Lawrence Berkeley National Laboratory
Recent Work

Title
PRECISION MEASUREMENT OF THE MAGNETIC MOMENT OF THE MUON

Permalink
https://escholarship.org/uc/item/02p2v290Q

Authors

Haqgue, J.F.
Rothberg, J.E.
Schenck, A.

Publication Date
1970-06-01

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/02p2v290
https://escholarship.org/uc/item/02p2v290#author
https://escholarship.org
http://www.cdlib.org/

~Submitted to Physical Review Letters UCRL-19864

c. 2

Preprint

RECEIVED
LAWRENCE
RADIATION LABORATORY

JUL 211970 ,
PRECISION MEASUREMENT OF THE

LIBRARY AND MAGNETIC MOMENT OF THE MUON
DOCUMENTS SECWON

g

J. F. Hague, J. E. Rothberg, A. Schenck,
D. L. Williams, R. W. Williams, K. K. Young, and K. M. Crowe

June 1970

AEC Contract No. W-7405-eng-48

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545
N D <0

¢

g\f UNIVERSITY of CALLIFORNIA BERKELEY

LAWRENCE RADIATION LABORATORYN;

¥9861-19ON



DISCLAIMER -

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal 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. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



1- o UCRL-19864

PRECISION MEASUREMENT OF THE MAGNETIC MOMENT
OF THE MUON*

J. F. Hague, J. E. Rothberg, A. Schenck, D. L. -Williams,
PR R. W. Williams, and K, K.‘_ Y(')ung' ' o

Physics Department -
University of Washington -
-Seattle, Washington, 98105
and |
K. M. Crowe
Lawrence Radiation Laboratory- '
University of California
" Berkeley, California 94720
Received 45 June 4970
The'_ratio of muon to proton magnetic moment ( HH/Mp),has’
been measured to high precision in three chemié_a‘l environments;
the agreement shows that the "Ruderman correction' is not appli-
cable, The result is P'pn/pp = 3,183347(9) (2.8 pf)_m);'in terms of =

the muon rhass, this 'implies. mp/me = 206.7683(6).

The ratio of muon fo proton magnetic moment,v Hp/“pv = (g/in)p/(g/rh)p is
needed to extract the muon's anomalous magnetic moment, (g-2)/2, from the
observed frequeﬁcy in a "g-2" experiment, wg-Z =(g-2)eB/4 mc. Of more
immediate interest, it 'énters in the relation between the muonium hyperfine
splitting, Vin and the fine structure constant, «. The thr’e_e most recent mea -
5111'¢n‘;ents, ‘w'h.ich- have errors of 13 to 22 parts per million (ppm), are not suf-
ficiently precise to take advantage of the accurate muonium results ﬁow avail-

able, 4,5

Rﬁdermanﬁsuggested that the substantial disérepaney between a
determined from hydrogen hfs and from the then-current muonium hfs and the

Columbia value1 of /,JL could be partially recdnciied by Iapplvying to the
pop '
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: latter a'chemic‘al"correction amounting 15 ppm. We report7 new high- prec1smn ‘
measurements of |.1 /”p which are 10 ppm below the Columbla result we show
that the Ruderman correct1on6 is not appllcable and we f1nd that two newly

4.5 bracket.the value for Vrn predicted by our ratio

reported muoniu_m resu_lts
and. the currently accepted value of a.

The method is to use the muon decay asymmetry to observe the precess1on

| frequency, geB/ch of a sample of polar1zed p051t1ve muons at rest in a mag-
netic f1eld and to observe the resonance frequency of protons in the same f1eld

A 200- MeV/c muon beam was obta1ned from pions produced at the LRL 184- 1nch
cyclotron. Figure 1 represents the arrangement of counters and target in the

magnet. The stopped-muon log1c was (Beam)HM SiSZAlAZ _and the decay

dyn

electron'was Se(Ei OI‘IEZ)d nodéS451A1A2Mdynode

muon counter M and the electron counters E were presented to fast dlscrlmina-

T1m1ng signals from the

- tors w1th thr.esholds set 1/4th -the trigger thresholdS' the output signals were .'
then passed by gated discriminators that were gated on (1n a few nanoseconds)
I1f the logic requlrements had been met, These gated t1m1ng signals then opened
(M) and closed (E) the gates of fast scalers which scaled a free- runmng osc11-'
lator. The timing between the muon and electron 31gnals was done by two in-
dependent sys'tems: a "digitron“ with an effective least count ofv1.25 nsec

