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iThe survey of literature for this review was concluded in January 1967.
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1. INTRODUCTION
1.1 Scope of This Review
Atomic-~-beam eiperiments have provided much useful and precise
information to nucleaf and elementary-particle physics over the past

several decades. For the purposes of this review, the significant recent

-developments in atomic-beam research are divided into three main cate-

gories:

1.14.14 Structure of hydrogenic atoms; tests of quantum

electrodynamics, — The invention of modern covariant quantum electro-

dynamics followed directly from the dramatic and celebrated discoveries
of the Lamb shift and the anomalous magnetic moment of the electron in
the late forties. Today, precise and critical tests of quantum electro-
dynamics are still provided by measurements of the radio-frequency
spectra of hydrogenic atoms with atomic-beams and related techniques,
For example, within the past several years new determinations of the
fine structure of the n = 2 states of hydrogen and déuterium have sug-
gested the necessity for reviéion of the long-accepted \}alue of the fine-
structure constant a, and have yielded results for the 2281/2 - 22P1/2
YLamb shift!" separation in disagreement with theory. A detailed discussion
of recent work on hydrogenic atoms is given in Section 3.

1,1.2 Atomic-beam tests of symmetry and invariance principies. —_

The main developments described here héve taken place along two distinct
lines, For one, there are the recent sensitive atomic-beam tests for in-
trinsic static electric dipole moments (EDM) of the electron and neutron.

If an elementary particle were discovered to possess a finite electric di-

pole moment, this would signify a breakdown of reflection and time-—re—

versal invariance,
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In another development a sensitive test of time-reversal invari-
ance in allowed beta decay has been made by observation of the decays-

19

in-flight of a polarized atomic beam of Ne. These and other tests of
conservétio_n laws are considered in Section 4, |
- 4.1.3 Static properties of atomic nuclei, — The .standard atomic- '
beam magnetic-resonance method confihues to be ﬁseful for the deter-
mination of spins, hyperfine structures (hfs), and static nuclear multi-
pole m.omer}ts. An interesting new developme_nt has been its application
to t-.he‘ study of isotope shifts, considered in Secti.on 5. That section also
contains a brief review of the c%.xrrent status of mé‘tgnetic moment deter-
minations for mirror nuclei, |
| At certain plaées in this review I discuss experiments which are
outside the strict domain of atomic beams, These are inclu&ed where it
is felt that they make the general argument more coherent and compre-
hensible. For lack of spé.ce, I have omitted mention of many interesting
recent works in standard atomic bearﬂs. I make no preténse at compiete-
ness anél apologize to my colleagues and readers for these omissions.
Applications of atomic beams to production §f polarized ion and
electron beams for accelerators is discussed in another chapter of this
volume (Haeberli). _ ’
1.2 Other 'Revi.ews and Monographs '
Se\'reral thorough and detailed epr_sitions of atomic~beam research
have been published. Notable are the monographs of Ramsey (1), and of
Kusch and Hughes (2). Both treat exhaustively the standard rﬁ.ethods and

all principal developments which occurred as late as the mid-fifties.

Kopfermann's book Nuclear Moments (3) covers a broader range of

w
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material in somewhat less detail. More specialized works have also
appeared, for example, the article by Hubbs and Nierenberg (4), which
was published together with summaries of spin, pé.rity, and nuclearl mo-
ment determinations by bl;tic_al, microwave, nuclear magnetic re'sonancé.
(NMR), electron spin resonanlce (ESR), anguiar correlation, and nu-
clear-orientation methods. | Chapters have also appeared in this series
of volumes (5, 6, 7, 8, 9). 'A useful compilation of nuclear -moment values,
obtained by various techniques, contains results which appeared in the
literature before May 1964, and was prepared by Fuller and Cohen (110)'.
A revised edition of the Fuller-Cohen table will shortly be published;
and therefore we have not attempted to present a similar complete table
in this review, |

Because such an extensive literature exists on atomic beam’s
and related techniques, we shall give only a very brief resume of the
well-known standard methods in Part 2, mainly to provide some back-
grOund:for the discussions which follow, |

2, STANDARD ATOMIC-BEAM METHODS
2.1 Basic Techniques

The standard atomic-beam magnetic resonance spectrometer is
used to determine the energy differences between pairs of atomic levels,
with corresponding frequencies ordinarily ranging from several cycles
per ‘second to hundreds of thousands of megacycles per second, and
occasionally extending to the optical region. The typical atomic-beam
device consists of a beam source with a beam-~defining slit, one or more
collimating slits, possibly one or several beam stops, a detector, two

inhomogeneous magnetic fields A and B which serve as state selectors,
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and between the latter, 'a transition region irﬁmefsed in a homogeneous
magnetic field C. (See Figure 1.) The spectrometer is capable of
very high resolution, since linewidths are usually 'de'termined by the time
~spent by bea\tm atoms in the; transition regiqn, and they are determined
" little or not at all by effects s;J.ch as‘ sponfaneous emission, and Doi)pler and
collision broadening. The beam is usually composed of neutral atoms
which effuse frorﬁ the source aperture with a Maxwellian velocity distri-
bution f(v.) & v3 exp(- m%rZ/ZkT) 'charactefistic of the source temperature I.
Ordinarily the levels to be iﬁvestigatéd are sublevels of the ground state or.
a metastable state wifcﬁ a mean life long cérhpafed with the beam transit
time through the apparatus, although sorﬁe. expefiments have been done on
short-lived excited states (41). Atofnic excitdtion is somejtime's produced
directly at the source, ‘when, for example, a discharge tube 'provides. a
beam of néble gas atoms in a metastab;e sta£e (12). _Excitatidn can also
be produced by electron bombardment or optical excitation of the beam
(13, 14) Dischargé tubes and high-temperature ovens dissic.)c_iat'e molec-
ular gases such as H,, OZ’ and ClZ to form atomic beams such as H
and 9(15,16) Many radioactive isotopes which have special source
problems (7), have been investigatved in the la.bs.t-10 to 15 years. In
several atomic-beam expérimgnts, a continuous and rapid flow of radio-
active material was maintained from production site (a cyclotron orl
reactor target) fo the atomic beam sour‘ce'((;'i'l_’, 18, 19’)

Several standard methods of beam detection are gsed, including
the hot-wire surface-ionization detector _(20.) (which 'is'nearly 100 peréent_
efficient for alkali atoms), the 'universal' rﬁass spectrometer detector (21),

the method of deposition of condensible radioavct-ivve beams. (22), and the
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method of surface ejection of electrons by metastable atoms and ions (23, 24),
Alongside these well-established techniques several novel methods have
been used succes sfully; these will be described in context below.

The inhomogeneous magnetic fields A and B spatially defiect
the beam according to the well-known formula:

Fe-gWeg B 3

Here F is the force on the atom, W is the internal energy of the

atom, | is the atomic magnetic mément,‘ and B is the deflecting field. In

the ordinary two-wire or.dipole field configuration, the beam is ribbon-

shaped(see Figure 2). In this case equation 1 reduces to

where B .. = - OW/0B, and z is the direction shown in Figure 2.
Extensive use has also been made of quadrupole and hexapole

- deflecting fields, where the beam has a circular‘crqss section and the

deflections are radial (25). (Sge Figure 3.)

Transitions induced in the C region are detected by théir effect
on the subsequent trajectory of the b.eam in the B region. Typically,
such transitiofis are brought about by imposing an osciilating magnetic
field applied within a well-defined transition region’in addition to the
homogeneous static magnetic field E’O‘ The latter may range fro_rﬁ a fraction
of a gauss to severalthousand gauss. In'the simplest case we are concerned
with the probabiiity Pp,q(t) for a transition from level pto ievel g of
‘a single atom with two levels P, q in the time t = L/v, where v is the
velocity of the atom in thie transition region. If the oscillating field has

angular frequency w, the matrix element coupling the two levels may

be written
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‘ fwt
(gl |p)=ve™
.and one obtains the well-known fofmula (26)
P, ot = sin’@ sin®(at/2y . 3,
where sin® equals 2b/a, 2’ equals (<..)~¢,\>0)2 + (Zb)z. b equals VA, and

- hw " is the energy difference between levels p and q. (Since the actual

0 =

time dependence of the oscillating field is coswt rather than ettt

" there is
an additional component OCéiwt which'leads to a frequency shift (27) of
order ‘Vlz/ﬁwd in the resonancé.) If the levels pandq are’magnevtic
sublevels m =.i 1/2 for a pafticle with angular momentum I = 1/2, then
wg is the Larmor frequency yBO (with Y the gyromagnetic ratio) and

b = yBi/Z. For a particle with angular momentum I > 1/2, the tranéition
- probabilities between the‘ma'g'netic substates m and m' ‘are given by the

Majorana formula (28)

Pmm_,.é (sin%)ﬂ(lfm) HI+m') !(P—m)”.(l-m' )! ‘ . 4,
21 : : x 2;'+mm' 2
UTE [ cot>]
Z (-1) r!(r+m+m!){(I-m-r)! (I-m*-r)!
r=0 ' -

where x is defined by Pi/Z _;1/2 = Sinz(k/Z), and r -is limited to
those v_alues for which all factorials are positive or zero (0!= 1),

Frequent use i's ma.de'in atomic-beam experiments of a scheme
: first proposed by Ramsey (29, 30), namely, that of two 6scillating '_of
rotating fields confined to regions ofler'lgth*{ at either end of the transition
region (separated by length L), In this scheme one finds the single-
| particle transition probability for the two-level system p, q to be
" 2 at

“ . 2 .
P ’q—451n 6’81n >-

: ‘ 2 : ‘ :
. [cos(')\g'é) ‘cos %f—- cos® sin%(?\T'—&)sina;J | 5.
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where t = ﬁ/v,‘_T = L/v, © is defined as before, \ ='-<.;>-O - w (with Too
the average frequency separation between levels P and’ q over region
L), and & is the phase difference between the two rf fields.

