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PRECISION g5 MEASUREMENTS ON LIGHT ATOMS:

4 .3 2 t
gyHe™, 2°5,)/g;5(H, 7S, /)

" B. D. Zak, E. Aygin ', and H. A. Shugart
Department of Physics and Lawrence Berkeley Laboratory-
University of California
Berkeley, California 94720
- ABSTRACT
A concise review is presented of the experimental and
theoretical determinations of three quantities: gJ(H)/gJ(D);
 gy(H)/g,; and gy(He, 2381)/gJ(H). These quantities serve as tests
of our understanding of the Zeeman effect in simple bound systems.
We also critically examine the discrepancy betweenvthe helium-hydrogen

g-factor ratio as determined by the present authors using an atomic

6

beam techhique: gJ(He, 2381)/gJ(H) = 1-23.25(30)x10- , and that

obtained by Leduc, Lalde, and Brossel using thical.pumpihg:

g;(He, 2331)/gJ(H) = 1-21.60(32)x10_6. The uncertainty quoted for
this defermination is that given by a recalculation pregented here.
Our result is in excellent agreement withvtheory as well as with

a previdus measurement, while that of Leduc, LalSe, and Brossel

now differs from theory by five standard deviations.
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The purpose of this paper is to give a concise review of
precision atomic g-factor measurements in hydrogen and helium, to
describe briefly ourvown measurement of gj(He, 2381), and to
examine the discrepancy into which this measurement enters.

The first topic to receive attention in‘the current series
of precisidﬁ g-factor measurements on light atoms was the isotope shift
in the g-factor of ground state hydrogen. Roger Hegstrom1 and Howard
Grotch2 have extended the theory of the Zeeman effect in hydrogehic

3

atoms to include terms of order &~ and azm/M, where m is the electron

mass, and M thé nﬁcléér massjr The nuciear mass dependent terms enter
as reduced mass corrections to the spin-orbit, spin-other orbit,

and reldtiVistiC mass increase terms. Since then, the theory has been
develbped and elaborated by several authorsz)_5 using a number of
different théoretical approaches.

The first published measurement of the hydrogen-deuterium
g-factor ratjo sensitive to these mass dependent terms was published
by Hughes and Robinson.6 They used spin-exchange with optically
pumpéd rubidium to observe the hydrogen and deuterium Zeeman resonances.
Their result, given in Table I, is in agreement with theory. Next,
Larson, Valberg, and Ramsey? used a low~fiéld_hydrogén maser to
measure this ratio; their_Value also agrees with theory. Finally,
Walther, Phillips, and Kleppner8 measured this quantity to three

parts in 1011 using a pulsed double-mode hydrogen maser operated

at 3500 G. This experiment yields agreement with‘theory to better
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than one part in 1011. 'This very niceiy confirms the value of.the
mass dependent terms to order azm/M.. Higher preéision‘yet would be
required to test the next higher.order méss dependent terms, each of
which contributes about 1 part in 1011 to the hydrégeh—deuterium g-factor
ratio. | |

While the measurements mentioned above do adequately test
certain terms in the Hamiltonian, they leave others unchecked. The
most intefesting test for the theory‘of hydrogenic atoms in external
magnetic fields is the measurement of the magnetic moment of the bound
electron relative to that of the free electron. Grotch and Hegstrom

have derived the result, good to order o and o m /M

2

g;19) = g [ 1-

2
3m 3 m a . 2,75m 6+Z m
Fagfe s e v RGNS 5 Mz)]

_6. The

first measurement of this ratio was made by Balling and Pipkin9 with

With this expression, one obtains gj(H)/ge = 1 - 17.7051x10

the spin-exchange optical pumping technique. They obtained agree-
ment with the best theoretical value available at that time, that of

10. Since their value contains an uncertainty of 1 ppm, it only

Perl
crudely confirmed the leading correction term due to the Breit inter-
action. Now, however, there is an experiment in progress which will
ultimately do very much‘bettér. Tiedeman and Robinson, using the
same technique as Balling and Pipkin, but with a moré sophisticated
apparatus, give g;(H)/g, =1 - 17.69(10))(10-6 as a preliminary

result.11 This value nicely confirms the mass independent terms to
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order az. The measurement may eventually be able to test the > terms
adequately as well, but almost certainly not the mass dependent terms.
Now we shift our attention from ground state hydrogen to

