concentric w1th the cyllnder axis. H¥f‘is zero at the
center and rises to a maximum Value about three- quarters of the way
out to the wall. At the wall H rf has a non-zero value. The beam
experiences an oécillatlng'rf magnetic field tnat is perpendicular to
the statié'field Hy The electric fleld and vector potential are
dlrected parallel to the cavity axis and nerpendlcular to the faces
The beam hence'experiences an oscillating rf electrlc field and vector
potentialuthat are pafallel'to the static magnetic field Ho;

A high?powered,lcontinuous~wave microwave signal produced by a
mechanically tuned magnetron is fed into the constant field region
via a 1/2 inch, 50 ohm rigid coaxial transmission line and‘is induc-

tively coupled to the cylindrical cavity. The coupler designed for this

,purposeAiS exposed in Fig. 2.

The hairpins consist of terminated 5/8 inch, 50 ohm rigid coaxial
transmission lines. They produce an oscillating magnetic field at:
the beam which is, for the most part, at right angles to Ho’ and is

appropriate for stimulating m transitions. - Fields oscillating in
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phase and at a frequency equal to‘the transition frequency of interest

" are eStablished in the two hairpins which are separated by a distance

of six inches (center to center).

2. Radio-Frequency Equipment .

a.b Transition FrequenCiea Mlcrowave s1gnals at cesium tran51t1on
frequenc1es are generated by a phase 1ocked cont1nuously operatlng
klystron and fed to the separated hairpins as 1llustrated fn F1g 3.

A very stable reference osc111ator prov1des the fundamental Comparlson

frequency This comparlson is made by a syncrlmlnator Wthh applies

a correction voltage to the reflector of the klystron A travellng—

. wave tube amp11f1es the klystron 51gna1 whlch is then d1v1ded one- -half

be1ng sent d1rect1y to one halrpln and the other half being sent

through a phase shlfter and varlable attenuator to the other halrpln

The attenuator allows one to equalize the rf field amplltudes in the
two ha1rp1ns The phase shlfter provides a way of equallzlng the
phase of the signals reach1ng the hairpins by changlng the elec-
trical 1ength of the transmission line leading to one of them. The
two signals are_judged to be in phase when a symmetrical Ramsey
pattern is obtained; see Fig. 4.

_Klystronvfrequencies are measured directly with a digital fre-

quency counter which is capable of counting frequencies up to.12.4 GHz.

'Both'the reference oscillator and the counter are referred to the same

100 KHz quartz crystal oscillator which is, in turn, continuously

compared with the 60 kHz standard frequency broadcast by the National

Bureau of Standards' station WWVB, Fort Collins, Colorado. Because
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of the high stability of the 100 kHz réference, the precision of
frequency measurements was determined by the uncertainty of + 1 in

the last place of the counter display.

b. AMagnetron-Cavity Circuit. The circuit used to power the
cavity is shown schematically in Fig. 5. The signal from an isolated,

Continously operating 100 watt magnetron can be fed either to the

cavity or to a dummy load capable of absorbing 175 watts. Both ihput

énd return power are'sampled with a 20 db dualsdifectionél'coupléf
and measured with the same power meter. ' The magnéetron frequency
is measured directly with a.digital frequency counter.

Insertion losses of all circuit components (including cables)
were measured,'sobthai’the actual power absorbed by fhe cavity could
be determined from power meter readings of input and return power,
These measurements agreed with manufacturers' specifications when

given.

