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- THE HYPERFINE STRUCTURE AND NUCLEAR MOMENTS
OF 17-HR BROMINE-76

; Edgar Lipworth, Thomas' M. Green,
Hugh L. Garvin, and William A. Nierenberg

Lawrence Radiation Laboratory
University of California

‘Berkeley, California

-December 17, 1959

ABSTRACT
The nuclear spin, the nuclear maghetic—dipol_e interaction
constant a, and the nuclear electric-quadrupole interaction constant b, have

been determined for 17-hr bromine-76 by an atomic-beam experiment. The

results are:

I =1

"

|a| = 345.422+.014 Mc/sec
Bl

| b/a

The nuclear magnetic-dipole and electric-quadrupole moments are calculated

It

314.329+.022 Mc/sec

©.9100 % 000L."

to be, respectively,

p=£0.5479+.0001 nuclear magnetic
and _ : :
Q=+0.27£.01 barns.
The sign of p, though not determined, is probably negative.

" The hyperfine structure separations are
Av (5/2,3/2)
v (1/2,3/2)

The hyperfine structure is of particular interest because the F=1/2 and

1256.47+.05 Mc/sec
and

189. 11+.05 Mc/sec.

3/2 levels are inverted and not in normal order. This inversion is the first

case of its kind established in an atomic-beam experiment.
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THE HYPERFINE STRUCTURE AND NUCI#EAR MOMENTS
' 'OF 17-HR BROMINE-76

Edgar Lipworth, " Thomas M. Green, _
Hugh L. Garvm, and William A. NlerenbergT
Lawrence Radiation Laboratory
University of California

. Berkeley, California

- December 17, 1959

INTRODUCTION
The nuclear spin'and hyperfine energy-level separations in
17-hr B_r76 have been measured by the atomic-beam method. From these
measurements’ the nuclear magneti‘c—dipolevand electric—quadrupole moments

of Br7 have been calculated. The results are of interest for two reasons:

v(a.) The ratio b/a of the electric-quadrupole ft’.d_._ntd.._,mga'gnetic—dipole interaction

constants is of such a magnitude and sign as to produce an inversion of two

hyperfine levels. This inversion, which perr.nits observation of an additional

transition not normally visible in an atomlc beam flop- 1n experlment, is the

first of its type explicitly recognlzed (b) The nucleus of Br76 contains the
same number of neutrons as Se75, which is known to possess an anomalously‘
large nuclear electric—quadrupoie moment. The measurement of sivmilar
large quadrupole moments in this rﬂegrOn of the periodic table might perhaps

confirm the existence here of collective effects of nuclear motion.

"This work was done under the auspices of the U. S. Atomic Energy Commission.

TAt present in the Miller Institute for Basm Research in Science, Un1ver51ty
of California, Berkeley, Cahfornla
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THEORY -
. : . 76 . e
The nuclear spin of «Br is one.: There is, therefore, no
interaction between the nucleus and the fleld generated by the surrounding
electrons of order grea.ter than the electrlc quadrupole interaction. The
complete Hamiltonian of the 1nteract10n (neglectlng only small perturbations
from other con flguratlons) can therefore be written as

Jepe S

=
'“.i.lr

Here a and b are the nuclear magnetic—dipole and electric-quadrupole
1nteract1on constants, Iis the nuclear spin, J is the electron1c angular

momentum, and Q is glven by

. 3(;_3)2 + 3/2(1 J) - J(I+1) J(J+1) - o (25
op . 2I2I-1)J(23-1) - |

In the absence of an .applied magnetic field, F = I+J is a constant of the motion

where IFI = '\/f‘(FT K. The quantum numbers F, and M ,‘ the projection of
F in units of A along an axis of quantlzatlon,‘ are constants of the mot1on,’ and
in a repr.e’sentatlon in which (F)Z- and MF are taken dllagonal,. (I.J) and Qo
.are dlagonal matrices. In :this representation, the solution of Eq (1) can be
written o | | | | | | |