3

the 2°S, metastable state of helium. The quantity of interest here

1
is the ratio gJ(He,Zssl)/gJ(H), where, of course, the hydrogen is in
the ground state. The succession of experimeﬁtal andvtheoretical
determinations of this ratio is shown in Table IIL.

| Perl and Hughes12 carried out the,first_célculation of this
quantity to order az; starting from the Breit eQuation. Their value
was first crudely, and then more precisely confirmed by atomic beam

measurements -- inv19531by Hughes, Tucker, Rhoderick, and Weinreich,13

and in 1958 by Drake, Hughes, Lurio, and White.14

That is where
matteré stood until Leduc, Lalde, and Brossel15 published the results
of their optical pumping determination in 1972. This result differed
' ffom’the calculated value of Perl and Hughes by 1.6 ppm, or three

_ standard deviations. Leduc et al suggested that the'disérepancy
might be due to unéélculéted higher order temms -- perhapé to the
non—additiVity of the anomalous moments of the electrons. The
existence of this discrepancy inspirea a burst of research:activity.

16

Lewis and Hughes™~ calculated the helium-hydrogen g-factor

ratio to order a? and m/M using up to 165 term Hylleraas wave functions.
Grotch and Hegstrom 17 extended their earlier work to helium, taking

3

account of terms of order @~ and azm/M. Both calculations agree very

well with the previous experimental and theoretical determinations,
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but not with the raiue'of Leduc;‘Laloe; and Brossel. Furthermore,
Gotch and Hegstrom found that the higher.order terms’ contributed
only -0.151 ppm to their galge, much too smail a contribution to
aecountiforbthe observed diserepancy._. |

| vMeanWhile, the'present authors had begdn‘a-new,atomic beam -
precision determination of the helium-hydrogen'g-factOr ratio; a
* brief destription Of'the first phase of.this experinent‘has already
..been'publiShed 18 We have made 1ndependent measurements of the ratios
'gJ(He 2 Sl)/gJ(Rb) and gJ(He, 2 Sl)/gJ(Cs), where the rubidium and
cesium are in their ground states. Using.the resultsvof others, ‘we
obtain two independent raIUes'for the heiium-hydrogen g—factor ratio.

The experlmental arrangement is shown in F1g 1. This

arrangement permits us' to observe the helium and alkali Tesonances
simul taneously, thereby'minlmizing the effect of magnetic field drift,
and other sources of instability. As shown in Fig.:Z, we have chosen
‘the magnetie field at which to work so that the‘helium and the alkali
| .resonances occur at the same frequency. The resonan.cesv are observed
on separate detectors, and do not interfere with eaeh'other. Under
these circumstances, the same R. F, field cauees both transitions,
guaranteeing that the spatial distribution of R. F. power is identical
for both transitions; Finally, great care was‘taken'in electrically
‘shimming the magnetit-field"all measurementS'Were-made with the
f1e1d over the transition region flat to + 2 parts in 107 or better. B

Our results are shown in Table v, 1t is seen-that our

_1ndependent determlnations using cesium and rubidium agree to a part
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in 108 With each other, aﬁd to within three parts in 10% with the
._théorefical value éf Grotch and Hegstrom. A histogram of the 322
measurements upon which our reported value is based is given in Fig.
3. The uncertéinty we.assign to our result, 3 pafts in 107, ihciUdes
a generous éstimate.of systematic error arising primarily from residual
field inhomdgeneity. Our final value differs frbm tﬁat of Leduc by
five times our asﬁigned érror; | | |

In considering this-diScrepancy; it is important to ndte
that our determination, as well as the determination of Leduc and his
cwmhmambmhmﬁma.IMiMmmﬁﬁemM%m%wmdw
others which we use to obtain the helium-hydrogen g-factor ratio
from our méasurementévare given in Table V. (First three lines.)
These quantitiés were measured by H. G. Robinson ahd his collaborators
using the spin exchange optical pumping technique. They_haVe
véhafactefistic uncertainties of 4 to 6 parts in 109 -- that is, about
1/60 of our assigned'error; ‘Consequently, if our determination is in
serious error, it is likely that our own measurement is respohsible,
rather than fhese intermediate values.