One of the principal advantages of the separated oscillating-field
method is that field-dependent resonances are relatively insensitive to
inhomogenieties in the static field. BO in the intermediate space L. The
method also lends itself to special imp'ortant applications, as is shown by
the following example..

Consider a beam of particles of spini (e.g., free neutrons),
and suppose that the two s’eparatéd oscilléfcing fields are in phase (6 = 0).
Suppose in addition that the neutrons enter the.first oscillating field with
spin up and velocity v, and that the first .rf field is at the resonance fre-
quency  w, and is just strong enough to tip the polarization veptor from the
z direction into the xy plane. In the region L between the separated
oscillating fields, the polarization vector.precesses in the xy plane. The

total precession angle ¢ accumulated between separated oscillating fields

. is given by '
/v L

b = vB (x)cnc:l‘r B(x)dx:lBL=Z
0 'VJ 0 v 70 0

0 . 0 :

If ;0 ='w0, the particle is in phase with the éecond rf field and is tipped
downward through another 90 degrees; eventually the parficle has flipped
180 degrees (spin down)., However, if in the space between the s‘eparated
oscillating fields, one introduces an external perturbation which modifies
the rate at which ¢ increases, the particle is no longer in phase with

the second rf field, and a total 180 degree flip no longér results. Such

a perturbation would arise if the neutron possessed an electric dipole
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moment, and if One. introduced an ex;ernal'elec;:ric field into the space
between separéted oscillating fieidé. L

The total transition probability for a beaﬁ*x with o velocity distri= -
bution f£f(v) is obtained by'avevraging the appropfia’ce single-particle
probability over f£(v). When f(v) is the ‘standard Maxwellian distribution,
one may compute the total transition probability from tables (31). A
typical r‘esonance for separated oscill.a‘ting fields and for é beam with a
Maxwellian distribution is shown in Figure 4.

2.2 Spins, Nuclear Moments, and Hyperfine Structures-

That part of the atomic Hamilt'ohian which is reievant to atomic-‘

beam mégnetic resonance investigations concérns the hyperfine structure.

and Zeeman effect:

K=rg eyl Bot ol Bo

+STM(1‘)- (r)+$1T(r). é)(N) | "6,
_Here the flrst and second terms correspond to the 1nteractlon of the elec—
.tronic and nuclear magnetic¢ dipole moments, respectively, with an ex-
ternai magnetic field §0' The sign convention is choson fo give rgJ> 0‘,
‘with the Bohr ‘maghetOn Ko > 0. Tho third term gives the hyporfine inter-
action of various rn‘agneﬁc mulfipole moments of the eleActroni'c curren‘cA
distribution with the correspondlng nuclear magnetlc roolt1pole moments.,
Inversion symmetry requires that the expectation values of all terms with
even 4 in this sum be zero, The fourth term on the right—hand side of
Equation 6 represents the electric hyperfine interac-tion- in various multi-
pole orders, with the restriction that the expectation values lof all odd £

terms be zero, again from inversion symmetry. The expectation values
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of all terms in both sums must of course be zero for L >2lorf >27,

In most cases, only M1 (magnetic di-polé) and E2 (electric
quadrupole) hyperfine interacti.o'nsz are signifi'canf, M3 (rﬁag.netic octupole)
interactions having been observed only in isolated cases (32).

The magnetic' dipole hfs term can be written as

%Mi =hal-J ' : 7.
.This term causes a given atomic state to be split into 2n+1 hfs levels,
where n is 1 or J, whichever is smé._ller. For a state with no electric
quadrupéle hfs interaction, the ‘hfs splittings between the successive
levels F = I__+ J, I+ 1—1., I+J-2, «.. are équal to (L+“{)ha, (_I_+__._I-1)ha e,
respectively. o |

The magnetic dipole interaction constant a is given by

e (BO) _ ‘
&% ThI3 | | 8.

-where M1 is the nuclear magnetic moment, and (B(0)) is the average
magnetic field at the nucleus due ‘to the electron distribution, To deter-
mine My directly from a, one must know thg atomic wave function accur-
ately, in order to compﬁte (B(0)). For hydrogenic atoms in s states,
ha is gi:ven by the Ferfni formula (33) corrected with.several smé.ll but
important factors. Formulae fo_f ha in noﬁ-S states in hyc’h'.ogen, and
approximate formulae for‘v ha in other atoms,. are discussed. by Ramsey (34),
Kusch and Hughes (35), and Kopfermann (36).

If the nuclear magnetic dipole moment My and hfs splitting
Avi are known for one isotope with spin I,, then knowledge of Av,

for a second isotope permits determination of Mo through the formula ,
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w2t L Av ;
Ky I, 211+i Av, v :

within the restrictions imposed by the existence, in many cases, of a

hyperfine structure anomaly ;4 defined by

e AL Av, V“z} 1, \ /2 My o L
e Ut Aoy ltavez /s sl oo B o

The hfs ahomaly may be as large as = 1% (37; 38,39)i (See Section 3.1.5

for a discussion of hyperfine anomalies in the isotopes of hydrogen.)

The electric quadrupole term in the Harﬁiltonian is

302 +317-1%5% |

= hb - '
%2 2I(2I - 1) J(2J - 1)

where b (the electric quadrupoie hfé interaction cbnstant) is given in
terms of Q (the nuclear'quadrupole moment) and 3E/3z _(thevderivavtiv"e
of the electric field at the nucleus arisir;g from th(;' ellectronivc dis:tribution)
.as (e/h)/Q(aE/al'z) . To obtain @ from b, one must estimate 9E/0z
from the atomic wé.ve function. This is complicated by the fact that tile
nuclear quadrupole moment may cause é polarization of the atomic
"core!' electrons (Sternheiﬁler efféct)' (40).'

For J = % or .I = %, the term SCEZ doéé not contribﬁte to the
total energy. For these important special ;::'ases, theéecdl,a_r equatién is -
quadratic and may be solved explicitly to yield the well-known Breit-Rabi
formula for the energy of the atom in an arbitrary (41) external magnetic.

field B,. For J = 3,

4 : 1/2 .
_ AW . AW 4mx 2 .

W= - sor) T Hogr Bom = - [t g tx7) 12.

where AW = hAv = (I+3)ha is the zero-field splitting between the states

F=1+3 and F=I-3%, and x = (g5 - &) MoBo/AW. The = gign corre-

sponds to F =1« %, respectively.
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For 1=, one obtains an analogous formula by interchanging
I and J wherever‘they occur in Equation 12,
Figures 5 and 6 are typical energy-level diagrams for

1=1/2, 1 =1/2, and1=7/2, J =1/2, respectively, The transitions

|

,_t_); c,d and e shown in Figure 6 are illust;ative of the procedures com-
monly employed in atomic-beam magnetic resonance'work to extract
information about the atomic nucléus. Each transition takes place be-
tween levels which have ne'arl.y'opposi,te high-field magnetic moments,
and therefore each transition can cause an observable changé in the
beam deflection pattern, Transition a, which takes place at very low
field, has a frequency def;ending" si.gnificahtly.dnly on By and I, and
therefore leads to determination of the spin. ‘Transition b between the -
same pair of levels has a frequency depending on Av as well as By
and I, and therefore can be used £o determine Av with moderate accuracy.
Transition ¢ at low exterr;al field is independent of Bo to first order and
can be used to determine Av to very great accuracy. Transitions d and
e have frequency minima at x = + !mFI/Z,I‘Jri, (m g <0), for which
W(F=4, mp) - W(F=3, mp) = Zmplg kB -

These transitions result in sharp résonance lines and can be used to de-
termine g1 directly, if BO is known indep’endéntly. This is the best
general method for precise determination of nuclear magnetic moments
in atomic beams work,

For I> —;_—, J > %_—, the secular equation is of third degree or higher,
an electric quadrupole term may contribute to the energy, and in general the
Hamiltonian must be diagonalized by approximation methods. Useful

formulae for matrix elements and detailed calculations are given by
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Ramsey (42) and Kusch and Hughes (43),

3. RADIO FREQUENCY SPECTRA OF HYDROGENIC ATOMS
TESTS OF QUANTUM ELECTRODYNAMICS

3, Hyperfme Structure

To date the ground-state hfs separafione of positronium, .
muolnium, hydrogen, deuterium, tritiurﬁ, and singly i‘onized helium-3,
and the hfs separations in the 2281/2 states of H, D, and gI—IeJr 'ha\./e
been determined by atomic-beam and related methods (see Table I). In
this section we shall discuss these measurements and their principal
implications, Experimentai detailsk will be presented only where new
atomic-beam techniques are involve'd or where special questions a._rise.'

3.14.1 Positronium, — The ground-state hfs Hamiltonian for

positronium contains, in addition to the spin-spin interaction, a sizable
.contribution arising from pair annihilation effects (44). In lowest order
(0.2) this contrib'utee about 40% to Av, Tlhe experimental resuifs (obtained
by microwave-counting methods) are in good agreement with theo'ry, not
only to lowest order, but also to next. order (0,3) (45, 46), The precision
is not high enough to yield a value of a. comparable to those obtained from
other experiments,.

3.1.2 Muonium., —Great iﬁterest exists in tirxe precise deter-
mination of the hfs splitting of muonium, Since the muon is a lepfon,
the theoretical formula‘ for Av contains no uncertain nucleon structure
terms and may be compared directly with experiment to yield a value for
a. [ See Hughes (47). ] Starting with the theoretical formula for Av, one
readily arrives.at the following expression: |

Avipte”, 1-251/2) = 2.632 936><1o7a2(pu/pp,) MHz 13.