4. Effective Fields of a TMOIO Cavity. The effective fields expe-

rienced_by an atomic beam that traverses an evacuated T 10 cylindrical

Mo
cavity along a diameter midway between the ends are!®

E = |Ele ™, B = i|ple ¥t A= _jaleiot

where
|E|% = (0.455 + 0.023) EZ
2. L 2
|B] %= (0.212 + 0.009) E.
IAIZ = (0,455'£ 0.023) x (C/w)zEg
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and | N
PQVO

zcz

2 _
By = 203

P is the power‘absorbed in the cavity walls in erg/sec, Q is the
uﬁlOaded Q, Vo is the resonént ftequéncylin Hz, % is the length in
cm, and ¢ is the speed of light in vacuum. The numerical factors in
the ébove‘équatioﬁs were caiéulated-by avéraging the squares of the
fieids along a(cavity diameter. The errors quoted are intended to

account for the variation of the fields over the height of the beam

(about 1/4 inch). When P is.expfessed_in‘watts,vo in GHz, and % in

cm, the amplitude of the vector potential becomes

2 _ . PQ
I. = 0.023 -\)O—Q;

|A

and the electron relétivé mass'shiff is,:fbr P=1 W, Q = 4200,

v0'= 2.921 GHz, and % = 1.91 cm,

' 2 2
sm_ 1 e“|A]% -9 PQ
om _ __——17,- 4.03 x 1070 2
m 7-(mc2) | vol
2~ 3x10°°

C. Experimental Procedure

At the start of each run, the magnetron was set for maximum
output and tuned to the cavity resonant frequency. After several
minutes the water—cooled cavity came to equilibrium, and the.return
powér was steady and less than 1% of the input power. The signal
observed at the detector for a constant static magnetic field, constant

power input to the cavity, but varying hairpin frequency, is shown
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in Fig. 4.

A measufement waé thén made Qf the positibﬁ of the.center of the
central peak in the'Rahsey pattern. _This was. done by averéging
freqﬁencyvreadings fakenvat two.or three positions symmefriéally |
located on each side of the central peak. vHence, four or six frequency
measurements,vwhen averéged, gave oné value for thevcentef frequency.
This proéedure was‘perfofmed ten timesvand the a?erage of.the ten
center ffequencieshso measured was taken to be the best .value for the
transition frequency. Without changing the cavity input power; the
transition freqﬁency 6f the other member of the doublet was then
determined in the same manner. The cavity powef was then decreased;
and, after equilibrium was achieved, the two frequencies were again
measured. In this way_the transition frequency was measured for five
values of cavity power, including zero power. The five measurements
of each transition ffequency were thén fit by a least squares pra?.
cedure to a straight line Qith eaéh'point weighted in inVersevpropqrj.

tion to its standard deviation; see Fig. 6.
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IV. EXPERIMENTAL RESULTS

The results of twenty-seven measurements.of 133Cs hfs transition
frequency shifts induced by the fields of a high—Q microwave cavity
reveal no evidence for an electron mass shift The measurements were
sensitive enough to detect the Bloch Siegert effect, which is more than
two orders of magnltude smaller than the expected mass shlft effect
The negative result is in agreement with the conclu51on of Section 11
that the second- order effects of the plane wave field cancel the
hypothe51zed mass shift.

Figure 6 is a representative plot:of transition frequency versus
cavity pouer for one of.the three field-independent doublets studied

and indicates how well the data flt a stralght line dependence The

~effective cav1ty power is obtained by c0n51der1ng (a) the callbration of

the absorbed cavity power versus the power meter reading, (b) the factor
arislng from the cavity filling only part of the measuring region, and
(c) the characteristics of the method of sensing a change in energy in
the region between the separated transition loops.

Table. IT summarizes.all experimental results. Each measurement
listed is the average for four or five runs; the errors given represent
the repeatability of the shifts and the uncertainties associated with Q,
with the power P, and with the averages‘of the cavity fields over the -
beam.height. The designations a;, a,, etc., refer to the notation of
Table I and Fig. 1. The observed shifts, Sobs’ are given in both Hz/W

and Hz/G2 for comparison with the expected mass-shift effect, Sms’ and
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Bloch Slegert effect, SBS In add1t10n to the dlscrepancy in absolute

size (more than two orders of magnitude) between the observed shifts
and those expected due to an electron mass shift, there is also a
striking disorepancy in the relative size of the shifte‘of the two
2100 G transitions c1>and Cy. If these shifts were due to an increase
in the electron mass, the two should be equal (to within a few percent),
whereas they differ by a factor of about 3.7.