(W/a).. = C,(F) + C,(F) (b/a), (3)
F 1 2

where CI(F) and CZ(F) are constants ‘dep.ending only upon F for a given I and J.
The energy (in units of a) of a given h}rperfine Ievel characterized by total-
angular -momentum quantum number F is (W/_a)F. It is clear from the form

of Eq. (3) that a plot of (W'/a_)F versus E/a_ will be a straight line which will
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in general have a._.diff.erent slope for each value of F.. A plot of (W/E)F.‘is
shown in Fig. | for values of I and J ap‘pr“opriate‘ to:Br;76,.(i,_. e. 1and 3/2,
respectively).. For vanishing qua..drupole moment, we ha\‘/,e_ “b=.0, , and
the hyperfine level_sv_ are in normal order and the s'epa,ration between F levels
satisfies the well-known Landé interval rule. If l_)/i is less than -2 or greater
than 2/3, the. levels a‘re‘ nolon'ger in norrnal_ order and an inversion ,wi_.ll ‘be:
said to exist. It is necessary for, preeent.purposes to inves_tiga.te the
conéequence_s_pf ‘B/g{_lying betw:een 2/3 and 4. First we remark that if the
Hyperfine levels are in normal order there are only two transitions observable
in an atomic-beams .flop‘fin experiment on an/isctdpe with I=1and J= 3/2‘.
- These transitions are labeled a and B in Fig. 2a. If, however, the
"F:1/2andF = 3/2 levels are mverted the level dlagram rnust be drawn as
in Fig. 2b, and it will be seen that an add1t1onal tran51t10n labeled (y) ~is now
'observable Th1s is the case for 2/3 <b/a<4

o At low values of the applled magnetlc f1eld (1 e. in thellinear
Zeeman region) the frequency' of any of th'e'above three transifloné i‘s.givven l)y-

the expressmn v = gF (uOH)/h where H is the magnetic f1eld p.O is. the:

'Bohr magneton, h is Planck's constant ~and gF is defmed by

o T F(F+1)+J(J+1) -1(1+1) : ~
°F 8 ZFEF D) (. @

In this expression for g.F’._ a small term in gI', the nuclear g fa'ctor, has been
neglected.' "The electronic g .Fffa'cfor is 'g'J.

" In order to determine the nuclear sp‘in ‘of an isotope, resonances
are sought at two or three kinown magnetic fields in the linear Zeeman reglon
The resonance frequency and 'its slope against the magnetic f1eld urnquely

determine both F and I except for 1= o, In practice, one observes as many.
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flop-in resonances as are permitted by the level ordering and angular-
o . 4
momentum values of the system.

As the magnetic field is increased to a point where the inter-
action of the electronic magnetic moment with the field is no longer negligible
compared with the interaction between the nuclear and electronic magnetic

—_n —
moments (i.e. g1ko J.H ~al.J), the trans1t10n frequency v does not remain
‘a linear furiction of H and must be calculated by solving the complete
Hamiltonian of the system with the field applied. This Hamiltonian is
—
al

J+bQop—ngoJ.H—ng0 I.H . - - (5)

% =

An 1. B. M 650 computer has heen programmed to solve this Hamiltonian. ‘

Two prog.rams have :been develo‘ped, one which. calculates the energyllrevels

as avfunction of' H for given values of a and b the other whi‘chcalculates .
the best values of a and b from the exper1menta1 resonance data. The

second program calculates the best values of a and b for both signs of the
nuclear moment and tests the goodness of flt by the XZ test of significance.

