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ABSTRACT

The nuclear spin, the magnetic dipole, and the electric quadrupole
interaction constants have been measured for 35-hr bromine-82 by the
method of atomic beams. The results are I =5, Ja|= 205.04 = 0.05 Mc,
Ibl=870.7 £ 0.9 Mc, and b/a = -4.246 + .001,

The nuclear magnetic and electric quadrupole moments obtained from
these values of a and b are‘p, = 1.6264 x 0.0005 nm, and
IQ‘ = 0.76 + 0.03 barn. While only the relative sign of u and Q is determined,
both p and Q are almost certainly positive. A new method for solving the
interaction Hamiltonian with magnetic field, for arbitrary I and J, by using

an IBM 650 computer, is described.
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INTRODUCTION

This paper reports the results of a meaaﬁrement by the method of atomic
beams of the spin and hyperfine-interaction constants of bromine-82. The
measured hyperfine constants have‘l;éen usea-to calcu‘late the nuclear mag-
netic dipole and électric quadrupole mbménta of bromine-82. The work
repce)rted here is part of a continuing program whose aim is the determination
of the nuclear spins and moménts of those radioactive halogens amenable to
study by the inethod_ of atomic beams.

The measurement of the nuclear spins of odd-odd isotopes is of interest,
for such spins are not, in general, predictable with certainty by anynuclear
médel. In addition a direct determination of the ground-state spin of a
radioactive nucleus is useful in checking the spin assignments to ground and -
intermediate states made by the methods of nuclear spectroscopy. A determina-
~tion of the moments of a series of isotopes where one of the nuclear-
parameters (in this case the charge) is held constant should aid understanding

of the reasons for the deviations of these quantities from the values predicted

by different nuclear models.

14 . ) .
This work was done under the auspices of the U. S. Atomic Energy
Commission and the Air Force Office of Scientific Research.

¥ At present in the Miller Inctitute for Basic Research in Science, University

of California, Berkeley, California.



-4- ' UCRL-8680
1. METHOD

The method employed in this experiment is the atomic-beams ''flop-in"
technique due to Zacharias,. ! This method has been extensively uaed in
recent ye;rs for the study of radioactive species and has been adequately
described in recent review articles. 2,3 The electronic ground state of
bromine atoms is 2P3/2' and with this configufation fhere are tw‘o ""flop~in"
transitions observable at low field, with no_rinal orde;ing of the hyperfine
levels. These transitions ar'g;;* labeled a :_ihdﬂ in the energy-level E
dxagram of Fig. 1, and observ-at.i—on of cne or both 'of'thesé tran‘sitioﬁs at two
or three known low magnetxc fields is usually ﬂufﬁcient to establlsh the spin.
A detailed descrtptxon of the method used to determine the spms of P3/2
.ground-state atoms has been gzven ele&ewhere4 and need not be reproduced
here. | |

In order to appreciate the method u#ed'to de;e;rminé the };).rpex;fi;ue-
interaction conétants it ig necessary to examine the Hamiltonian ,-,Of the

interaction between thc 2lectrens and nuclieus in the presence of an external

' ' ‘ ' 5
magnetic field 1. This Hamiltonian can be written as

- - —_ S

< . .
| I—l=aI'J+bQop-ng J- H"'gI'—"o'I‘ H, - (1)

also

B ‘ X

(I NN =1/2 [F(F+1)-J(J4%1)-KI+1)]
and .o . ‘

=32 el 1
Qop = (I N +3/2(0° J)-K1+1)J3J +1)
2 {21 - 1) J(2J - 1)

where F =1+ J.

The above Hamiltonian does not include octupole and higher-order inter-

actions or any terms due to .nuclear structure effects, and it also presuppes
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negligible perturbation by the upper state of the fine st.ructure ( ZPI/Z) and
» negligible co:nﬁgurét'mn interaction. Here a and b are respectively the
nuclear-magnetic-dipole and electrié-quadrupole interaction constants.
The.effective eclectronic and nuclear magnetic moments have been defined
as + ng,o.—If> and + g; p,of respecti.vely. With this notation, and with the
fact taken into account that the valence-electronic configuration is.4p5
(i.e., closed shell minus one), the constants a and b are related to

the nuclear gyromagnetic ratio g; and nuclear quadrupole moment Q

by the expressions

) .
® ,

a = .._..9._.. gI\’g M ’ <l/r3> . (Za)
h J{J+1)

2

-e. . . .

bz Qa 2L (1/3). (2b)
“h 2L +3 ' .