The quantity that Leguc and her coworkers measured was
the fatio of the atomic g—factor of metastable He4 to the nuclear
g-factoraof ground state Hes. They quote an uncertainty forAthis
measurement itéelf of 7 pafts in 108. In Table VI, we give a re-
‘>calcu1ation of the helium-hydrogén ratio from the data of Leduc, but
using a somewhat more precise value for one of'the iﬁﬁermediate |
quantities than was available to her. This change does not affect

the final value of the g-factor ratio at all, but does substantially
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reduce thé uncértainty. With this reduced error; the discrepancy
between the value of Leduc and both the theoretical and our experimental
value is five standard deviations, as shown in Fig; 4,
| | If bne.accepts the assumption that our determination.is
correct,thenvone'is left with the question as to wﬁefe the error
aiisessin the determination by Leduc and her coworkérs. vAs one notes
from Table VI; there are thrée possibilities: the quantity z, the
quantity y, or the measurement of Leduc itself.

It is the quantity z for which we have used a more precise
value in the recalculation given in Table VI. It'is.derived“from a
high field hydrogen maser measurement of gJ(H)/gp(H) with an uncertainty
of one part in 108 made by Winkler, Kleppner; Myint,~and7Wa1ther,20
'v and from the shielding factors for the proton in atomic and in-molecular
hydrogen. .We'followainkler in using the theoretical value for the
atomiC;hydrogén shielding factor,'énd we use the value he determiﬁes
for thé molecular hydrogen shielding factor which'is in good agfeement
with theory. The uncertainty on the value of z derived in this way is
3 parts in 107. One can derive the value of z from a number of other
sets of measurements, but the result dées not change significantly.
Since this.value is well buttressed with experimeﬁt and theory, it
seems unlikely that it could be a major source of error.

On- the other hand, the quantity y can look to nelther
experiment nor theory for adequate support. The value of y used here
is due to Wiliiams énd Hughes.21 It agrees with the earlier measurement

22

of Anderson™” to 3 parts in 107 but Anderson's assigned error is
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1.6 ppm. It‘should be noted, though, that the error'quoted by
Andereon is foﬁr times his statistical error, and covers 70%_ofvhis
measurements. Possible sources of systematic.error which Anderson
discusses appear to be smaller than his statistical error. This
generous assignment of error in the final result appears to allow
for possible unknown sources of systematic error. In fact, the
measurement of Williams and Hughes agrees with that of Anderson to
within the latter's statistical error.

To,the knowledge of the experimenters, the measurement
. of Leduc, LalGe, and.Brossel has never been made before. The
measurement was certainly very carefully done, including as it does
a.large number of tests for various eources of syétematic error.
In the final configuration of the experiment, all such tests give
'_negetive-results to within statistical error. The paper by Leduc
.contains a thorough discussion of these tests and a number of other
possible sources of error. Here we can only mention one possible
source Which'was not adequately discussed. The quoted uncertainty of
the measurement represents a precision of greater then a thousandth
of.the line-width of the He4 metastable resonance observed by Leduc.
The lines were determined to be symmetrical by a geometrical |
procedure which, it seems, may not have been sensitife to an
asymmetry of a part in 103. A shift in the determined peak frequency

of 1/60th the line width could account for the observed discrepancy. .
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Before-closing, we are obliged to acknowledge that -there
are many recent ekperimental and theoretical studies of the Zeeman
effect in hydrogen and helium which We,have not mentioned. In
| péfticuléf, thefe is a body of worg_concerned with the Zeeman effect
in the P states of thése atoms; it has grown .up, stimulated by the
need to understand the Zeeman effect in order to make Lamb shift,
fine, and hyperfine structufe measurements. References contained in
our own references 5 and 16 provide an entrance to thét literature.
Here we havé concentrated upon the more stringent tests of the theory
of the Zeeman effect in hYdrogen and helium.

Looking back over our review, we may draw some conclusions.
If indeed our atomic beam determination of the hydrogen—helium
g-factor ratio isvaccepted as correct, then, in each of the three
ééSes considered, there is very good agreement between experiment and
theory. ‘Yet it must also be recognized that the theory has not yet
. been pushed Very hard by experiment. The agreement to parts in 1011
for the i§otope shift in hydrogen is not quite so impressive as it
~ sounds. Aftér all, by these measurements.one 1s testing mass
dependent correction terms to parent terms which are of order az. The

sensitivity of the implied. test for the parent terms is diminished

11 in the isotope shift

by the ratio m/M., So the test to parts in 10
is, in some sense, equivalent to a test to about 6 parts in 108 in the
hydrogen-electron g-factor ratio experiment -- which is.comparable to

its present accuracy. The situation for the helium g-factor measure-

ments is somewhat poorer. In all three cases, the az terms are
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>é0nfirméd to about a paft in'loz; bUt.thé o> terms which are fér_-
more interesting ére.little more than detected. |

| SQ it is that the next‘round of experiménta1 results should
bé of cdnsiderable importance. In both the hydrogen-free electron,
ahd theAhelium-hydrogen experiments, the prospects are good for
substantiallimprovements in the aécuracy of fhe feSultsf Iﬁ $§th