These programs and the way they are used for the determination of hyperfine
interaction constants vhave been described in detail elsewh.ere. 5 'In the present
case, both a and  resonances were observed at increasing values of magnetic

. field under the _assumptron of normal ordering of the F levels. It soon became
apparent that a consis_tent fit to the data could not be obtained under the as- -
sumption of normal ordering, and a level inversion was suspected. It will be
noted from Fig. 2b that the Mp values that go with the levels of the B tran-
sition are different depending on whether or not there is.an inversion. Since
these M values are part of the input data to the programs, the results were

processed by using the MF values appropr1ate.to the inversion of Fig. 2b,



=7- 'UCRL-9013

and a consistent fit to the data was bbtain’ed_.' In addition, the field dependence
of the resonances was checked by perturbatiartheory calculations. - The pre-

dicted third resonance (y). was subsequently observed. - - .

EXPERIMENTAL .

Bromine-76 is pro’duéed from arsenic by the reaction .‘As75 "

" (a, 3n) Br7'6.’ " Asthere is'only o‘ne stable iséfope of ‘)"arsgriic, little undesired
activity is produced. The 77-hr Br'( produced by the (a, 2n) reaction has
been observed but has in no way interfered with the measurements 'Or-l“'B‘r76‘.
The a-particle beam of the Berkeley 60-in. c;ircl'otron:is“‘u‘s”e:d at full énérgy |
at a current of ‘abot‘lt 20 microamperes, and approximately 70 mi’c'roarﬁpere-
hours of irrédiaﬁdn yields sufficient activ’it;y for several hours of opération.
The tafg‘et' is prepared by placing about 2 grams of arsenic powder in a’
dépression st“a'.‘mi:ied"‘in a 0.010-in. aluminum plate; two 0.001-in. ‘aluminum
foils are placed oVef the powder, and the \i/h()l'é'ba.s‘s'embly is cialmpedin an
aluminum target block. During irradiation the plate containirig thé powder
is w.éter—co‘dlé'd, while the front foil is Ie”x’posé‘d" to a helium atmosphere both
féf"t:o:olivng and to préve'nt possible leakage of material into the cyclotron
.vacu'urr') cilambér.

'Th'e_'bro'mihé-.is separated c'h"efriically from the ar‘:sé'nic“ 'by means
of the apparatus shown in Fi_g: 3. ,'D_r.jr'hf.élium is passed continyously from
left to right and thé oven vial cooled with liquid nitrogen. The arsenic and
the requisite amount of carrier bromine (in the form of KBr powder) is
placed in the reaction vessel, and concentrated sulfuric acid and hydrogen
peroxide are ‘add‘ed. The bromine passes over the P,O, drying agent and

275

condenses in the oven vial. The vial is allowed to stand open for a few
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“minutes in ice water to'allow condensed reaction products other than brorhifle
to escape and is then c'oo‘led_"in':.liq-uid nitrogen again and transferred to the
atomic-beam apparatus. 'I‘he bromine is allowed:to effuse at room temperature
through a leak of the .type‘ described by Crordon6 into the discharge tube shown
in Fig. 4. This discharge tube is similar to one described previously but in
»the present design the tube is more ‘ea‘si.ly‘re_placeé_.?)»Electrical.l contact is
made by nicke;l spring ‘1eads_ which contact nickel foils wrapped and spot
welded around the tube. The quartz tube uﬁde:_‘ the foils is painted with
‘Aquadag.to increase capaci’ga_tive coupling to the discharge.

The beam is cyo‘ll'_,ected on buttons coated with evaporated silver
and Vdete_cted. by cou_n'ting _thé decay B-particles from Br76 in small-volume
continuous-flow methane beta counters. 'Observations were made by using a -
full-beam counting rate of about 75 counts per minute per minpte of exposure;
resonance buttons were usually exposed for 5 min. The liquid bromine con-
sumption was approximately 0.3 Cc/hl_' wh_e_n a le_algwith an "apéarent diameter
of 2,.3,microns was used. _

| The at_omip_-bea.m machine used in this expefi_ment h_as‘ béen
described elsewhere_:.?_ The horﬁogeneou_s transition field (C field) is calibrated
with an alkali reference beam and a surface-ionization detector.. Cesium and‘
' pﬂotvas'sigm ‘beams were us_‘_ed inte_r_'changeab_ly'foyr this purpose. At low magnetic
fields, Fhe potassium resonance »h‘alvf_width‘ at optimum rf powerAwa.s about

100 ke.

n(6)

v
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- - RESULTS .