THere t% and & are relativistic correction factors; for bromine:;z = (1.0261)
and & = (1.0535). 8 The nuclear gyromagnetic ratio g1 is related to the nuclear
moment p by B = -rﬁ' Ji‘- T beingv expressed in nuclear mégnetogs; m and
M are the electron and proton mass respectively; other symbols have their
common meanings. )

In order to determine p and Q it is necessary to determine a, b, and
<l/r3> i a2 and b can be expressed in terms of the zero-field hfs separations
by solving the *{amiltonian (1) with H set equal to zero.

For bromine-82, 1 = 5, 9 and we have

Av (13/2, 11/2) = (13/2)a + %?IIG b,

(3)

Av(11/2, 9/2) = (11/2)a - _5‘%?0. ;

3 : '
<1,/r > can be obtained from the known moments of the stable isotopes.
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When one is dealing with a stable isotopic s.pecvies it may well be that
some information is available from optical spectroscopy on the magnitudes
of the zero-field hfs splittings, and it may be feasible to make an immediate
search for tﬁe AF = % 1 transitions. Unfortunately, this is rarely possible
for short-lived r‘adioactivé isotopes, where the paucity of material is an
additional complication. The procedure adopted here tb determine a and b
is as follows: -

A search is made for the two flop-in transitions a and B at a field
high enough so that an appreciable shift of the resonance centers from the
linear prediction is induced, but low enough that the search problem is
manageable. A perturbation solution of the Hamiltonian (1) is made to
second or thira order aﬁd approximate values of the constants a and b
are calculatea. These vélues of a and b arec used to predict the positions
of the two resonances at a higher field, where the deviations of the levels
from linearity are larger still. Once the resonances have been observed at
the new field more precise values of a and b can 5e -stimated and the
procedure continued. Obviously some judgmeht must be e>xerciaed in the
choice of the field increment. One would like to make as large a step as
possible, but the size of the step must depend on the precision with whicﬁ
the new resonance positions can be calculated. Thus 'thé_ uncertainﬁes in a
and b at any point in the series, together with the resulting search problem,
determine the size of the step thaf can be made. After a certain point the
peftﬁrbation solution becomes inadequate and an exact solution of the Hamiltonia
becomes necessary. An IBM-650 digital computer has been programmed in-
two ways to facilitate the calculation of av and b. (The programs are des-
cribed in some detail in the Appendix.) The first program calculates the
transition frequency between an arbitrary pair of levels as a function of the

magnetic field H, given the values of a and b, The second program calculates
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best value of a and b from any given set of rescnance data. These
programe have enormously reduced the amount of labor involved in obtain- ‘
ing more and more precise values of 2 and b. It ehould be emphasized at
this point that the second of the above programs is not restricted by any
parficular set of levels. Any znd all transitions whether they be AF = 0
or AF = £+ 1 (whether they obey first-order selection rules or not!), can
be fitted into the program to contribute their yuota to knowledge of the hyper-
fine constants. Provision is made for feeding in uncertainties arising from.
the finite width of the resonance, and the uncertabi.nty in the magnetic field.
The second routine may also be used for the determination of the absolute
sign of a and thus of the nuclear mmoment. As ig explained in detail in the
Appendix, the term in 81 in the Hamiltonian enters as & s;rxall additive
correction to the bbserved fre ;uencies znd fields. Initially g1 is assumed
zero, but when a reasonably precise value of a has been found g1 is computed
by using Eq. (2a), and the moments and & values of the stable isotope. This
value of 8] is then included in the calculation zud the calculation iterated until
C-onsistency is obtained. Two sets of input data are prepared, one with g]
taken positi‘ve, the other with 81 taken negative. The routine makes a least-
squares {it to the data for both signs of gy and cornpares the fit by the xz te st
of significance. An acceptable (it ig obtained only for the cor.rectly chosen
5ign of gg if observatious have extended to suificiently high fields and reszclution
i8 adequate,

The energy-level diagram of Fig. 1 is an exact solution of the Hamiltonian
{1} by the first routine, for a value of b/a differing but slightly from the final A
result. The coantribution from the term in g1 has heen neglected in the plotting.

When a and b are known with sufficient precision a search can be made

for the direct hyperfine transgitions. Ir thieg experiment direct trangitions between
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both of the upper pairs of hyperfine levels have been observed. There is

no observable flop-in transition between the lower pair of hyperfine levels.

2. SAMPLE PREPARATION

The active material was obtained from Oak Fidge National Laboratory in
ucaits of 1.2 grams of KBr powder, each conta::i.fning approximately 100 mC of
bromine-82. The atomic beam x‘équired for _th>is experiment was obtaingd.&;y
dissociating a mixture of natural and active br‘omine in a discharge tube, and
the sample was prepared by using the glass systém illustrated in vFig. 2.