_ cases, plans are being implemented to realize those prospects.
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Table I. EXPERIMENTAL AND THEORETICAL DETERMINATIONS

OF THE RATIO g(H)/g (D).

| Author " Experiment ’ ; ' Theory
R. Hegstrﬁma- 1+9.7x107°
Hughes and Robinson®  1+(7.2+1.2)x10™ |

‘Larson, Valberg, AR 9

and RamseyC - 1+(9.4+1.4)x10

H. Grotand - | S 1+9.7x1070
R. Faustov® 1+ 7.3%x 107
Close and Osbom® | - U 1+7.25x107°
Grotch and Hegstrom® | | .1_+ 7.22 x 107°
Walther, Phillips, | 9 |

and Kleppnerh 1+(7.22+.03)x10

® R. A. Hegstrom, Phys. Rev. 184, 17 (1969).

b W. M. Hughes and H. G. Robinson, Phys. Rev. Letters 23, 1209
(1969) .. o

¢ p.J. Larson, P. A. Valberg, and N. F. Ramsey, Phys. Rev.
Letters 23, 1369 (1969)

4§, Gotch, Phys. Rev. Letters 24, 39 (1970).

R. Fgustov, Phys. Letters 33B, 422 (1970). _

£ F. E. Close and H. Osborn, Phys. Letters §§§3'400 (1971j.
H. Grotch and R. A. Hegstrom, Phys. Rev. A 4, 59 (1971).

F. G. Walther, W. D. Phllllps, and D. Kleppner, Phys. Rev. Letters:
28, 1159 (1972)
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Table II. EXPERIMENTAL AND THEORETICAL DETERMINATIONS OF THE .

RATIO gy (H)/g,

Author Experiment _ Theory
W. Perl® - | 1-17.7 x 107°
Balling and Pipkin® 1-(17.4+1.0)x107° o
Grotch and HegstromC : 1-17.7051 x'10_6'

Tiedeman and Robinsond  1-(17.69+0.10)x107°

 W. Perl, Phys. Rev. 91, 852 (1953).
® L. C. Balling and F. M. Pipkin, Phys. Rev. 139, A19 (1965).
© H. Grotch and R. A. Hegstrom, Phys. Rev, A 4, 59 (1971).

J. S. Tiedeman and H. G. Robinson, in Atomic Physics 3, Proc. of
the 3rd International Conference on Atomic Physics, edited by S. J.
Smith and G. K. Walters (Plenum, New York, 1973).
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TABLE III. Experimental and Theoretical Determinations
. 3 2
of the Ratio gJ(He,Z Sl)/gJ(H, 81/2)

Author , ‘ . Experiment , Theory
© Perl and Hughes® | 1- (23.3+ 1) x 10°°
Hughes, Tucker, Rhoderick,
and Weinreich® 1- (11 +16) x 107
Drake, Hughes Lurio, and
White© 1 - (23.3+0.8) x 10°°
Leduc, Lalde, and‘Brosseld 1'- (21.6 + 0.5) x 1076
Lewis and Hughes® o 1 - 23.287 x 107°
Grotch and'Heg'stromf , ‘ 1 - 23.212(3) x 1076
~ 23.25(30) x 1070 '

Aygin, Zak, and Shugart 1

a w. Perl and V. Hughes, Phys. Rev. 91, 842 (1953).

b V. Hughes, G. Tucker, E. Rhoderick, and G. Weinreich, Phys. Rev. 91,
- 828 (1953). '

€ C. W. Drake, V. W. Hughes, A. Lurlo and J. A. Wh1te Phys. Rev. 112,
1627 (1958). .

d M. Leduc, F. Laloe and J. Brossel, J. Phys. (Paris) 33 49 (1972);
J. Brossel, in Atomlc Physics 3, edited by S. J. Smltﬁ—and G. K.
Walters (Plenum, New York, 197_)

€ M. L. Lewis and V. W. Hughes, Phys. Rev. A 8, 2845 (1973),

. _

H. Grotch and R. A. Hegstrom, Phys. Rev. A 8, 1166 (1973).

g E. Aygim, B. D. Zak, and H. A. Shugart, Phys. Rev. Letters 31, 803,
(1973).
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TABLE IV. Results w1th termlnated ha1rp1n glven in terms of