~ obtained from a 400-MHz clock and two suita.bly phased scaling systems, and »
‘a Hewlett-Packard timing counter (HP5360A) based on a 10-MHz clock and :
:_inte rnally converted analogue interpolation. The digital information on each ’
event included the two ti‘me interval measurements and records of extra counts
"iwhich could affect the data: second counts in either the E channel or the M~
channel during the time the. gate vvas open, and any count in an E counter during

the 5 psec preceding the gate opening. This information was stored by an
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on- 11ne computer and every few seconds was transferred to magnet1c tape along
with the d1g1ta1 record of the proton NMR frequency of the "monitor' probe,
Details of the me_thod and the many checks on the system will be published else-
where, 'I;hemos‘t important point is that the elapsed time for each muon- |
electron event is vrecorded with a simple and direct method by counting cycles
of a free-runﬁirlg' erystal;lciontrollled oscillator, Such a-éystem was‘ used on the
~muon g-2 expe‘ri‘ment;8 1t has many internal checks, and carl be made highly
reliable.‘ - | |

~ The aecﬁm:ﬁllated data represent the number of events versus elapsed time;
‘ it is an expdhential, modulated with thebfrequency we seek, Figure 2 shows a
part of the data for one stopp1ng substance. | o

The stopplng material was 11qu1d in a 3-inch cube made.of 5-mil Mylar.
‘The contained accounted for 1% of the total countlng rate; the target-out rate
was 2.5%. The decay-eleétron rate was 60/sec, with an asymmetry of 0.16 in |
‘water. The target-out asymmetry was 0.05. We measure, and correct for,
| the frequency of this signal. A large bendlng magnet with special pole tips and
shimming ccoils_9 gave a field with weighted average of 0.3 ppm above the value
at the center _Of the éap, and rms deviation of 2 ppm. The field was 11 kG, cor-
‘responding to about 149 MHz for muens and 46.8 MHz for protoris. |

Two seﬁarate proton magnetic resor1ance systems. Were'used; one was part
of the magnetic -field regulatiqrr and the other served to monitor the field during
running (as shown in Fig. 1) arid to map the field (four field mape were made).
Proton resonanee was observed in a small cylindrical sample of HZO + 0.005 M
Fe(NO3)3. _-.Frequency at the monitor position was continuously recorded by
a crystal-centrolled counter. The field at the center of the gap (target out)

was measured every few hours. A small bulk-susceptibility correction was
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'Vbecause the NMR sample and the stoppmg volume do not have the same shape.

The correct average over ‘the magnetm -field map 1nvolved an aux111ary
experiment The stoppmg dlstrlbutlon and decay asymmetry" were measured
as functio‘ns of pos1t10n in the st0pp1ng volume and the f1nal we1ght at each
point was the product of asymmetry and counting rate

"We ha.ve made measurements in NaOH solutlon dlstllled water, and
; ', methylene cyam_d_e, CHZ(CN)Z' A max1mum-l1ke11hoo_d f1_t was made to the
data from each of the t.wo timing systems‘ leaving f‘r'equency, phase asym-
metry, and (un1form) background as free parameters 10 The -.freq'uency was
idetermlned 1n each case, to about 2 ppm statlstmal accuracy The overall
agreement betwe_en results from the two 1ndependentb systems was 0.5 ppm. '.
" Starting or :ending the analysis interval at different t'imes_had no significant :
effect. The:co'rrections and systematic errors are summarized in Table L -

Results ‘a're in Table II. We see no significant_ d_ifference be_tween NaQH
 solution and distilled water. Theveffect suggested by Ruderman6 requires
‘the presence ’of the muon asb a p051t1ve ion. However, OH" is known to
recombine _w1th H' in water at an extremely rap1d rate, and it can be shown11
N _that the p,+.ions would become neutralized, in 0.1 N NaOH solution, in < 10 -10
- sec. The frequency in NaOH solution, expected according to Ruderman to be -

~ 415 ppm lower than in HZO' is in fact 1.6 ppm higher.
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Sevei-a.l 'linéé of evidence leéd to the conclusion"_thé,t |..|.+, H+, énd T+ (-tvritons)
when slowing ‘déwn in matter do nbt reach thermal energy as”ions. 12 Below a
few hundred éV a poéitiv'evmuon has Vﬁth high érébabilify permanently captured
an electron, : Losing energy by molecul‘arvcoll‘ié,ion, 1t be_corhes a "hot atom, "
which, at a'f'e};(' eV, may becérhe paft of a molecule, th#s retaining its polari-
za.'tionv,' or may 1’:1:1erma1iz.e, probably depolarizing.