“Init__ial exposures made a;t low magnetic fie:ld'_e_‘st_‘a,_f_t“)li‘s‘hg‘a_clfﬁt}rle; o
‘nuclear spin to be; br_xe, High‘_'-f_c.ountir;g buttions were obtained at frequencies
corresponding to the (a) _va;.nd (B) transit;;ons, and_twp.res‘onancgs were ébserved
in detail at a field of 2.86 gauss (1. Mc_/seq Cs) . Dgc‘.ay plots of both full-beam
and resonance bttons showed negli'g‘ib_lek_contamination by other activities, and
the observed half life ovf‘Br76 agréed within statistics with pre&iously published
values (‘17.2 hrs8 apdv_17.5' hrs)g. | |

Subsequently, the a and  transitions were_obfserve‘d at s.ever.al
valugsﬂq qf magnetic field ran.gving. as high as 265.7 gauss for the a resonance
and 27.6 gau;s_ for the B fesonance. Representative a and B resonanceszare
shown in Fig_s. 5 and 6 .observed at 111.0 and 17.1 gauss, réSpe'ct.ively. |

When a 1_veve1 inversion was suspec}:'te‘d, a search was rhade for
.the flop-in transition in the F = 1./2 state, aesigﬁated‘as gammé; vG_a‘.mlvrna
transitions were obgerved at ‘1.4, 6.9, 15'4", ar}d_ 2.8.4‘ gauss, exhibiting in
each case a broad line as éxpe_cted from the very high gp {rarlue of 2_.22. AE
representative gamma resonance _observved'at 6.9 ‘g;auss is shown in Fig. 7.
The least-squares' I. B. M. routine resulted in a consistent fit to the data with
a Q/_@ value of 0.9. By the use of frequency predictions based on this value of
E/E’ obsérvations of the P transition wer‘e‘ carried up to 64.6 gauss. At this
value the calculated uncertainties in the hype‘rfi’.ne splittings, Av, were small‘
enough so that a low;field séarch for the dire‘ct (AF = £ 1) transitions could
be made. This resulted in the .observat.i.on of Av(1/2,3/2) at 19.6 gauss and

Av(5/2,3/2) at 1.4 and 6.9 gauss.
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Table I contains all resonance data that contribute to a
knowledge of'the int‘ef'action co‘nsfa;nté a ar'Id'_'p_ 'fogefher vwi.th the experi-
mental uncerta'inties in the calibrating -=be:é.r'n. and bromineé -resonance
frequencies. Also included in the‘la:ét'c':plum'n of Table Iis A , the difference
between the observed resonance frequencie:sb and those calculated using the
best values bf_a ‘and b. . The uncertainties have been taken as 1/5 and 1/3
of the rés.bhancé half widths at half height for alkali and bromine resonvances'
respectivély. In Table II we have listed the I.B. M outputs for g1 assufned
}_:sésitvive and negative togethér with the values of XZ Sbtained in each case.
The values of XZ indicaté how closely -t‘he calculated’ a and b values fit
the observed data whilé tﬁé relative magnifude of XZ for the different
signs of gI is ‘e’xpected to determiné the‘ ac’:tﬁal sig'n'-'v'of gI .10 In the
present case, because of an excessive apparatus liﬁe width no conclusion caﬁ
be drawn as to the: ac.tv'ual sign of. gI 'We.advopt—.as the final values of a andb
the ‘averé.ge» of the results .in Table II, with an,assigned uncérté'inty' equal to

that comp.ut'ed for ea_ch.v" Thus we have

- 345.422 % .014 Mc,

|®
"

314.329+ .022 Mc,

o
‘ 1

-and : b/a .9100°x Q004. .
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TABLE 1