TABLE I

Hfs of Hydrogenic Atoms

"Atom Electronic  Hfs . Av Method Reference
state interval Experimental '
' (MHz)
. . + - 3. 1 .5 . .
Positronium e e S Si- So (2.0335+0.0004)x10 Microwave-counting a
Muonium p+e- 1231/2 F=1:F=0 4463,16+0.06 " - Microwave-counting b
Hydrogen 1H '12'5.-1/2 F=1:F=0 1420.405751800(28) H maser c
Hydrogen  H 22'5.,1/2 F=1:F=0  177.55686(5) ABMR! d
Deuterium 2H 125 F-g’-' F’.1 327 384325;(5) H maser
1 1/2 277 . ¢
Deuterium 2H ZZS‘ ‘ F‘3 : F‘1 . 40.924439(20) - " ABMR’ f
1 1/2 202 N S
3 2., : -
Tritium 1H 1°s 1/2 ¥F=1:F=0 1546.70470(7) ABMR~ g
3., + 2. :
,He S»i/‘2 F=0:F=1 8665.649905(50) Ion trap h
3., + 2, .
ZHe 2 5_1/2 F=0:F=1 1083.35499(20) Ion beam i

dReferences 44, 45, 46

bReferences 47, 48, 49

CReference 50

'dRefe rence 51

®Reference 52

fReference 53
EReference 54
hReference 55

'Reference 56

JAtomic-beam magnetic resonance

—€'p_

GePLI-TEDN
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To obtain’ a one requires the experiment.al values of Av (48, 49), and
}J.M/}.LP , the ratio of the muon's rhagneti%: morpenfc to the proton's magnet.ic
moment. This‘ latter quantity has been measured by Hutc’hinSOn et al; (57).
In the work of these authors, positive rn'ubons were stopped in HZO or HC1
targets and allowed to pre'cess. in a static 1origifudina1 inagnetic field |
and a variable-frequency pu.lsed rf magnetic fieid. Magnetic resonances
were observed by detecting changes in the angular disvt.ributibn of electrons
emitted in muon decay.

| One must ask to what é}%tent the magnetic field at the muon is af-
fected by its ch.emi‘calenvir‘onment (diamagnetic cdrrection). Rudermah (58)
has shown that the diamagnetic correction for the muon in HZO might Be as
little as 10 ppm or even less, rather tlhan_26 ppm, as was assumed by

1}

lI‘—Iutchinson et al.

In tjh'e absence 'of some independent m‘ethod.fdr detefmining pp_/plp,
we assume that the diamagnetic correctioh is 13%#13 ppm, from which one
finds | |

a™1 = 137.0379 £ 0.0021 L 14

- Obviously anothef direct and precise de'germination of MIU- would be_extfemely
valuable, si.nce.the diamagnetic correction is the weakest link in the chain
leading from Av to a, '(A summary of the current situation as regé.rds a
is given in SectiOn 3.3).

3.4.3 The Hydrogen ground state. — The hfs of the ground states

of hydrogen and deuterium have been determined to remarkable precision
with the hydrogen maser, an atomic-beam device invented by Kleppner,
Ramsey, and co-workers at Harvard in 1960 (15, 50, 52, 59,60), and since

used by them in a series of very beautiful and accurate experiments. The
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maser functions as follows: A beam of atomic hydrogen is formed by
dissociating H, in a discharge. (See Figure. 7.) The beam is trans-
mitted through a hexapole deflecting magnet which focuses atoms in the
states m, = i, m .= =31 m_ =13 toward the center axis.

I J I J
(See Figure4) The focused portion of the beam enters a glass bulb

=1
=3, and m

through a narrow channel, v»\.zhere the atoms’ rémain for an average time

t = V/S; here V is the bulb volume and S is the conductance of the
channel for molecular flow., The bulb is iﬁ a hi‘ghl-Q microwave cavity
designed to operate in thle TEOii ;ﬁo;ie‘ at the hfs reéonance frequency, -
and the cavity and bulb are immer.sed in a weak homogene4ou‘s magnetic
field. The ti.rne t is of order 1 secorjd, during which the atoms in the
bulb collide with the wall about 105 times, However, relaxation of
polarization is prevented by coating the bulb's inner wall with a thin layer
of Teflon (61). Consequentiy, the effective radiative lifetime is t= 1 sec
for maser oscillations which occur when atomic transitions |

| = 0) are réSOnance~coupled to the

(F=14, m_ =0 «——=> F=0,m

F F
cavity. The narrow linewidths thus achieved make possible a remarkably
precise determination of Av, A number of.sm.a‘ll effects which might
contribute to relaxation of polarization or shifts in resonance frequency

have been investigated carefully, These include séin-exchange collisions
between atoms in the bulb, depolarization of atoms Iarising from their motion
fhrough a slightly inhomogeneous magnetic field, frequency shifts due to wall
collisions, mistuning of the cavity, and a second—o_rder. Doppler shift arising
from the finite velocity of the atoms in the bulb. The resonance frequency

is determined by comparing it with a secondary Cs atomic-beam frequency

standard, and a small Zeeman correction is applied to the observed frequency
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to obtain ‘Av, These measuxl'ler_nenf.s are among the most precise in all
of science, and they agree with earlier and less accﬁrate determinations
" of Av made with standard atomic-bea;rn {62), paramagnetic-resonance (63),
- and optical-pumping (64) techniques.’ | |

Ina related exper1ment, an absolute’ determlnatlon of the 4 va1i1e
of the free proton was made (65). Es sentlally, Myant et al. used the sazme
type of apparatus as described above, except that the bulb and cav1ty wére
placed in a very homogeneous 3500 -gauss magnetlc field, and an rf couplmg
loop was introduced to stimulate Ithe transitions (F = 1, mF =1 «——>F= 1,

“m_, = 0) while maser oscillations occurred ‘simulfaneoﬁsly. " A low-frequency

F
resonance .cou.ld be detected by its effect on the level of'maser oscillation.
The primary result is in terms of the electron 'g-;relue gg*

g ./g' = 658,21049(20; o s,
| ’Using the veiue for gg obtained by Wilkinson and Crane (66), one obtalns ;

g, = 00030420652(9) - | . 16,

3,1.4 Interpretation of hydrogen ground-state hfs, — The theoretical

expression for the ground-state hydrogen hfs is .

. 5 -

1., 2 116 2. Bp {“ -3

AV(iH, '1 51/2) = [‘?CL RwC g-—J\ 0 1+—"M | (1+€1+€2)(1-61-62)
' 17,

The factor in bxjackets on the right-hand side of Equation 17 includes

gp/gs, now given by Equation 15, The second factor is the square of the

ratio of the electreh-spin magnetic moment to the Bohr magneton, given by
Wilkinson and Crane (66) as “Me/HO = 1,004159622(27). The third factor is’
the reduced mass correction (67). The fourth factor includes €1=-('1-1n 2)0-2,
-which is the sum of the Breit relativistic correction (68).and the Kroll-Pollack

electrodynamic correction (69); and €5, @& higher order electrodynamic
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correction computed by Zwanziger (70) and Layzer '(71).' - Finally, 61 is
a correction for proton.recoil (72, 73),and 52 is a correction for proton
sfru’cture. Estimates of the structure correction '62 are subject to some
uncertainty, As Iddings (74) and others have shown, 62 may be related
to an intégral over cross sections for electron-proton séattering by means
of dispersion relations. These cross secfions have not been measured and
are not likely to be in the near future, since the relevant experiments in-
volve scattering .of polarized e-l'ect"rons‘ by polarized protoné, 'fo’r.w};i.ch the
final momentum of the electrons must be determifxed. "However, estimates .
by Iddings and others (75) indicate vvthat‘ 5, is pz;obably only several parts
per milli,o‘nf and that 61 + 6, =35% 3>< 10'6, Assumlng this is true, and
using the accepted expie:rimenta_.l' values (76) of Av",‘_Rw», c, and m/M. in
Equation 17, one obta_.irvls. | ' -

ot = 137.0359 20,0008 18,
Clearly the weak point in this detgrmina’cioh o.'f’ a from Av(iHi, 1281/2) _
is the uncértainvpr‘oton-structure cofréction. a

3.1,5 Deuterium, tritium, and singly ionized helium-three. —In

comparing the hfs splittings of deuteri;irri and tritium with that of hydrogen,
we find it useful to introduce the hfs anomaly .ZAi d‘eﬁned'by Equation 10.
The large 'H-»D anofna.ly. HAD = - 170ppm was fi:_‘s@ éxplained qualita.t.ively
by A, Bohr (77) The electron motion ‘m 1HZ' is centered about the protqn‘.
;I‘o first approximation the nucleons remain étativonary during the time the’
much faster .elelctron makes a ''close péss, " when_ the magneti‘c dipolcva_;..i‘nv-
teraction 1s large. ’Howevef;, fhe relative posit_ipns_ of el_ectfon lahd n’éutrgn
are unco'r'réllated for vsvucces sive ''passes, " 'so‘t}_‘lé effect of the net;'tro.{zvl,-i .s‘_

magnetic moment on the hfs interé.ct'ion is reduced. A detailed calcula,tio_n (78)
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of the H-D anomalylyieldvs results which are not in véry satisfactoryl ‘
agreement with experiment,. howev'er.A

For tritium there az"e two neutrons with'spins opposed, and the
hfs -anomaly is therefore extremely small, as expected I(79). vFor gHe+
a similar consideration applies as for deuterium—there is one odd neut'rOn;'
but here the electron centefs its motion about two "fi#ed" protons. A |
comparison of Av(gHe+; :1251/2). or. Av(gHe+, 2281/2) with theoretical
values for a point dipole 3He n‘uvclleu's, including all kﬁoWn reduced mass,
electrodynamic, and ~relativisfic c_orfectiohs, yields a '.1‘86—ppm "anomaly,"'
presumed to be due primarily to the above-mentioned nucled: structure

“effect (55, 56).