A >profo>1j1 in (liqﬁid) 4H20 experiences a maghetic 'f.iéld weakened, due to
atomic electbror_‘ls, by 25.6 i)pm. When a muon replaCe‘s a proton, it should |
generally experience épproximately the same shielding. Fortunatel'y‘ most
neutral hydrogen-confaining molecules have nearly the same shielding effect
as water. W_e. list in Table III the species expectéd on the basis of hot-atom
work with tritilim', also the shift (with respect tOuperOflS‘ in water at room
temperaturé) "_a protoﬁ experiences ih each. There is a m\ion—proton difference
because 1;he muori, with zero-point energy three tim‘es' as ‘la'rge, sits higher‘
in its anharmonic potential wéll, and moves away from its ﬁeighbor. We esti-
mate the effect to be a;bout 0.2 ppm in ordinary moleculevs'.»14 However, the
muon in a wyHO ‘;.'nolecule takes part in hydrogen bonciing to neighboring molecules,
: and the higher zero -Iﬁoint enérgy should lead to a larger hydrogen-bond effect.
An estimated ;pper limit to the additional shielding dec rease caused by the
hydrogen-‘bonding effect‘ in water is 4 pi)m. 15 We assign 2 ppm for this shift,
and an error of + 2 ppm in the net H,0 shift, CHZ(CN)2 does not have a com-
parable hydrogen-bond problem, but it has a large number of possible species;
- we éssign’ﬂ: 1.5 ppm error, |

The results in Table II for water (combined NaOH and H,O data) and for

2
CHZ(CN)Z are in gratifying agreement: 1.9 ppm difference, compared with

individual errors of 2.8 ppm and 3.4 ppm. We take the average, and, since
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| syst’efnatic 'ur‘lc‘ertainties cont'r.ibute over haif the errb_r, ';ave leave the error -
of the average‘ _a;'s.'2>.'.8_ppm. 'i‘he final rgsﬁlt is thus pp/pp = 3.183347(9) (2.8 : ‘
ppm). The»p»z".ev'iously reﬁorted results were: Colul."m;b'i_:«.v»b,f1 3.183380(40); |
Berke‘lley,,2 '5.’:1'8_.3-369("70); Pi'inceton-Pénn, 3 3.183330(44). R

We now "put our résults and the iecentié va.lué Qf o into tiqé evaluation,
by Tayvlor,r ?arkér, and Langenberg, 17 of tﬁe muon‘iumvhyperf.ine splitting, Vi
The predicted value proves to be 4463;2.89( 19) MHz. ;-this'.is very close to the
weighted avéﬁr’a‘é-ev of the two 'most. recent results: Ehrliéh et arl.'v,4 Vi -
= 4463.317(?;1')"‘MH2; Crane et al., > v = 4463.249(31). MHz. The old discrep-
"ancy between .li'xydro"g'en hfs aﬁd muonium hfs.; dis’cu:'s sed by Rude rma'n6 and |
othérs, was 40 ppm;-it Was based on the Columbiabmuon moment'1 ah& the 1964 _ g

18. : I : '
Our result brings the muon moment down 10 ppm; the

high-field muonium.
new muoniﬁ_?n're_sults account for the .remaining 30 ﬁpﬁl;-and the‘muonium his
is now in sa.ti-'sfa_ctory agreement with theory, uéing the__:JosephSon-efféct a.. -
It is intere's't.i"ng that a more precise value for muoniuﬁi hfs would lead to a |
value.of av of accuracy cbmparable to that of th_e Josephson effec-t.
| Finallvy," one obtains the muc.)n-e.lectr.on mass ratio from guge/gepp. The
‘result (we féllow Taylor et al. 17) is mu/me’ = 206.7683(6).

| We tha.hk‘..Profes'so_r L. Slutsky for much helpful‘ advice 6n chemical
problems, a.ﬁd M. 'Delay and J. Justice for important confri_butions. We

- acknowledge the excellent cooperation of Jimmy Vale and the cyclotron crew,

and the valuable contributions of many members of the LRL staff.

. : _ .
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This system was used by K. M. Crowe and G. _MCD. Bingham, Ref. 2.

See G. McD. Bingham (Ph. D. Thesis), La.wrer_lcve Radiation Laboratory
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Back"ground was 1 to 1.5%of initial couriting rate. Leavikng the lifetime as

an additional free parameter does not change other results, and gbives a -
lifetime within = 1 standard deviation of thé world average. Our value .

will be discussed in a future publication.

We are grateful to Pfof. L. Slutsky for elucidating the éxpe rimental evi-
dence for this statefnent; the argument will be included in our detailed |
publication.