. Compilation of exper_irhental resonance. data bb.s.er:_ved 1n Br 76 ;
‘Resonance Resonant Cahbrauon - &v EERIEEY Y R Ab‘

type - frequency frequency Alkah (Mc/sec) (Mc/sec) (Mc/sec)
(Mc/sec) (Mc/sec) '

8 1695 4 Gs  0.02° 0.106°  -0.04

| 26.3 6 ~Cs 0.04  0.103 = -0.1
o 6425 . 20  Cs 004 ~ 0083  -0.07
a 128.6 40 GCs 0.04  0.086 = +0.08
a 325.7 - 100 Cs - 0.02 0.113° ~ +0.02
B 449 ' 22 K 0.04 0.150 0.10
y 41,6 10 K 0.03  0.150 °  0.05
Y 86.5 - , 10 . Cs 003 ~ 0.166. . -0.14
v 865 . 10 . Cs 0.04  0.233 -0.14
B 78.6 16 Cs 004  0.466  -0.05
B 78.7. . 16.. .Cs 0.04 0.200 . =0.15
B 118.8 23 Cs 0.05 0.166 -0.04
Av(1/2,3/2) 213.6 15 K 0.02. 0.076  -0.002
Av(5/2,3/2) 1254.75 | 1 K 0.03 0.015 -0.03
Av(5/2,3/2) 1248.36 . 5 K 0.04 0.06  -0.06

%Here v and-8f are 1/5 and 1/3 of the resonance widths at half height for
the calibrating beam and bromine resonances, respectively, and

. .
A is the deviation in megacycles per second of the observed resonance
frequency from that calculated using the best values of a and . b.
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"TAB‘L’E II

Values of a and b computed by 1. B. M. ‘routine described in reference
5 and using-the resonances of Table I'as input data. e

a o 2b

fi' (Me/sec.) ' b (M.c"/éec): B 8r e X
345.423£.014 © 314.326£.022 + 2.7
345.421£.014 3143312022 - 2.8

2 The calculations have been made for g1 ‘assumed positive'and negative.

b The difference between the twb values of xz listed is n}ot'bs‘uff'icient to

determine the sign of the nuclear moment.
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~Corrections due to the finate size of the nucleus and nuclear

pacs magnetic-moment, distribution are negligible for atoms of 'moderate Z
in pure 2'P3-'/z ground statves' ‘;.nd can be neglected. C-orreét’ions due to the
mixing in of the PI/Z gtéte’ by the ‘appl‘ied,ma»gnetic field are small and can
be ignored. o A
T‘heA z_ero‘—‘field'hyperfi_n_é étruc_:'tur‘e can be .vatained besvt‘ by
solving the Hamiltonian of Eq. (2) with 1= 1and J = 3/2. The result is
v (5/2,3/2) = 2.5a-+ 1.25b_ | |

and ’ - ' '(6)
Av (1/2,3/2) = 1.52 - 2.25b. '

Substituting in the experimentally determined values of a and 13, we,,find
Av (5/2,3/2) = 1256.47 £ .05 Mc

and . - - ‘ ()
Av (1/2,3/2) = 189.11 £ .05 Mc.

The complete_hype-r_fine—stru'cturé' diagram of Br76. is shown in Fig. 8.
' NUCLEAR MOMENTS OF Br 0 -

A. Magnetic Moment

; . . . 5
The valence-electron configuration for bromine is 4p~. For
this case where one electron is missing from a closed shell, a and b are

related to gp thé nuclear. g factor, and Q, the nuclear electric-quadrupole

moment, by the expressions 11,12
p' 2 ',
) 2L(L+1) ,
a= g — - & (I+D) < > (8a),
and '
—e » .
b= — 2L+3 <T> - - (8b)
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, For bromine the relativistic correction factors } an,d- @ :
are o = 1.0261 and R = 1.0535. The n‘uél’ear gyfomagnetic-_ratfo - g1 is
related to the ‘mag-netic mc-)ment' Nty byf.gI = %)(%) , where p is expressed
in nuclear magnetons, and m and M are the electron and proton mass,

respectively. Other symbols have their usual meanings.