3.1.6 Ion spectroscopy and 3He‘“'.‘. —— The standard aj:ofnic-bea_tm

technique is obviously unsuitable for measuring the hfs of ions, including

3
2

differeﬁtial deflections of well-collimated bearné‘» of charged particles.,

He_+, because it is "impossifblé: to select atomic spin sta.‘tes_‘ by utilizing

This is because these deflections depend on the orientation of magnetic
 dipole moments in an‘ inhomogeneous rr;agnetic field, when the ions are

also subjec"c to lax;ge Lorentz forces in this field. However, -er ZHe'*j
-special ‘t.echvn_iques ‘have been applied sﬁcceésfully. A decade algo Novick

and Commins (56) determined Av(gHe+’ 2281/2) by an ion-beam method.,
More recently Dehmelt (80, 55) has devised an ingenious technique util'izingi ’

ion trapping to obtain a very precise determination of

3
2

are formed by electron bombardment of 3He gas (partial pressure

Av( He+, 1281/2). In the’Dehmelt experiment (see Figure 8), He+ ions

€

= 10-9 torr) with a pulsed electron beam. The ions are confined in a .

radio'-frequenby.“quadrupole trap' bounded by electrodes whose surfaces

are hypei'boloids of revolution formed to give a potential
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Zro

| 2 2 2

"¢ = (U-V,cos2mut) <x ty > 2z > :
The motion of ions in the poteri;cia.l ¢ is described by differential equations '
somewhat similar to those found in the theory of strong'focusing. Throilgh _
appropriate choice of parameters U, VO’ and. v, it would be possible ffco
confine ions indefinitely in the central space between the electrodes, wére
it not for collisions between ions and backgrounld gas. In fact, the ions
gain‘ energy from the rf field through randomizing collisions with gas
atoms and are thus eventually driven to the electfoaes. Dehmelt and his
collaborators have nevertheless succeeded in achieving very long confine-
ment times (T & 20 minutes!) for He+ ions (:81). : The 3He+ is oriented by
spin-exchange collisions with an incident beam of Cs atoms, themselves
oriented by optical pumping. The 3He+ orientation is monitored by its
effect on the ion confiﬁement tirﬁe; this is éossible because He+ ions are
also neutralized by spin-dependent charge-exéhange collisiéns' with Cs,
Changes in 3He+‘ orientation which occur on applivca.tion of an external rf
signal at the hfs transition frequency are fhﬁs observed. The precision
achieved thus far seems to be limited by the t‘ran‘sver'se Doppler effect
(zvz/cz) associéted with thé kinetic energy of the ions. This enérgy may
be reduced considerably if the radiation emitted by the ions in their accelerated
motion is absorbed by the trap rf circuit and dissipated in an external cooled
resistor. In this manner one hopes to bring the ions into thermal equilibrium
with an external bath at al very low te‘mperature. The Dehmelt trapping
technique might have considerable significancé as a general tool for pre-

cision rf spectroscopy of ions,
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3 1.7 Interpretatlon of 2 81/2 hfs measurements, — Determma-

tions of Av(Z 51/2) as well as Av(i S1/2) for hydrogenlc atoms are useful
because the_troublesome nucleon and nuclear-structure corrections cancel to

. i . 2 : 2, ) , ' ;
high order in the ra.tlo[Avb(Z 51/2)]/[ Av (4 51/2)]’ for H, Qand o

3 +‘ . . N . . . ] 5
“He , thus making possible a comparison of experiment with quantum " j

'el-ec.tr-odynamics to orders a3 and azm/M Very good alg‘reeme"nt“be-

' - ' 3 SR o

tween experiment and theory is found for H, D, and. He+'. The theore}:ical
" . calculations have been performed by Zwanziger (82) and Sterriheim (83)2 .
(See Table II.) Goldwire (84)‘ has pointed out a sli'ght error in a previoufs
calculation of R(3He+‘), and has thus removed a ve"ry small discrepancy
previously thought to exist between R and R___for “He'.

: theor “exp :
3,2 Fine Structure .

_3.2.1 The Lamb shift, --;-The' measurements of Lamb and co-

workei:s (85-89) on t’he" fine 'stbrquture_ of the n = 2 states of hydrogen and
‘deuterium,' e.nd of Lipworth and Nc_)vick (90) on the n = 2 state of ‘?fHe+ ha\}_e
loné been the results with wflich theoretical' Calculations of the Lamb shift |
are compared. (See Ta.ble I11. ) In addltlon, the measurement by Da.yhoff
Trlebwasser, and Lamb (DTL) (89) of the 2 P3/2 ?.ZPi/2 fine-structure
separation of deuterium for years provided the accepted value of a. In
these experiments, atoms of H, D, and 2He were'formed in-the 2 S-i/Z
‘state in an external magnetic field by electron bombardment, and micro-
Wave transitions were induced to the 'short-lived.‘ 2P ste.tes,~ thereby de-
creasing the populati'on!of. metas.table‘s. (The relevant levels are sho“}n in
Figure 9,. where hfs is neglected.) In the H and D.experiments, transitions
(ae) aﬁd (o.f)"were observed, to-deter‘rnine the Lamb sihift,'and transitions
(aa) and (o.b) were used to measure the 2 81/2.- 22P3/ , splitting in deu-

4
ter1um. For He , only (ae) t-ra.ns;‘tmns were observed.
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TABLE II

Comparison of Experimegtal and Theoretical

8AV(2%5 , )
ValueofR=£ 1/2 -ﬂ

7
Av (1 bi/Z)
Theoretical R Expérimental R
(x10-6y x107%)
H 34.45(02) 34.495(060)
D 34,53(02) 34.2 (. 6)
T 34,46(02) ‘
3

et 137.24(03) 13733 (.19)

 UCRL-17435
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Fine Structure of Hydrogenic Atoms . -

Atom Principal: Intervalll Experimenfél Experimental Theoretical
quantum. f s splitting method f s splitting
number (MHz) ' (MHz)

ul n=2 225, -2%p 1057.77( 10y2 A B. microwave 1057 499(0.14)% -
1 © 1/2 1/2 . . - . . X) . ' . \ Ve
1058.07(.10)°  AJB. level i -
: o crossing
n=3 '32154 -3%p 313.6(5 7)°' A.B. microwave 314 690( 047)'1
o 1/2 1/2 . . . . . alad . 07 . .
2 _ 2 2 a o o rarm g K
1H n=2 2°s 1/2" 2 P1/2 1059.00(.10) A.B. microwave 1058.763(0.17)"
11059.34(.10)®  A. B. level g |
' crossing _
ZZP ‘ -‘228 9912.59( '10)d .A B. microwave See Eq. 19
3/277 2 4/2 AR = Ee R _ -
2 2 a £ . N
n=3 3°S -3"P 315.30(.80) Microwave - 315.34
1/2 1/2 . :
optical
~ 2 2 £ o £
n=4 4°s -4"P - 133(10), Microwave - 133
1/2 1/2 :
optical )
thet nz2 2%s.,-2%p 14040.2(4.5)%  Microwave- 14038.17(4.4)%
2 1/2 /2 = T .
‘ - optical
_ 2 22 h ‘ . h
n=3 37s -3"P 4183(20)" Microwave- 4183
1/2 1/2 , .
. optical
n=4 425 -42-P 1765(20)* Microwave - L1769
1/2 1/2 T
A .optical
4%p, , .4%s 20177(30)" Microwave - 20177"
3/2 1/2 :
optical
gLi++ n=2 2251/2- zzpi/z 62300(1000?)  Van de Graaf 628007
a g '
Reference 88 Reference 90
bReferences 91, 92 hReference 98 -

Reference 95 iReference 99

dReference 89 J'Reference 100

®Reference 93 kKReference 94

fReference 96 lReference 97



=23 . UCRL-17435

These experiments are noto‘ri‘ously difficult, chiefly because of.
the large resonance linewidths encountered (the natural breadth of the
2P state is 100 MHz for _H__é.nd D, and 1600 MHz for He+). Thus to achieve
a precision of 100 ppm, which is required to make a criti;.:a.l comparison
between experimental ‘values and theoretical éredictions c_)f the Lafnb shift,
one must measﬁre the resonance line center to = 0.001 of its width. For
this, a detailed theory of the resonance line shape is required, together
Witi‘l a correct account of the many subtle effects of external electric and
‘magnetic fields on the resonant;e. In the Original.Lamb experiments, a
further serious complication for _I-_I«an.d _12 arosé becauée va.rious~ hfs com-
po.nents were only partialiy resolved. It was thereforé neces sary to make
a theoretical correction for the overlap. |

In the more recent work of Robiscoe (91, 92, 93), transitiops froml
individual hfs components of the E ievéls of H and D éré observed, and -
level crossing (Stark mixing with an externai dc field) rather than an ex-
ternal microwave field effect them. The experimental a‘rrangement is
shown in Figure 10. The main components aré: (a) an ‘oven beam source
| at 3000°K, at which temperature Hz,is 96 per'cvent dissociated; (b) a
magnetic figld (B1 = 575 gauss) containing an ellec;t'r0n bombardment ex-
citer for prédﬁcing 2251/2 metastable atoms; (c) a weak "flopping"
magnetic field B2 generated by a well-shielded solenoid; (d) a "ciuénching”
magnetic field B3 generated by a pair of Helmholz coils in which the cur-
rent is carefully stabilized; | (e} a pair of. electric field pia.tes located at
the center of the region between the Helmholz coils; 'é.nd (fy a metastable
atom electron-ejection detéctor. The function .of the various components

is clarified by 'Figure 14, which shows the Zeeman effect of the fs and
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hfs of the n = 2 levels of. iH The goal is to determine the level cfossing
points A and B (corresponding to Am1=0 transitions) and from this and the -
theory of the Zeeman effect, to obtain the zero field splitting.