Each of the four vessels was surrounded by a close-fitting 2-inch-thick lead
shield, and the whole agsembly waa mounvted‘ inaide a gloved box. The KBr
powdér wag _mixed with a predetermined amount of natural KBr (approximately
1.2 grams) to producé a convenient specific activity in the sample, and gently
heated in the reaction vessel with manganese'dioxide and concentrated
sulphuric acid; the liberated bromine was carried over to the first coid ;r_ap

by a slow s;tream of helium gas. When the rve‘a.ction wag complete the system
to the right c;»f the reaction vessel was evacuated and closed off and the bromine.
distilled, first to the flask contain.ing PZOS to remove water, and then to the
discharge-tube '.'vial‘. A colorless liquid, thought to be sulphur dioxide, -
occasionally. accompanied the bromin2; this was removed quife effectively once
the sample was attached to the discharge tube by cooling the vial with dry ice
and pumping. The active beam was collected;upon brass buitons co>ated with

{reshly evapbrated silver. The buttoas were;subsequently counted m small-

volume continuous-flow methane beta counters.
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3, APPARATUS

Ag described elsewhere, " the pre'sent apparatus differs in many
constructional details from the more conventional atomic-beams apparatus.

In pariicular, the &, B, and € magunets are mounted externally to the vacuum
system, and it is worth pcﬂriting out here that the external mournting of the C
magnet enables one to control the resonance livre width at will, One pole |
piece of the C magnet can be rotated with reepect to the other or can be rermoved
en;cirely. When the pole pieces are accurately lined up one with the other,

the line width of the cesium resonance is approximately 100 ke at low fields

and rises to C.5 Mc at a fileld of 1500 gauss. With one pole piece removed

the width is a.pproxixxzately'd.5 Mc up to fields of 50 gauss or so. Above 50
gausgs the width can be as large as geveral megacycles, and widths intermediate
between these extremes can be realized by appropriate adjustment of the pole
pieces. 7This provision has been most useful in reducing the difficulties of a
high-field or high-frequency resonance search. “l‘he search is made with a
broad line, and when a signal is cbserved the line {8 narrowed down and a
detailed resonance curve traced out.

The rf equipment for a given irequency band consisted of two signal
generatorsg, a coaxial switching circuit, and a Hewlett-Packard 524 E frequency
counter and its associated equiprmnent. Omne Aoscillator was set on the cesium
reosonance frequency, the other on the bromine resonance frequency, and the
rf loop could be rapidly switched between the two ogscillators. At frequencies
below 500 Mc a General Radio type 805C oscillator and Hewlett-Packard typ;:
6084 oocillator were employed to observe bromine resonances; the output of
the latter oscillator was amplified by a H. - P, type 4604 wide-band amplifier.
At frequencies above 500 Mc a H, -P. Type 612 signal generator followed by
a traveling-wave tube amplifier provided the rf power., The output of the

traveiing-wave tube contained a considerable second harmonic component, and
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above 1200 Mc conpiderable power af the second harmonic frequency could
be tuned into the loop by stubs. At a later stage an Airborne Instruments
power oscillator (Type 124C) was used exclusively to observe high-frequency
resonances. The rf could be monitored continuously and was held constant
to a small fraction of a resonance line width. |

The C field was calibrated ny obae'rving the ﬂop-ix;x feaonance in a beam
of cesium atoms. Adjustment of the C field was made immediately before a
button was exposed and was verified at the conclusion of an exposure. If any

obaer\)able drift of the C .field wag noted (a rare occurrence) the lbutton was

discarded and a new exposure made.

4., EXPERIMENTAL PROCEDURE

The initial exposures were made in the linear Zeeman region to deter-

9 Both the a

mine the spin. The spin has previously been reported as 5.
and B resonances were observed at five different values of magnetic fieldi
up to 417.4 gauss. Figure 3 shows an a rescnance observed at a ield of
83.83 gauss '(st = 30 Mc) and Fig. 4_/?3 reéonance observed at a field of
164.03 gauss (vcs = 60 Mc). All thg resonances observed are consistent with
an assignment of 5 for the nuclear spin of bromine 82. 9 In a typical run, for
é 10-minute button exposure the full bearn counting rate was 2500 cpm, the
resonance heights approximately 35 cpm, aund the apparatué background
(i.e., the button-counting rate with the & and B fields switched on and the
stopwire inserted into the path of the iaeam) was 10 cpm. The dissociation
efficiency of the discharge was in a typical instance ~80%. lhe :a and B
resonances observed at and below 417.4 gauss permitted calculation of the
constants a and b wivth sufficient accuracy so that a seareh for the direct
hyperfine transitions could be attempted. The searches were made with a

broad line whick was narrowed down once a resonance had been spotted.
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Figure 5 shows the AMF = 0 resonance between the upper pair of hyper-
fine states at a field of 56.3 gauss (L'Ca = 20 Mc). The line is g little broader
than expected ffom measutementel of the cesium resonance line width,
probably because the resonance was observed in the fringing field of an rf loop
designed fc:;r observation of AMp = £ 1 tranéitions.