On the other hand, there is good agreement between the six -
observed shifts and those expected on the basis of a many level Bloch—
Slegert effect. This effect amounts to a shift in the maximum tran-

sition probability (i.e., the central peak of the Ramsey pattern) due
| to the presence of.a non-resonant oerturbation. Evidently, the rf
magnetic field in the cavity has been slightly‘overestimated, causing
the calculated Bloch-Siegert shifts to be somewhat larger than the
listed measurements. The felative sizes of the six measurements
agree completely, within experimental error, with the calculated:
Bloch-Siegert shifts.

An oScillating magnetic field’Hrf, oriented at right angles to a
uniform Céfield'HO, shifts a given magnetic dipole transition frequency

f-by17 )

' . 2
- v H 2 <1, |1)] |<2fJ |1)|
_ o rf X
Af (gJ 7 JE z (Ei- E| Ez- E, (14)
TR Y T"

where (EZ— El)/h is the transition frequency under study. The index

+ the frequency of the

j takes on two values corresponding to vj =E Vo,

non-resonant perturbation. The index i rumns through all the states

“
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i'that that can ‘be reached by a m- type tran51t10n from either the inital or

the flnal state. ThlS many level Bloch- Slegert effect is seen to be
proport1onal to the square of the rf magnetlc fleld and hence is a
11near functlon of power. |

Perhapsrthe:quickest way ‘to‘cestvwhefher.ohe is obeervihg the
Bloch;Siegert‘effect or thelmass—shift effect is to‘choose a cavity
mode for wh1ch the mass sh1ft theory predlcts large p051tlve and
equal frequency shifts for the two members of a m doublet, while the
expected Bloch-Siegert shifts are small, negative; and unequal. Such
is the case for the 2100 G doublet when the cavity frequency is -

79307MH2, and Hrf 1s perpendicular to HO. Seven runs were made at

~ this frequency using a_TM210 cavity powered by a mechanically tuned

magnetron; _Figure 7 is a plot of transition frequency versus pOWer

for one such run. The frequency shifts are clearly negative and unequal.

- The results. of these runs reinforce the COnclﬁsion-drawn from TablevII;

namely, that éll shifts observed can be interpreted as Bloch-Siegert

>shifts.



e UR-19302
V. CONCLUSION. WHY THE MASS SHIFT EFFECT WAS NOT OBSERVED

Arguments similar to those given in Section II-D can be invoked
to explain the negative result. There are three ways in which the

constant term eZAiOt appearing in Eq. (4) may be handled (i) combine

eZA2 w1th (mcz)2 to get a renormallzed mass as was done in Sectlon I1;

(i1) combine eZA2 w1th W=E - mc2 and get the same shlft for all

H

energy leVels or (111) leave the term in the equatlon until after
the non-relativistic approx1mat10n has been obtalned treat it by
perturbation theory, and get an equal shift of all energy levels.

Alternatlves (ii) ‘and (iii) are equlvalent to order 1/m , 1.e. vwhen
1

2mec _ : _
Although the discussion of Section IT was concerned with a

the relativistic term

> ON - e¢). is neglected.

hydrogen-like atom in a circularly polarized plane wave field, the
oscillating fields’ experlenced by a beam atom traver51ng a dlameter

of a TM010 cav1ty are roughly similar to those of a llnearly polarlzed

plane wave. Such a wave can be represented by

X kx - wt)

2ael(
2
>— (1 + cos 2(kx - wt)) -

A2

where € is the (real) polarization vector. If the eZAiOt term is

carried through to the non-relativistic approximation, it becomes

e2aZ 22 22

chzi 4mc 8mc

oy
where the e”zmt factors in the cosine have been set to their zeroth

order values, namely, unity. When the previously neglected :E-Krot-ﬁ

term is again treated in second-order perturbation theory and the
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eZAzot/(ch ) term is’ treated in first-order perturbatlon theory one

obtalns w1th the aid of Eq. (12),

, 22
. e _ -p , _ e’
2mc " rot . ome
and . - ' ’
el 20 2 22
rot e a e a _ea
Ry x2="—
2mc 4mc 8mc”™ 2mc