In the experiment to determine crossing point B, metastable 2s

atoms in a and B levels are produced by electron bombardment, but only

a's survive the flight through Bi' The betas decay rapidly by Stark
quenching in the motional electric field vxB/c since for By = 575 gauss
the energy difference between f and eis =0, ‘Between Bi and B, the 4

field falls to zero, then reverses slightly at BZ,’ causing nonadiabatic

transitions which rearrange the o states from B1 approximately eQually

in the two a levels and the ﬁB level, There is~vi1:tua11y no BA component
', in the beam as it enters B3; the 'BA' s are not created by the nonadiéba’cic

‘transitions, owing to the finite zero field 2281/2 hfs splitting.

The quenching electric field applied at the center of B3 causes
Stark mixihg of ﬁB and eB Levels (AmI"-;O), and the degree of [3B
quenching is varied by changing Bj.. In effect, this varies the energy
denominator in the expression for Sta1;k mixing of Bﬁ—e'B comppnents

by the electric field. A ty.pical;r_e,soné.nge curve is shown in Figure 12.

-Crossing point A was determined in a fashion é‘imilar to B, except that in

place of the small reversed field B‘2 there is a Weak magnetic field

(=3 G) in the same direction as Bi’ and provision ‘is made for inducipg rf
transitions from the a state (m;=0) to the B, state. T'he_ B 5By purity
ratio is gr'eater than 1500 to 1. Typically the same good agreement be'-
tween experimental points and calculated resonance line shai)e wé.s achieved
for both A and B resonances. The result for crossing point Ais:

S, = 1058.05(10) MHz, and for crossing point B is SB = 1058.07(10) MHz,

A
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- The combination of these two values is entered in Table 111,
| Recently Soto (94) calculated fourth'—order radiafiﬁe corrections

to the Lamb shift which were previously esfimated. These theoretical
values (of Soto) are included in Table III.‘ Cléarly, serious disagreement
exists between theory and experiment for the Lamb shift in H and D,

n = 2. As no explanation for these dis'crepancies exists, there is much
interest in other measurements of the Lamb shift, especially for the
higher states n = 3,4, etc., and also for hydrogénic atoms other than

H, D, and He". Recently Lea, Leventhal, and Lamb (98, 99) have re-
ported observations of the. fs :splitting in the n = 3 and 4 states of He+,
using a microwave—op‘gical .technique. Fan and co-_-workérs (100) -have

also made preliminary measurements of .the L_érr.xb shiftl in a high-energy
beam of 6Li’l~Jr generated with a Van .de.Gra‘af accelle.ratér. There .is.-‘
good. reason to think that the He™ measurements ;ould Be refined to yield

" results with a precision of 100 ppm; for this precision they:mightl test the
theory as well as any existing results. As for Litt and other multiply-
charged hydroge'pic 'iéns, it is hoped that Lamb-shift measurenﬁen‘cs will
be s'uf_ficientiy_ refined to allow cri_tica.l examination of the Z dependencé.

_ of various terms in the theoreticalvéxpréssion for the Lamb shift, although
it appears difficult to ‘aéhiev'e'very high preciéion'in these experiments.

3.2.2 The fine-structure constant. — As we have already mentioned,

the accepted value of the fs constant o was for many years given by the
DTL measurement of the 22P3/2—22P1/2 separation in deuterium (89),

The theoretical formula for this séparation is
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Inserting the measur‘ed frequency separation of AE= .10“971.5'8i0.10 MHz
“and thé a_cceiated valueé of the othervconst;"a.nts int§ Equétion'19, one finds
| o' o 137,038820.0006 1 . 20
Now, AE is determined ex?erimen’cally ‘frolrkn' the Lamb shift Zz'Si/é—ZzPi/Z _
sepéra’cion S, and the *high-frequency" éZPS/Z;',ZZSi/Z separation AE-S: -
o AE = (AE-S) + §. E o
Robiscoe: has obtained for S a value which is larger than that obtained by.
DTL (89). If we make the arbitrary as suni.ption that Robisc’c;é‘ s value of ‘
S is correct, while the old DTL value of AE-S'is still correct, vwle obtain
a new value of AE and consgéuently a new value of a:
ot = 137.037020.0006 TS
However, it is quite obvious that no honest r-evision can be made on this
basis, and it is u.r‘gent that tl:le -AE-S éransi,tion be carefully femeasured
: With the level crossing metho'd-,
| Still another, and the‘ most precise, result for a-is obtained by
determination of 2e/hfromthe A, C. Joéephson effect (101). Frbm this
measurement an{i _knowledg'e of other fundamental constants (76), oﬁe con-
cludes that a is given by |
o™t = 137.0359+0.0004 22

. Let us then summarize the existing values of a as follows:

o7t =137.038820,0006  AE_. . 2.

o' = 137,037920.0024  ‘muonium 14. .
o1 = 137.037040.0006 DT L+Robiscoe | 21,

o™t = 137.03590.0004 Josephson | 22.

o 1 = 137.035920.0008 av,, _ 18,



-27- - UCRL-47435

It is clear that these numbers are not consistent, and that further work
remains to be done on the hydro'gén fs measurements, the muon's
magnetic momént, and the proton structure correction to the ground-state
hydrogen hfs, pefore we c‘az'ﬂ. be satisfied that a is known to within 5 ppm.
Another possibility for a very precise determination lof.g_,' discussed
by Schwar_tz (102), consists of measuring the f}ne structure of the 23P :
state of 4tHe by'r an atomic—beé.m magnetic resonance method (103), and
using the data as inpuf for a c‘alcula‘;ion of g_balsed.on the best available
23P héliﬁm wavefunction, The basis for this program is twofold: one, |
" the comparatively narrow linewidths which are attainable (the mean life
~of the Z3P state is T = 10-7 sec as colmpared with 7T = 1.6><710-9 sec
for 2P, hydrogen); and twé, the possibility of constructing accurate
variational two-electron wave functidns* with the aid of modern corriputers.
In the experiment of Pichéniclg et al., (103), the beam is of spin-polarized
helium atoms in the. 351 state. A helium dischayrge lamp excites the
2351-23]? transition in the C field, Magnetic resonance transitions
within the 23P‘ state are indﬁced during its short l;fetime and are mani-
fested by a change in magnetic quantum number mj of the 2 S, state to
which the 23P atoms decay, anld thus a change of trajectory in the B
field, The fesult to date is |
3

3
E("P,-"P,)

= 2291,194+0,.008 MHaz,
To achieve the goal of computing a, onemust still measure precisely the

much larger 23P1-23P0 splitting,
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3.3 TWo'-’-'Quanturi"l Decay of 'th(;. Meta.s.table
| 225, ;. Staté of He™ R
‘ 1/2 7
| Observations of the two-photon emission whiéh}accompanies the °
decay of the 225172 state of He" in a field-freev“region have been r’epoftéd
by Lipeles, Novick, and Tolk (104)’._ The transition rate w‘aé first calcu-
lated by Breit and Teller (105), Subsequenfly,v th.e.phbotonv energy 'distri;-' |
- bution was discussed by Spitzer a#d Greeﬁsteiri (106), aﬁd the Breit-Teller
cqmputatiqns imprbv.ed by Breit van:d S_hapilro (107). . o

The decay is predi_ct_e’d to proéeed at the rate vy = 8.226 26 sec"1
(wher’e' Z = 1 for H, two for He+, e‘;tc,_ ). Tﬁe_photons have a continuous
energy spectrum, the' en,er-'gy sum being of course equal to EZS‘Eis;
Also o_rzxe expects the coincidence' counﬁing raté for the two photons Ito‘
vary as'1 + coszé, Where 8 is the angie between thevdiréctions of
emission Ofi pho£ons 1 énd 2. |
Inrtvhe work bovf Lipeble-s,'v Novick, 'an-d Tolk, the spectrum, dec;y

rate, and angular cofreiation were ve‘rified by observation of the decays-
. iﬁ-ﬂight of a beam of ZZSi./Z Hé+ ions with 12-eV kinefié energy. The ‘
measurements are of intere's't.as.' the first exper'imeﬁtal observations of
such a two‘-ph'otonl s‘pqnta}neous‘ emiésion process, Several attempts to
detect similar two-qﬁantum d'.'evc'aysl in excited nﬁc’lei were not successful

(108).
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4, ATOMIC-BEAM TESTS OF SYMMETRY AND
INVARIANCE PRINCIPLES

4,4 Intrinsic Electric Dipole Moments of the
Neutron and Electron

4.14,1 Parity and time-reversal invariance: general considerations. —

It is well known that the static electric dipole moment (EDM) of‘ a physical
vsystem (atom, elementary particle) must be zero if the system is in a
state of well-defined parity and if inversion symmetry (P)or time-re-
versal symmetry (T) hold (109). For, when (P) is cbnsidered first, the

. interaction of the intrinsic EDM (called p) with the electric field E is

1 _
= "E)’

o~

of the form 3= - p+ E. Since E is a polar vector (PEP-
B must be 3715,0." if P i.s to commute with H. However, if the state
| lLlJ) has definite parity, then P ILP y =& ]4.&.), so that

(Wlpley =-(olPpPle) = - (ulply).
Therefore (&) equals O.l Consider T next; suppose |L!J> is a state_v
of Well-defined angular momentum: ! Py = lJm> . The operator T is

anti-unitary and satisfies

TiT-i = -] 23.
Therefore: | .

Ty, =-J,T | 24.

T(sztily) = - (;IXIin)T. 25.

From this we can easily show that

T|jm) = (-0 ™e® |5, -my 26.
where 8 is an unimportant phase factor. Now by a well-known theorem,
-wé have |

(jm [g]jm) = C (jm | I [jm) 27.

for all m, where C is a constant independent of m. However, if
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(=~ . E) commutes with T, then since ‘T"I*;TT;' = +.§,, we must also
have |
N S . | P
T&T = + B - < . . 28,

Thus

G g lim) = (o [Tpr | mY = Goom g |5 mm)
- = C{(jm[J]}-m)

- {jm | p | jm) | |
=02
Experimental observations of small but finite (M) would thereforé

show breakdown of P and T.