Figure 6 exhibits OAMp = & 1 resonanceé ‘between the two hyperfine states
F =11/2, F = 9/2 at a field of 0.95 gauss (veg = 0.3 Mc).  The line is broad
bécause there are 17 possible .AM_F_# + 1 tr.a.r'xsitions between these two
hyperfine states, all coincident at zero field but partially resolved at 0.95 gauss.
In order to increase the precisir:?n of rheaaurement of the F = 11/2 = F =9/2
interval, one of these resonances--the F = 11/2, ME’ = -7/2 - F = 9/2.
MF = -5/2 transition--was followed to fields high enough so that it became
completely resolve;l'from its partners, the measured 8y value being used for

positive identification. The resonance F = 11/2, MF =-5/2-+-F=9/2,

MF = -5/2 has also been observed at a field of 28.37 gauss (VCa 10 Mc).

The frequeqcieavand fields of'éll transitions that have been observed in bromine- 8.
are given in Table 1 together with the uncertainties assigned to the positions

of the resonance centers.. The uncertaintieeA have been computed by assigning

.an uhcertainty of one third the resonance wid.th at half maximum to both the

bromine and cesium resonances and compounding these errors by using Eq. 18

of the Appendix.
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e
o

Cbserved resonances in Br82

0}

Resonance "Resonance Cesium Magnetic Compounded Weighti
type frequency frequency f{ield uncertainty factor
» (Mc) {Mc) (gauwss) {(Mc) (w)
a 1.25 1 .2.86 .06 259
a 6.26 5 14.24 .06 251
8 3.5¢4 5 14.24 .05 340
a 12.81 10 28.37 .C7 192
A 7.19 10 28.37 .05 474
a 6.31 5 14.24 .06 325
a 41. 13 30 83.83 .11 83
B 22.15 30 83.83 .08 163
a 50.30 60 164.02 .24 18
a 90.25 60 164.02 .11 81
6 173.05 164 117.38 52 3.6
g 173.05 164 417.38 .66 2.3
a 304.70 164 417.38 .43 5.6
B 46.95 60 164.02 .07 224
(32, -9/2)0¥2,-92) 727.50 20 56.31 .21 22
Ay/2,-72)~0/2,-5%2) 1281.50 2 . 5.71 .18 57
QV2,-Y2)02,-52) 1273.10 5 14.24 .16 41
" 1281.60 2 5.71 14 72
" 1281.60 2 5.71 10 100
" 1273.03 5 14.24 .10 110
(1Y/2,-5/2)~@/2,-5/2)  1265.91 10 28.37 .10 100
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5. RESULTS AND DIsSCUSSION

Ap explained in the Appendix, the hyperfine constants were evaluated

by using an IBM digital computer. The rachine calculation gives

a=205.04% .0l Mc, b =-870.66% .18 Mc.
In order to allow for unknown systematic sources of error that might be
present, we adopt the values

a=205.04+ .05 Mc, b=-870.7+.9 Mc.
The values of xz vrith 8y assumed positive and neg.ative are

xz (gI >0) = 3.5,

2
X (&I <0)= 6.4,

In theory the value of xz for the correct choice of sign of 8y should be
equal to the number of obaérvationa, minug two--i.e. nineteen--for about
50% probability of b2ing correct. The small values of xz‘ébove'result from
our unwillingness, in the absence of a theory of the resonance line éhape,
to split the resonance lines by more than a factor of three, despite the fact
that purely statistical arguments suggest that thies would be justified (see Sec. 6).
A value of gJ(Br) = - i.3338 + .0003, obtained from the measurements by King
and Jaccarino on stable bromine, hao been uoed in the data reduction. 107 The
affcct of the'uncerminty in gy upon the final values of a and b wags obtained
by reducing the data with a'slight}'.y different value of gy The effect on the
uncertainty in a2 and b is negligible.