Muonium - is .known to be formed in Ar and Kr.‘ Observation on proton beams
shows that as the beam slows down to a few keV it is increasingly neutralized;

in various substances the fraction is up to 0.85-0.90 at the lowest energies



13.

14,

-8- " UCRL-19864

observable, .and still rislng. See S. K.’ Allison and M. Garcia-Munoz in

Atomic and Moleculaf' Procevsses 'D R. Bates Ed (Academlc Press,

New York '1962) Ch. 19. The evidence from hot atom chem1stry is sum-

marized by R Wolfgang, Prog. React1on Kmet 3 99 (1965)

See, e. g ,,_ R Wolfgang, op. c1t , and F. S. Rowland J. Am Chem Soc;
90, 476’(. [\ 19_68) We are indebted to Professor Rowland for helpful adv1ce

o‘n"hotv-"atom chemist.ry. | |

'l‘he firs‘t_‘vi.‘b‘ratiOnal' State o_f an OH system. will have the same stretching.'

as Op. :‘Fi'om stndies of H, O spectra this is fou'nd'to be‘ = 1%. Rudermanv.'

(Ref. 6) flnds a rate of change of sh1eld1ng w1th covalent bond d1stance

* which g1ves 0 2 ppm for 0 01 A, He also po1nts out the 1mportance of

hydrogen bond1ng; our argument follows his, but w1t_h‘ reference to neutral ‘

- molecules rather than ions,

15,
- 16.

We a'r.'e ‘indebted to Prof. J. A. Pople for advice onth1s q'ue.stion.

T. F. F1nnegan A. Denenstein, and D. N Langenberg, Phys Rev,

: Letters 24 738 ('1970)

7.

48,

. Fig.

Fig.

B. N. T,aylor, w. H. Parker, andD N. Langenberg, Rev Mod Phys o
41, 375 (1969). | | .

W. E. Cleland, J. M. Bailey, M. Eckhause, V. W. Hughes, R. M.

Mobley, R. Prepost, and’J. E.' Rothherg, Phys. Rev. Letters 13, 202 (1964)."

| Figure Captions - B

1. Plan view (a) and elevation (b) of the apparatus, The 24-in, ‘cif_'cle'._'
ils a spe.eial pole-tip assembly fitting inside the 29X 36-inch main gap of. -
the magnet Collimators, etc., have been omitted, o

2. Two ‘short sections of the data for one target material (0.5 N NaOH), for

‘which there were 3.4 million analyzed events. The smoothcurve is the

maximum -likelihood fit,
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Table I. Corrections to wﬁ/wp" and systematic -error a‘-sSignerfxents.

Effect o . B -Cofr-ectiop (ppm) - Error (ppm)

- Proton resonance frequency

at magnet center S | o | 0.9 (HZO> :
o | 1.3 (CH,(CN),)
" Weighted average over field 4 _ A _
map L . L | | 10
Bulk susceptibility correction - H1.5 - 0.3
| Target-out eqnt;‘ibution : -0.4 | 0.4
Container-wall contribution | _ o 0" 1
Ffequency c'o‘m.pari'éons SR . ©0.02
Root-sum—_“squa_fre of systematic .effects' . o R 1.4 (HZO)

vIJ(CHéCNE)
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“Table II, Re"»s_xilfs for wp/wp, including corrections from.Table"I. . The final

ratios incltidé'thé chemical corrections, and their érrdrs, from IvTable\ III.

. H,O ‘ . 3.183350(8) (2.5 ppm)
Water comparison: ‘ : - o _ o
IR NaOH solution - . . 3.183355(8) (2.5 ppm)

- H,O and-NaOH. solution combined  3.183350(9) (2.8 ppm)
Final ratios: L ' v s
CH,(CN), | " 3.183344(10)(3.1ppm)

Final result: = b/ b - - 3.483347(9) (2.8 ppm)
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Table III. Muons in water and CHZ(CN)Z. C-dmpositioh estimated from tritium
hot-atom chemistry. 6 is the increase in shielding, in ppm, relative to
protons in water, ' : ’

Species ~Fraction : 3 (proton) - 6 (muon)

Wat:'_é:r_ and NaOH solution -

wHO . 0.9 0 =200
WH 04 0.4 0.2
pHé-O+ ~0 14 o -15

Methylene cyanide

wH o 0.7 0.4 0.2

p.HC(CN)Z 0.3 - 1.3
WH,C(CN)  <0.1 3.0 . 2.8

Average shifts: Water, -1.84 2.0 ppm; CHZ(CN)Z, +0.5+ 1.5 ppm..
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