4.1.2 Electric dipole moment of the free neutron.'—-A decade
ago the first atomic-beam sea‘rch for a ﬁeﬁtron EDM wa.s_"c'a.rried,out
by Smith, Purcell, and Ramsey (1_.10);  Essentially the same type of
expériment is novw being ‘repeat'ed in rsevefal 'labvora”tc.)'ries; (111)
(Brookhaven, Oak Ridge), with numerous refinéments, and improv,er;ienté
to achieve a higher precision thaﬁ that gained 1n the'ori.ginal wqu,' in |
which the result _

| by < 2.4x10°%0 o cpn 30,
was obtained, In the present Brookhaven e':»cperiméntf_ a polarized beam
of neutrons with intensity = 106 neutxjonvs/_min passes through a very‘strong
electric fiéld (=50 kV/crh) located between two osciilating»fie_ld regions
' ‘separated by (L =) 90 cm. A horﬁogeneogs field of i gauss is maintained |
in the entire region, and neutron spin magnetic resonancés occur at about
3 kHz with resonance linewidths of several hundred cyéles per SeCOnd..‘

' ~ As described in Section 2, the presence of a finite EDM would be

manifested by an electric-field-dependenf phase shift of the neutron wave
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function with respect to the applied rf. An improvement of several
orders of magnitude is expected over the null result given in Equation 23,

4.1,3 Electric dipole moment of the electron. —No direct measure-

ment of the electron EDM by any method similar to that émployed for the
- free neutron would seem possible, because of the electron's charge. Barlier,
various upper limits on the electron EDM were obtained from consider- -
ations of the Lamb shift (112), absence of pa.rit.ylr-rrvxonconserving a_torhic
transitions in hydrogenic atoms (113); and also from scattering of'high—
energy electrons on 4cHe (114), The most sensitive of these tests yieldez.d
e < 1.2><1O-15e. cm, which is a very crude result compared even with the
old value for the neutron, For some time it did not appear poslsi‘ble to de-
tect an electron' s. EDM frorﬁ‘obser{ration of an atom's -‘EDM, §ince a.é-
cording to a theorem of Schiff (115), an eléctrkon' s EDM would be COrﬁ-
pletely neutralized by redistribution of atomic charge. However,

Sandars (116) has shown that Schiff'é argument is strictly va'lid only in

the nonrelativistic limit. Sandars argued that the preseﬁce of an elec-

tronic EDM would add a term of the form

"= . . o 31,
3 be TP By | '
to the unperturbed relativistic Hamiltonian:
2 .
0 2 : 1l e ‘ :
3¢ =Z[B.mc”“ +a, . cp, ~eV.] + 2 —[—-—+B. } 32,
. i 1 ol il 1 j%k 2 er ) Jk

Here "}:31 is the total electric field at the _'1_th eleétron, He is the free

electron's EDM, Bjk is the Breit interaction, and Bi and g, are the

4X4 Di‘rac matrices for the ith electron. Equation 31 can be rewritten:
B u 1 ] '

€ 0 €
= 2 > vl +-8[=Z0 .v.,= =

g ?(1_‘31)21 N R _ - : 33.

:}C!

ol
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The expectation value of the first term is zero. (Schtff’ s 'result), and that .
: of the second can be shown to be qdite small. ' _Sandars has dernons'trated ’ .
that for the heavy alkalis the expectation value of-':the third term is ‘appreci-
‘able, and that, in fact, the ratio of the cesiums' EDM to the electron_' 5
' EDM. is = 100, |

'In several related expe'riments, Lipworth, Sandarsl,‘ and co- -
workers (117, 118) searched for a cesium EDM by a methodsimilar to
that employed for the free nentron. They induced a resonavnce between
the Cs ground-state Zeeman levels (F=4, mF=-3) and (F=4, ) T 4) | : - !
a weak magnetic field (see Figure 6, transition a) and adjusted the rf to.‘
the point of maximum slope on the central peak of the interference pattern'
of the separated oscﬂlatlng fields. The beam passes be:t"ween two con-
denser plates situated between the rf fields, and a voltage modulated at
frequency wis apphed The resultlng signalat w (linear Stark effect) is separated
fromthe signal occuring at Zw(due to quadratic Stark effect)w1th a phase sen31t1ve
detector. The signal at w could, of course, arise from spurious instrumental eff,ects.
For example, the atomic magnetic moment interacts’ wi'th' a magnetic“
field chE/c as it passes through the ellectric' field. ’-To guard against
this, Sandars uses a symmetric beam ma.chine with two ovens and two de-
- tectors, and with two beams going’ in opp'osite. directions.. At present the
experimental results show that a cesiu_rn' s EDM,! if it exis_ts:, must be
less than 10-'20 e.cm, ‘This irnplies, from Sandars' calcniatron, that the
electron's EDM must be less than 10—22 e.cm. At-the time of writing,

work to refine these results continues,
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4,2 Atomic Beams and Beta Decay

4,2,1 Coupling constants of beta decay, —— Experiments in which

the decay-in-flight of polarized neutron beams are observed have played

an important roie in thé élucidat_ibn of the beta-decay coupling constants,
and have contributed significantly to our understanding of beta decay.‘ (119).
Recently my co-workers and I‘have observed the decay-in-flight éf polariie,d

19

beams of Ne nuclei, to make a sensitive test of T invariance in the decay

1?Ne - 1915‘ e 4w (120). In order to give a clear discussion of this work,
let us briefly review the status of our knowiedge of the éoupling constants
in beta decay, and also discuss the angular correlations occurring in

19

allowed beta decay, which afe utilized in the Ne experiment.
- Of the five primitive-@_ decay interactions (_S_,_\_/_;;I\_‘, A, and P), the

scalar (S) and vector (V) are identified as Fermi type radiations, in

which the total angular momentum carried off by the leptons in allowed
decay is Zero. The axial vector (A)and tensor (T) are Gamow-ieller typé
radiat-ionns, in which the lepton angular momentum for allbwed décay is
‘unity.- Since the nucleons participating in B decay are nonrelativistic, the
pseudo-scalar interaction _Edoe's‘ n§f contribute. That the Fermi:and' Gamow-
Teller radiations are soleiy V and A, respectively,is most conviz_ucingly_
demonstrated by the well-known results of angular correlation expéfi_me"nts
with the decays of unpolarized 3S‘Ar (aimost pure V), 23Ne and 6He (pure _./i;),
and 19Ne g.nd the free neutron (mixed :l/' a.'ndvé) (121, 122). The magnitude of
the ratio of axial to vector coupling constant..s in nuclear B decay, o
|C/Cy| = 1.18, is obtained from the neutron ft value (123) and also from
the average ft valueé of the 0+ ~o" pure Fermi transitions of nucléi such as

1 6

4 26 , % : : |
O and "Al . There remains the question of the relative phase ¢ of the

coupling constants:
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C,/Cy = re'® . 34,

The quantity ¢ was determined in neutron decay (124), and the.
facts discussed above were verified by examination of the various angular
.correlafions between the electron moméntum p, anti-neutrino momentum
9, and neutron spin pole;.rization direction f, ~all of which occur in the decay-
in-flight of polarized neutrons. The results of these experiments can easily
be understood by reference to the theoretical formula for the diffe.rential '
transition rate dN for an allowed beta decay‘for which I, = Ie = 1/2. When
summing over polarizations of the emitted electron,’ one fvinds (125): A

FF 2, E)p2qidp an_ 4@,

2(2m°h ¢
[,z O [x oy
. € R T [A—C—+Bq+D.<E><q>ji ,
(for e:t) 35.

Here F(+ Z,E) is the Fermi funct‘ion;lp_, Vs é.nd E'a‘re the m‘omentum,
velocity, and eﬁergy, re'spectively., of the electron; q = e (EmaX;E) is
the magnitude of neutrino momentum, and § is a unit vector in its di-.
r‘ection; and dme and d@v-are differential solid angles for electron and
neutriﬁo, respectively, The spin pélarizaﬁion of fhe initial nucleus is
specified by (I)/I. The quantities £,a, A, B, and D are given by:

t= oy |21 (1)1 lcyl®lioy |f | 36

ae= 1Cy 1] (1) 1P - 3 1c, %l o) |° 37.

a2 51l (o) 17/ 5 1eye,"rep0y () (o) - .
|# -

—2 4 1 % *
BE=F 3 |C,|% (o) [i (CyCa + CaASy ) (1) (@) 39

Dé= i .(C c * CACV*)( 1y (o) | 40,

ﬁ VA
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- where (1) and (0 ) are the Fermi and Gamow-Teller matrix elements,
respectively, In Formulae 37-40, corrections due to a final-state inter-
action between the electron and final nucleus are neglected. In this
approximation D must be zero if time-reversal invariance- {T) holds in
beta decay, since T implies that CA/CV is real (¢ = 0 or 180 deg).
Coulomb effects might contribute a finite amount to D even if T holds.
Hov’veverv, to first order in Za/p, the Coulomb correction vanishes if
scalar and tensor couplings are zero (125). (Here Z is the charge of the
final nucleus.) Thus a precise measurement of D gives a sensitive test

of T.

The beta decay asymmetry coeffli'cient A can be determined by
observation of the fore-aft asymmetry in e™ emission of polarized nuclei (126).
No direct determinatibn of the corresponding asymmetry coefficient B in
neutrino emission can be made, but B can nevertheless be determined by
observing coincidences of eiectrons and recoil ions emitted in the decay
of polarized nuclei, One thereby iﬁfers the neutrino direction fro>m con-
servation of momentum. The cross-correlation coefficient D can likewise
be determined by observation of electron-recoil ion coincidences from
decay 2f polarized nuclei.