From Eq. (8a) and the definition of g; we have

| 76 76 | sl
a(Br ) _ p o1 | o - (9)
aBr®) WS T o

where ps’ is the nuclear magnetic mornent and 1° the nuclear spin of the
stable brom ine isotope Br°. Using the results of King and Jaccarino ¥ for

79

the a values of Br'’ and Br8l together with the nuclear moments of the

same isotopes measured by WalchlilS, we find

76
™y

0.5479+.0001 (Br ') ' | - (10)
and

0.5479+.00003 (Br81) )

e
- These values of the moment include the diamagnetic correction. The sign

of the moment is not determined in this experiment, but because.a ‘and b

both have the same sign, p and Q must be opposite in sign.
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" B. - Electric-Quadr@pole Moment

From Eq. (8), we find

0" m -
= 8/3-— T“& F/R)pfa) . - ~an
" Introducing the measured val'ues of a for the stable isotopes

79

Br 7 and Brt'81 and the values of p listed by Walch'lli15 we find in both

.

cases

Q = 0.26 barns.

In order to obtain the true nuclear quadrupole moment, Qt, a correction

factor, C, such that Qt = CQ is in&oduced. . This factof, first calculated '
by Sternheimer, allows for the changéd inte:action of the valence electron
With the inner core of electrons in the br_esenc’e of the pbiarizing field due
to-the nuclear-quadrupole moriqent. | 'fhis constant C has been calculated for”
bromine by Sternheimer but ‘;;vith the neglect of certain antishieldiﬁg
corrections. 16, 17 The value of C is 1.040, but in view of thé imceffainty

in the exact value, we have chosen to assign an uncertainty to Qt equal to

the value of the correction itself.  Thus we have
. <

o Qt = 0.27+.01 barns.

. The value of Q can be calculated by an 'alterhative. procedure which uses the

fine-structure separation, &, to obtaln a value of< > - Here & is related

Y
~to <——> by the express1on 18
Y :

2
8 = 3— z el (z) <v_3> | (12)
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where we have § = 3685 qr_qs—i,“_zi: .is the ,ef_fet_tiye value of the nuclear
clharge, and JC(Zi) iska relativistic correction factor t_a.kbula.ted‘bvaopfermem.n.13
Barnes ;mdﬂ S;nbith have shown Zi = Z-n approximatgly, .where n is the
principle quantum number of thé valence electron, 19 For bromine, we have
n = 4and Zi = 31. The value of Qe obtain(ed.b'y using <1—3> from Eq. (12)
is 0.25 barns, and the corrected quadrupole moment QtYis 0.26 barns. The
uncért‘aintyl in the'valzue of Q'; arises both}b from the uncertainty i‘n Zi and
the uncerta.tin'ty ip the Sternheime_r correction; _Zi_i,s known to perhaps 5%.
Thus we have fiﬁally Q, = 0.26%.02 barns.

The agreeﬁent between the two methods of calculation is

satisfactory.

DISCUSSION

‘We shall first éxamine the results for ‘Br.76 from the point of
view of the.’ single-pérticle model of the nucleus. 20..__ Th_e:._o‘dd.-even isotopes
of brominel——Br77, Br_79A, and _Brsl——_arg all knqwn to have spin 3/2 21,- We
will assume ’thatv the proton.contribution to the spin of _Br76' is also 3/2 aﬁd
that _i‘t arises from the,l’od:d pro_toh in the;p3,,/2 le‘\}el. ~The expected -contributioﬁ
from the forty-first neutron is less obviousv. It might lie in either of the two
clogely spaced levels gg/‘2 orvpl/z, depending upén\ wlvletherroyr not pairing
takes place. If the odd neutron is supposed to enter the g9/2 level, a spin of
1 cannot result, but if pairing is assumed to take i)lace-‘, the neutron configuration .
| wovulﬁd ‘pe (gg/z)g (pl/Z)I}Z’ ~and on thqbasis of No.rdh.eimv" s strong rule a spin
- of 1 would be obtained. The spin of Sezg is known to be 1/2,. ~which'1¢nds -