=1 - (He , 2 81)/gJ(H 1 Sl/z)

Field Hair- Ave. to corr.

pin Number - for phase Isotope
‘Trans. Orientation of obs. a(S.Dn.) errors - Average
Rb3° S 140 23.16(20) :
: - 23.21 ,
(3,0) (2,-1) .+ - 10 23.25(13), o 23.25 '
at 3161 G. + + 25 23.24(14) 23.29
- - 22 23.33(19)
133 ,
CS - + 58 23.19(20) 23'24 i
(4,-1) (3, -2) - 23 23.30(37) 23.24
at 4306 G. + + 22 23.34(33) 23.24

- - 22 23.14(21)

From the Rubidium data and from Table V:

g (He) /g, (Rb) = 1 - 46.83(30) x 107°
g;(He)/gy(H) =1 - 23.25(30) x 1070
g (He,235)) = 2.002 237 34(60)

From the Cesium data and from Table V:

gy (He) /g;(Cs) = 1 - 151.28(30) x 1070

gJ(He)/gJ(H) 1- 23.24(30) x 107°
g (e?, 2 sl) = 2.002 237 36(60)

Overall results:
2 -6

4 .3 T o |
gj(He", 27S)/g;(H , 175 ,,) = 1 - 23.25(30) x 10

g (Hed, 2351) = 2.002 237 35(60)
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TABLE V. Constants used to deduce absolute helium g-factor

and helium-hydrogen g-factor ratio

gJ(Csl33)/gJ(Rb87) = 1.000 104 473 7(44)2
'gJ(Rb87)/gJ(Rb85) = 1.000 000 004 1(60)°
gJ(Rb87)/éJ(Hl) = ’1.000_023 585-5(6)C
g, () /g, = 999 982 31(10)¢

g, = 2[1.001 159 656. 7(35)1°

a

C. W. white, W. M. Hughes, G. S. Hayne, and H. G.
Robinson, Phys Rev. A 7, 1178 (1973).

C. W. White, W. M. Hughes G. S. Hayne, and . H. G.
Robinson, Phys Rev. 174, 23 (1968).

W. M. Hughes and H. G. Robinson, Phys Rev. Letters
23, 1209 (1969).

J. S. Tiedeman and H. G. Robinson in Atomic Physics 3,
Proc. of the 3rd International Conference on Atomic
Physics, edited by S. J. Smith and G. K. Walters
(Plenum, New York, 1973)

S. Granger and G. W. Ford, Phys. Rev. Letters 28,
1479 (1972).
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TABLE VI. Values Used to Obtain the Helium/Hydrogen g-Factor

Ratio from the Measurement of Leduc, Laloe, and Brossel.

4 .3 3
gy(He™, 2 S1)/g;(He™)

as= = 864.023 92(6)°
Yy = gI(HeS)/gp(Hz) = 761 786 85(8)°
z = g;(H, 281/2)/gp(H2) = 658.216 28(20)
Quantities used to evaluate z:
gJ(H,zsl/Zl@p(H) = 658.210 706(6)°
o (H) = 17.733x 1070 €
o (Hy) = 26.2(3) x 10°° €
Final Result:
6

g;(He) /g ;(H) = x = a(y/z) = 1-21.60(32)x10"

Result Quoted by Leduc et al: 1~21.6(5)x10-6

a M, Ledﬁc, F. Laloe, and J. Brossel, J. Phys.'(Paris) 33, 49 (1972);
J. Brossel, in Atomic Physics 3, edited by S. J. Smith and G. K.
Walters (Plenum, New York, 1973). : |

b

W. L. Williams and V. W. Hughes, Phys. Rev. 185, 1251 (1969).
¢ p.F. Winkler, D. Kleppner, T. Myint, and F. G. Walther, Phys.
Rev. A 5, 83 (1972). :
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FIGURE CAPTIONS -

Fig. 1. Apparatus geometry which permit‘s the simultaneous observation

of a flop-in alkali resonance and a flop-out metastable He? resonance.

Fig. 2. Coincidence between the AF = 0, Am = *1 transition frequency

3 133

in 2 Sl He4 and the (4,-1) «(3,-2) transition ffequenc’y in 28'1/2 Cs

Fig. 3. His‘»togram of measurements showing ‘the final value and the

quoted uncertainty.

Fig. 4. Experimental and theoretical determinations of the

helium-hydrogen g-faictor ratio.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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