Therefore the first-order energy shift due to the mass renormal-
1zat10n term is agaln exactly canceled by the second-order energy
Shlft due to the K ot p term. In the light of the negative experi-

mental results, it appears that the proper way to treat the ezA2

term is. by perturbatlon theory, and not to con51der it as an electron

mass renormallzatlon

[
)
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Table I. 133Cs field- 1ndependent'AF 1 transitions. The de51gnat10ns
a, b, or c refer to the transitions labelled in Fig. 1; these ‘are the
tran51t10ns for Wthh frequency shifts were observed .

Field-Independent Parameters

Designatioﬁ Transition . Type ~ Field. Frequency
l ‘ -(F,mF) : (Gauss) (MHzZ)
(4,0) < (3,0) o 0 9102.631770
a C(4,-1) < (3,00 w 416 0119.6
a, - (4,0) < (3,-1) ™o .417 | 9119.1
»(4,41)_++ 3,-1) o S 820 8900.7
by (4,-2) < (3,-1) 7 1252 . 8509.5
b, | (4,-1) < (3,-2) =« 1253 8508.1
- 4,-2) < (3,-2) o . 1640 7961.0
) | (4,53 > (3,-2) T 2104 7115.3
c, (4,2 = (3,-3) 205 7112.9

(4,-3) < (3,-3) o 2460 6080.4
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Table II, Comparlson of observed shifts (S ) with predlcted ShlftS
| “for the mass- -shift effect (S, and the Bloch- Slegert

effect (SBS)
Transition Frequency Sis Sobs Sobs Sps
: C (MHz) (Hz/watt) (Hz/watt) (Hz/Gauss ) (Hz/Gauss )
a 9119.6 55 +4 x 10° 154 9 50 £3 60
a, 9119.1 55 x4 154 +15 50 +3 62
b, 18509.5 52 #4 172.49 56 +3 . 61
b, 8508.1 52 +4 191 +7 62 +4 72
¢, . 71153 4313 946 . 30 42 38

¢, | 7112.9 43 43 349 +46 - 113 48 150 -
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Fig. 1. Breit-Rabi diagram for

133

Cs.

- 2000
MAGNETIC FIELD (GAUSS)

XBL 6NO - 5772

The thfee AF=1 AmF=i1 field-

independent doublet transitions are shown; the labels correspond

to the notation in Table I.
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Fig. 3. Radiofrequency arrangement for driving the separated.
oscillating field hairpins.
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4. Representative Ramsey pattern used in measurements of

frequency shifts.
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Fig. 5. Circuit used to power the microwave cavity.,



-36- UCRL-19302

7112.946

7112.944 }
I

(MHZ)

7115.293

PEAK FREQUENCY

7115.292

A I

0 5 10

EFFECTIVE POWER (WATTS)

XBL 6910-5777

Fig. 6. Transition frequency versus effective rf cavity power for
the 2100-gauss doublet, using a cavity frequency of 2921 MHz.
Curve (a) is the (4,-2)+>(3,-3) transition and curve (b) is the

- (4,-3)«>(3,-2) transition. -
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Fig. 7. Transition frequency versus effective rf cavity power for

' the 2100-gauss doublet, using a cavity frequency of 7930 MHz.
Curve (a) is the (4,-2)«>(3,-3) transition and curve (b) is the
(4,-3)«>(3,-2) transition. :
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This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Comm1ss1on nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the .
Commission, or employee of such contractor prepares, disseminates, or pro- -
vides access to, any information pursuant to his employment or contract

with the Commission, or his employment with such contractor.
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