Experiments to determine A, B, and D in neutron decay yielded
the results:

A= - 0,11+£0.02, B = + 0.88+0.15, D = + 0.04£0.05.
These results and the values (0 ) = + ﬁ, (1 ) = 4+ 4 for neutron decay,
when inserted in Formulae 36 and 38-40, yield the values |
|QA/CV| = 1,18 | o4
& = 175+6 deg. 42,

consistent with T invariance,
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The discovery ofA.C.P.violatieh (127) in K, decay has generated
wide interest in the question of possible I_\}iolation in weak i-nteracfions.
There is no clear connection between the'we_ll-esfablished CP violation
in neut.ral _K decay and a possible T 'Violatidn'in stranoeaess-cvonservincr
beta decay Stll.x., the issue is so fundamental that it is- worthwhlle to
repeat *he D expeflment w1th a dlfferent.bcta tran31t10n We chose’ igNe
for this study because of the relatlve ease of _preduc_tlon of a _polarlze_d '
beam (18, 19), and‘because of its largedecay,'rfl_atz.'ix _elements:‘ o
(1Y =4, (o) = - 1.4620.08. (Ref. 19).

~ The rad10act1v1ty is produced in the reaction F(p,n) 9Ne at

the Berkeley 88 inch cyclotron with a target contalmng SE¢ gas. The
neon is separated from the SF6 and delivered to an atoml‘c_beam seur(:e .
at 30°K from which it effuses in the iSO ground state. - The beam'is. :n.qade
- 25 times as intense by recirculatihg the fadioactive gas thfoughithe source.

A eo:wentiohal deflection magnet selects either of the nuclearA polariza-
tion states M, = & 1/2 (se'e Figure 1_3),. and polarizations of approximately

1
0.80 are achieved, as confirmed by observation ofvthe beam deflection

pattern.

The beam path ter_mina'teé in the asymmetry detector, a short

cylinder with a long, narrow channel entrance and thin end walls with ad-

Jjacent scintillation counters. The asymmetry detector monitors the beam

. . s . ' 195 s
intensity and polarization continuously. The Ne atoms remain in the

cylinder for about 2 sec, and make about 104 wall collisions. In spite

of this, polarization is maintained parallel to the cylinder axis, and an

asymmetry in positron emission by atoms decaying in the cylinder‘is ob-

>
~O

served, consistent with the value A(igNe) = - 0.033 measured previously (18,
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19

To measure D( Ne.), the spin orientation of béam atoms in the
coincidence detector chamber is maintained (as shown in Figure 13),
with axial guiding coils. For measurements of B, the polarization is
kept perpendicular to the beam over the enltire flight path from deflection
magnet to asymmetry detector.

The coincidence chamber houses two detector banks, each con-
taining four positron counters and four ion courters spaced aifernately
around an octagon. (See Figuré 14,) The positron counters are c‘;onven—
tional scintillators with discriminato_rs set to accept pulses from positrons
with kinetic energies greater than 0,7 MeV, . {(The ma,xirr;um e-_F kinetic
energy is 2.24 MeV.) The recoil ions 19F'_ po;sess kinetic ehergi‘es in

19

a continuous range up to 210 eV(121) compared with 0.003 eV for ~’'Ne

beam a‘éoi’ns). Récoil ions drift from the beam vaxi's to the iﬁner grid .
(Figure 14), are accelerated by an increment c;'f 9 keV, and enter secondary
emission detectors (128). The drift ‘region enclosed by the inner grid is
electric field-free, A weak magnetic field imposed to define the axis of
polarization has negligible effect on the trajectories of the decéy products.
The symmetrical detector arrangement shov.vn_ in Figure 14 has the ad-
vantage that many possible systematic errors tl;lat might otherwise be
introduced ;into the data, cancel to high order,.

The results of this investigation are:.

B(1%Ne) = - 0.900.13

D(*7Ne) = +0.00220.014.
The latter implies that

¢ = 180.2%1.6 deg.

again consistent with T invariance.
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4.3 Experimental Limits for the Electron-Proton Charge
- Difference and for the Charge of the Neutron

Zorn, Chamberlain, and Hughes (129) have determined upper
limits for the electric charges on the atoms of Cs and X and on the
molecules H, and D, by rﬁolecular-beam-defléction in an in-

‘tense electric field. The results can be interpreted as showing that
the magnitude of the ‘électron charge differs from that of the proton by
less than 5 parts in 101?, and that the neutron charge is less than

19 20) for the electron-

A 5x10° le]. Stiil smaller upper limits (» 410"
proton chafgé difference are obtained in experiments by King (130), ‘ixi
which the changein potential of a metal container relative to its sur-
roundings is observed as a gas (H,, He) effuses from the container.

In addition to their general 'interest, these 'experiments are use-
ful as a specific test of the suggestion made se_jveral years ago by
Lyttleton and Bondi (131). | ’i‘héy pointed out that if the electron-proton
charge difference were onlgr 2 parts in'10'18 of the electron charge, the
observed rate of expansionlof the univefse could be expléined as an
electric repulsion. Earlier, Einstein had pointed out that if the relative
difference were only 3 parts in 1019, one could understand the magne--
“tic fields of the earth and sun as the fields of rotating charged bodies.

The results of the recent experiments appear to rule out.these sug-

gestions.
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5. STATIC PROPERTIES OF.ATOMIC NUCLEI
5.1 The Isotope Shift

. 5.1.14 General method. — Marrus and collaborators (132, 133) have de-

veloped aningenious atomic-beam method for investigating isotope shifts. They
employ a -convent'ional atomic-beam machine with flop-in geometry,

the C region consisting of a pair of electric field plates capable of
sustaining large electric fields. The space between the plates is illu-
minated by filtered resonance radiatioﬁ from a commercial resonance

2

lamp. In the work we describe, the Di(zléi/zv— . si/Zv) transition in

133

Cs is employed. In the first éf{pe,rir_nents the radiga.tion is a resolved
doublet with peaks separatedA by ‘the grou;;ld'—state hfs splitting
(= 9000 MHZ). (The hfs sp.litting.of thé ;Pi/z state is 'srﬁall and can
be ignored.) | | . | |
Consider first the effect of the radiation on a beam of 1'33Cs
atoms. At zero electric field inthe C region, beam-atom absorption
lines coincide with the lamp emission '1ines, re"sonavnce absorption takes
| place, -and in the ensuing decay, hallf of the atoms flip their!spins and
are thus refocused on the detector, giving a finite signal. When the
electric field is turned on, the Stark effect depresses the energy levels
éf the 2P3/2, ZPi/Z, vand 251/2 stalltes and-deczj-eases fhe D, and D,
separations (see Figure 16). The relative shifts of hfs levels and of
Zeeman sublevels are negligibly small ;ompared with the gross shifts
of the levels themselves, If a sufficieﬁtly larée electric field is applied
to change the Zpi/z_ 251/2 separation by more than ythe lamp linewi.dth,
the beam detector signal goes to zero. If the élec’tri_c fiéld is inéreésed

enough more, the D, separation is reduced by an amount equal to the
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281/2 hfs splitting. At this point the abso‘rption lines and lamp emission
lines overlap again, and another flop-in éignal is observed. From the
known ground-state hfs and assumed E2 dependence of the Stark effect,

the difference in P1/2 and Si/?. polarizabilities is determined in fL33Cs

and 85

Rb. The results are in very good agreement with éomputed val-.
ues (134, 135),

If one employs a 1_33Cs absorption cell betweeln the lamp and the
beam, it bbecomes possible to narrow the absorption line cbonsiderably.
The width of the cell absorptién line is ordinarily determined by Dop-
‘pler effect. How.ever, if the atoms in the cell are in an atorrﬁc beam
parallel to the main be;.m, the linewidth is morevnearly the natural
. width. In this way the 2P1/2 hfs is resqlv'ed and determined quantita-
tively. (See Figure 17).
5.1.2 Measurements of tﬁe isotépe shift in Cs. — If one uses

instead a beam of some other isotope (e.g., 134:Csm)

, the lamp reso-

nance line and the beam atom absorption line no longer match at zero
electric field. However, application of the electric field decreases the

D, separation in 134:Csm to a point where absorption can occur; in this

way onAe obtains the isotope shift bétween 133Cs and 134Csrn frorﬁ
knowledge of the Stark effect. At the time of writing, the additional
isotopes of Cesium: A = 127,129, 131,134, and 137 — had been investigated
relative to 133Cs. All of the latter have zero isotope shift (£ 15 mK).
One would predict a finite volume shift ‘of =~ 11 r.nK/s,ec per neutron,

and the results are therefore rather surprising. |

5.2 Magnetic Moments of Mirror Nuclei

The magneti¢ moments of mirror nuclei are of interest, since
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many of them can be predicted with reasonable acéuraCy_ from relatively
simple nuclear models. If one knows the r.nagnetic moments of ‘both
members of a mirror pair, it is useful to compare the moment sum

with that predicted by theory, since in this sum, contributions to the
individual moments arising frofn pionic exchange currents éé.ncel (136.)..
One hopes (vainly so far) to gain insight into the nature of these exchange
current ‘contributions_.

The magnetic moments of the stable mirror nuclei were determined
by conventional methods years ago. More r“e.cently the moments va many
of their unstable partners have been measurled with a variety of techniques.
Although it is not an atomic-beam measure;rnent, the recent work of
Sugimoto et al. (137) on 17}:“ is worthy of sf)ecia.l mention. In this -
experiment 17F nuclei are produced in the 16O(‘d,n)17]:" reaction by
deuteron bombardment of a thin foil of SiQZ‘. The recoil 17]:" nuclei
emitted at a definite angle possess considérable polarization. - These
nuclei are trapped on a surface of pure CaF2 and remain there in the
presence of a str’ong magnetic field, which defines an axis of quantization
for nuclear magnetic resonance and decouples; I and J. The relaxation
time for the nuclear spin polarization is comparable to the half life
(66 sec), so that in ﬁ+ decay, considerable anisotropy is observed in the
fore-aft directions. When nuclear magnetic resonance is induced by an
external coil, the anisotropy reverses.