support to the pairing hypothesis, though Ge;ﬁ exhibits a spin of 9/2.
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Aamodt and Fletcher have measured the spin of Selﬁ

isotope with the sameé number of neutrons as Br76, to be 5/2. 22 This rather

, an

sufprising result‘has no.very obviovusv expla.nation in terms of thg single- .
pafticle' shell model. In addition, the quadfupole mor-nent‘is e‘xcei)tionally
large (1.1 barﬁs). Aamodt and Fletcher suggest three po's‘sible-e conﬁgurations,'
. all with a positive quadrupole moment, thé,t would give rise to the observed
spin. Thésé are listed in Table III togefher with their magnetic moments
calculétéd by using the free-neutron g valﬁe. As fhe nuclear momént of Se75
is not known, it is i’mpdssible to decide between the vatious possibilit‘ies. In
column 3 of Table III we have listed the magnetic moments of B_r'76 calculated
on the assumption that thé neutron part of AABr76 is similar to that of S¢75 and
that the proton part is similar to that of the stable bromine isotopes whose
momenté are known. The calculation has Been made on the és’sumption that
the neutron and proton parts couple together in (JJ) coupling, i.e. that the
momené of_'Br76‘ is 'gi‘ven b& :

_ | | .Ip(Jp+1) - J_(J_+1) .
w=1/2 (gpte,) 1+ (g, -8,) =177 ; (13)

where (gp', g and Jp’ Jn) are the neutron-and proton-part g values and

angular momenta respectively and I is the nuclear spin. In the last line of

Tabl_e. III we have listed the moment of B]_:76: calculated in the same way using
: . . 2 '

the neutron conflgurathn |i(g9 /2)0 pl/2 J .

It is obvious that no very satisfactory agreement exists between
the calculated and experimeﬁtal values of the moment of Br76, and it is unlikely
therefore that the configurations 'suggeste'd for Se.75 have much validity. The
conflbguratmn [(gg/z)o vp.l/Z is rendered additionally un1.1kely_by the fact

that in this case p and Q both have the same sign.



-18- | UCRL-9013

TABLE 111 . \ ;

Calculated values of the magnetic moment of Br76 using the neutrox,
configuration suggested by the sign of the quadrupole moment of Se " ".
The last configuration is suggested by an application of Nordheim's
rule, but is rendered unlikely by the relative signs of the magnetic
and quadrupole moments. The calculations have been performed
~using the fr-ee—neutron,icg value gi’ld_a_value of gp obtained.from the

known moments of Br ~ and Br®",
Neutron Se75 M Br76 _ » p.(Br76)
- s : exp
configuration (nm) " (nm) Q {nm)
: : abs. value
[pl/z_(gg/zl) ]5/2 o <021 -1z >0 10.55
3 ‘
[_(gg,/z) »].5/2 o1l =18 30
[(fS/Z)S ] 5 /2 1.4 -2.0 0

| . . _
[(g9/2) P/ J1/2 - biso 0
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In the nuclear ground state, the quadrupole moment Q is

related to the i-ntrih.sic'quadrupl‘e":moment' QO by the expression2

o _L2I-1) -
(I+1)(21+3)

Q on > . ‘ (14)

and we find ‘
"QO (Br76) =2.7 barﬁs.