In the work of Calaprice et al (138) on 35Ar, ‘similar to the

) 35

igNe work mentioned earlier (18,19 Ar atoms polarized in an atomic

beam are stored in a thin-walled bulb, and the anisotropy of decays is

observed with counters adjacent to the bulb walls., The anisotropy is
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reversed when magnetic resonance is induced in a.C field. From

measurements of the anisotropy, one obtains a value of the axial vector

reduced matrix element (o) in the Bar - 3501 decay; this value is

considerably more precise than that derived from electron-neutrino
anguiar correlation work (121).

Table IV lists the magnetic moments of mirror pairs of nuclei
for which the moment is kndwn for both members., The deviations of
3I—I and 3He moments from their respective '"Schmidt" vélﬁes are well
accounted for by equal and opposite exchange‘ current contributions, as
is well known. One expects only small deviations from Schmidt values-
for the sum of moments of mirror ﬁuclei which have an odd nucleon in
13 15D - 15N) (151). In addition, very

the P1/2 state (c.f. 43N - "7C .and
small deviations are expected for '""doubly magic plus or minus one' :.
'nuclei (e.g., A =15, A =17). For A =114, 1‘§, 21, and'35; the situation
is more complex. Heré the d‘e,viatiofls of individual moments from
"single-particle model'" values are in general large. Any accurate
calculation of the moments should take into account the appreciable
nuclear distortions and collective effects. For A =11, this ié particularly
difficult since one must consider seven nucleons in the 1 p shell. The
most extensive calculations have been done by Kurath (151). Here the
predicted moments depend sensitively on the amount of spin-orbit coupling.
If one chooses the éoupling parame;cer to give the best agreement with low-
lying excited-state energies, the experimental and theoretical morﬁeﬁts
disagree by about 0.5 nm,

| ‘For A =19, a rotational model calculation (19) gives-better

19

agreement with the observed magnetic moment of ~'F and the low-lying



TABLE IV

Magnetic Moments of Mirror Nuclei

Parent Daughter _

. Magnetic Magnetic Magnetic
Nucleus Half moment Nucleus Half moment moment z -z

life Expt. Theor. life Expt. Theor. Zj =expt %}theor 1
n 11 min  1/2  -1.9132 b 1/2 2.793 +0.880

1 12 y 1/2% 2.97éb 2.793% % e 1/2% -2.427%  21,913°  1+0.852  +0.880 -0.028
¢ 21 min  3/27 (-)1.027¢ -1.913° g 3/2° 12,686 £3.793°  1.659 1.880 -0.221
3y 10 min 1/2° 40.321‘1_ -0.264° B¢ 120 o0702™  0.638° 0,381 0.374  40.007
150 123 sec  1/2" 0.719° +0.638°5  '°n 1/27 -0.283"  .0.264°  0.436  0.374 +0.062
e 66sec  s5/27 a2t 47935 Y7o 5.2t _1.894P  _1.913%  2.828 2.880 -0.052
9% 18 sec 1/2% -1.887%8 -1.39 & 9¢ 12" 26280 2728 0741  0.85 -0.14
2Na 23 sec 3/27 23860 2.40°P Zlye 32 06627 -0.74 B #1724 +1.70  +0.024
Sar 1.8sec 3/27 0.632' o048’ a1 3/2° +0.821° 4098 1 1.453  1.46 ' -0.01

aRef‘erence 139

gReferences 18, 19 MReference 145

bReference 140

“Reference 141

_ dRefe rence 17

®Reference 16

fRé ference 137

b eference 142

'Reference 138 A '

JReference 143
kReference 144

1Refe rence 10

DReference 146

PReference 147

qReference 148

TReference 149
S1'Schmidt" value

tReference 150.
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excited-state energies of 19Ne than previous calculations. A spin-
orbit correction has the right sign 'and approximate magnitude to ac-
count for the remaining deviation in 19F.

For A =23, a collective modei calculation gives rdugh qualitative
agreement with the observed moments, and improves appreciably on the
single-particle values. For A = 35, a rotatidnal modél calculation gives
very close but almost certainiy fortuitous agreemént. |

The remaining discrepanlcies cannot be accounted for in a quan-
titative and unambiguous way, owing to the obvious complexities of
nuclear structure calculafions. At present it .‘seems quite hopeless to
say anything definite about small pionic exchange current contributions
to the magnetic moments of mirror nuclei.

It is a pleasure to thank my wife Ulla for her understanding and
cooperati‘von‘ in the preparation of this article, and my cblléagues |

~H. M. Gibbs‘, R. Marrus, and E. H. Wichmann for numerous helpful

suggestions and comments.
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CAPTIONS FOR ILLUSTRATIONS

Fig. 1.  Schematic diaglfa;m of sténdard"atomic—begm magnetic resonance
apparatus of flop-in type, including (1) collimator slit, (2) rf'.
transition region, and (3) beam $top., Atoms in beams a
undergo rf resonvance_ reorientation in (2) and are fefocused on
detector. Beams b are deflected out. Beam deflections aré
gros slyvexagge‘rated for pictorial clarity.

Fig. 2. Cross sectic;n of typical two-wire deflection magnet. For
. magnetization well b_elow saturatioﬁ values, the pole tip
’Su?féces a and B coincide with magnetic equipotentials. |
which would be produced by two equal and opposite 1in¢_ cur -
rents (1) and (2) pgrpepdicular to page. At point, g, the fileld‘
is in the z dix;ection with 0 B/az = 0.98 B/a. The field
gradient varies by only a small amount from this over beam
height (the beam cross section indicated by dotted lines).

Fig. 3. Cross section of pole-tip arrangement for "hexapole' deflect-.

ing field. To a good approximation the force on a magnetic

.z . o:dipole:moment in this field varies as pr, independent of 6.



Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.
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Typical resonance curve of Ramsey separated oscillating

' fields for a beam with Maxwellian velocity distribution. The

. central fringe is a maximum for zero relative phase of the

two separated rf fields. The width of the central fringe is

~v/L, and that of the envelope is ®v/L.

Breit-Rabi diagram for I=1/2, J=1/2, p; >0 (e.g., the

1281/2 state of hydrogen or muonium). The states are

labeled by mp, but mp is a good gquantum numb'er.only. for.

x = 0,

Breit-Rabi diagram for 1'=7/2, J=1/2, >0 (é. g., the
133

6281/2 ground state of Cs), Various transitions of interest

(a-e) are described in text.

" Schematic diagram of the atomic hydrogen maser. (See also

Reference 50;)
Ion trap and optically pumped Cs beam apparatus for the study
of He™ rf spectra. The quadrupole electrode surfaces are

hyperboloids of revolution., Ion trapping times of about 20

~minutes have been achieved. From Dehmelt and Major

(Refererice -80;~see also Reference 55).



Fig. 9.

Fig. 10.

Fig. 11.

Fig. 12.
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Zeeman effect of the n=2 fine-structure levels of hydrogen

" or singly ionized helium. Hyﬁerfine structure is neglected.

Schematic diagram of level-crossing appai‘atds for the ’study’; g

i
&

of the‘ Lémb shift in‘ H and. D, n=2.(see Robiscoe, Referen'ges
91, 92, and 93).

Zeeman effect of the n=2, J =1/2 stateé of hydr;gen including
hfs. Of the 4 Bfe level crossings, two (A;'B)‘I;ave been
measured by Robiscoe (91,k éZ, 93).

Obser\}ation of quenching of the metastable state ‘SB near the

-

P

B crdssing point, The experimental points (6) are

" compared with a line shape derived from the Bethe-Lamb

Fig. 13.

theory of the lifetime of the 2S state in external fields. From
Robiscoe (91).

Schematic diagram of igNe atomic-beam apparatus for investi-

. gation of time-reversal invariance in beta decay. (A) Asym-

metry detector; (C1-3) Di fferential pumping chambers;

(D Detector banks. Spin and magnetic field drientations
1-2 P g ,

-

are shown for D experiment, Beam deflections are grossly
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exaggerated for-clarity as in Fig., 1. The separation of the
MI .= i»'l/Z beams.in tfxe deteét’br chamber is actually less
than O.QS cm.

19

Fig. A'14. Scherﬁatic’ diagram of one aetector bank, Né experiment.
Ion detectors are lab.eled 1-4 and positron detectors are
labeled a~d. The beam is directed into the pége. For B
experiment, in which ‘coiﬁcidence pairs a-2, b-4 are compared
with pairs d-2, c-4, respectively, spin orientgtion is along
x axis. For __D.' experiment,‘ 19Ne spin is into or out of
page; coincidence pairs a-2, b-1, c-4, and d-3 are compar.ed
to pairs a-1, b-4, c¢-3, and d-2, respéctively. A typical a-2
event is shown, with fS, gd, and T in directions of positron,
neutrino, and recoil ion, respectively.

Fig. 15. Positron-igF-recoil-ion coincidence counts versus delay time.
Delayed coincivdence,s occuring in the time interval 1.75-3.25
msec are used in B and ‘]_3__ measurements. The curve is

obtained from a calculation of the geometry and the theoreti-

cal ion energy distribution, with a correction for beam scat-

tering by residual gas. The points are experimental.
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h

The D, energy levels and transitions in 133Cs, with the hfs

2 ' . "
of the 6 Pi/Z state neglected.
The D,1 energy levels and transitions in *3365 with the hfs "
of the 62P1/2 state resolved. Signal a occurs at z‘ero‘A

electric field. Signals B, Y, and § occur at successively

higher electric fields.
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sponsored work. Neither the United States, nor the Com-

mission, 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 information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or -for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.
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Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
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