This large_jva'lﬁe of- QO sug‘ges.ts strongly the possibility of a -
coilgctive deformation of the nuclear core, and it is of interest to investigate
if the Nilsson modgl is capable of giving a satisfactory explanation of the
observed spin and moments. 24 Nilsson has calculated the energies of bound
states of individual nucleons in the fi‘eld of a deformed core énd has expféssed
the reSult;s in terms of :;1 deformation para-rﬁeter, 8. This_ parameter 0 is

related to QO by the expression.
Qp =038 z(1.2x10" A2 )2 5 +2/30). - (15)

: For Br'® we find 6 = 0.31. The nuclear energy levels are

shown plotted against the deformation ‘pérameter -0 in Fig. 5 of Nilsson. 24
At a 0 value of 0.31 there is crowding of the available neutron and proton
levels, and it is not possible to state 'unequivocally which levels are occupied
by the thirty-fifth proton and fbrty=firs,t neutron. In columns 1 and 2 of
Table IV we have listed the po'ssiiole neutron and proton configurations taken
in pairs in such a way as to permit a'v resultént' gpin of 1 for the ground state
of the odd --— o'dd,.Br76. 'In columns 3 and 4 are listed the numbers that

. identify the appropriate Nilsson states, and in column 5 is listed the magnetic

moment calculated by the use of the Nilsson wavefunctions. . The calculations
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TABLE IV

UCRL-9013

¢
L

Magnet1c moment of Br76
with deformation & = 0. 3 e

i

calculated using Nilsson, wavefunct ions

Proton

N eutron

Nilsson state

V)

v

calc exp
numbers (nm) (nm)
Proton Neutron Abs. values
P3/; £5 /2 16 15 0.29 0
. -~0.2 .548
7/2 £5/2 10 22 . 234,
202 f5/2 100 715 3,99
g1/ dl/Z ‘ 24, 30 1.28 |
S at, 16 30 0.40 -
P3/2 1/2 :
. = + 16 22 R "-2 11;5. .
P32 85/2 mle
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have been performed by evaluating the expression

1 - ‘ |
L (Fop L) | - 16

in the strong-coupling limit.

_ n.; s

™ p—= n —~ P - _ A .
‘ Hop = g!_s Sp. + g Sn- + g} Lp + g Ln + gR R.
 The quantities gIs) =5.585 and glg = - 3.826 are the proton and neutron

spin g factors, and gE =1, g? =0 afe the orbital g factors. The

quantities ‘S ,- Sn ) Lp ) Ln , and R are respectively the proton and.

neutron spin and orbital angular tri)omental,. R is the rotational angular“‘
momentum of,the core,_i and gR =—2—{:—- = 0.46 is the c.ore' fotational g
factor. . Equation (16) 1s 'easily evaluated Aby using the matrix elements
given by VNilsson. .. |

It is now known that for large deformatibns, po_siti-ve quadrupole
moments fend to preiéém\inate. 25 It ié likely, therefore, thaf the sign of
|~.L(Br76 ) is negative. Of.fhe two configurations exhibiting a negati{/e moment
in Table_, Iv, th.e configura;trion (pn) = (p“3~/2 - f—5/2‘ ) séems-'most likely.

A méasurement of the magnetic moment of Se75 would shed 1ight on this

matter.
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' FIGURE LEGENDS

Plot of hyperfine-ievel énergy, W, -(in units of i’ v_s_l_o/g._ for I=1

and J=3/2. - | |
Schematic représéntation_.of energy'levels of Br76 as a- fuﬁcti'on of .
magnetic field. (a) without 1e§él_ inversion and (b) with an inversion
of F=3/2 and F=1/2 levels. | |

Allowed "flop-in" transitions are (afy).

Apparatus used to séparate Br76 from arsenic metal.

DemOuntable discharge tube used to dis‘sociate bromine molecules.
Observed 1 (a) resonance at a field of 110.95 gauss.

Observed 1 (B) resonénce at a fiéld 0f:17.07 gauss.

Observed 1 (y) resonance at a field of 6.9 gauss.

Plot of energy llevels of B-r76_ versus ‘magr'letic field. The energies
were obtained by solving the Hamiltonian with an 1. B. M. 650 computer

using a and b values close to the final results.
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