In order to check the internal comnistency of the data the a and B
reoonancen (AF = 0, Am = % 1) and the AF = = 1 resonances were run

vy

separately through the IEM program. The resulis ave:
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Resonance group a b
(Mc) (Mc)
All a, B . 205.28 = .31 : -871.63+1.98
- All AF =z 1 : 205,038 = ,007 -870.66x .18

The uncertainties quo.ted are tho.se resulting directly from the calculation;
gII has been assutnéd positive. The internal ‘gbnsietency of the data is -
well demonstrated.

No‘ measurement appears to have been made of fhe magnetic inter-
action constant al/‘2 in the Pl/2 state of stable bromine. It is therefore
difficult to say with certainty what the effect of configuration interaction
is upon the preaent measurement of 33/2 in Bx‘sz. The effecf however,
is probably quite small, and has not been included as a correction. In
addition, corrections to a3/2 due to the finite size of the nuclear-charge
diatributionll and magnetic-moment distribu’tionlZ are negligible for atoms
in pure ZP3/Z ground states and caﬁ be neglected. Perturbgtions of the ZPg/z
ground state by admixture of the ZPI/Z state do not affect the resu}ta signi-
ficantly to the accuracy stated here. In any event, these considerations do

not affect the value of My for Br®? obtained below.

6. MAGNETIC MOMENT

We have, from Eq. (2),
82 g2 . .8
33/2(Br77) I |
, = = mr @)

where p.g is the nuclear magnetic moment and 1° the nuclear spin of the
stable bromine {sotope Br®. Using the results of King and Jaccarinolo for

the a3/2 values of Br79 and Brgl, together with the nuclear moments of
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' . T .
the same isotopes measured by Walchli, we find for both comparison
isotopes

82 g f 79
p T =4 16264 (5) nuclear magnetons (Br ),

paz =4 1.6264 (4) nuclear magnetons (BrSI).
The difference between the two values of x-z listed zbove is not sufficient
to permit a definite statement as to the sign of the magnetic moment of Br™ ",

R

P
L

However, if the weighting factors Wy enter‘ifng into the calculation of x
(see Appendi;c II, Eq. (17)) are increased by a factor of 6, then

XZ (g >0) =21 and ](,Z(gI < 0) = 38.5. This is equivalent to splitting the
resonance lines by the factor 3V6 =»7.3_ instead of 3. 'lhe corresponding
values of xz indicate that it is 30 times as probable that g; is positive
rather than'negative. However, for the reason stated in Sec. 5, we prefer
not to rely heavily upon this atatistical argument. Figure 7 shows a plot,
for the a and f Tresonances, to the d'iife‘x.'.ence between the observed and
calculated resonance frequencies with 8; taken positive and negative,v to-
gether with the experimental uncertainties obtained by splitting the
resonance lines by a factor 3. (Quite clearly the sign of 81 is not unam-
biguously determined. vhile 2 measurement of the sign muat await
improvement of the (. -field magnet, fhere .are two reasons for be@ie\_/ing

that the gign is poasitive:

8 15

(a) The magneticv mormeat of Rb 2 has beed measured to be + 1,50 nm..
The spin of RbBZ is 5, the same as Brez. and one might expect nﬁclei
differing by pairs of neutrons and protons to have comparable magnetic
moments. |

(b) The magnetic moment calculated for B‘raz on the basis of a simple

jj coupling model is positive. The magnetic moment of an odd-odd nucleus,

based on a single-particle description, is given by the expression



-16- | UCRL-8680

3 UP 1)-j,6,+1)

:R/Z (8p+8n)l+(gp‘gn) P AFT1) , {5)

| IR |

where gp and g are the g‘ factors of the odd neutron and proton, jp and j

are the proton and neutron angularxr momenta, and I the nuclear spin, If

the mean of the nuclear moments of Br?qéand Brel 2.188 am) and tﬁc

observed sping of 3/2 are used to define an effective gp for the pz:bton

part of the core of Brsz, we find gp =_l.45:9'.- An effective 84 for the

ncutron part of the core can be obtained from the known sping and

moments of the neighboring odd- A 0odd-N nuclei 34 Se 337, 36“873 and

8
16 KT 437. By setting 1 = 5 and making use of Eq, (5), the following results

are obtained.

Isotope | Spin Configuration 84 (Bffi)falc r*(“ Gu)?bd
Sel? 1/2 P1/2 1.068 6.42 1.63
.79 7 -
| Se : 7/2 (gg/z) /2 -.291 1.17

K23 9/2 Bo/2 - ..215 0.18

. It is thus likely that the neutron part of Br_az does not coﬁplé to .I = 9/2;
coupling to J = 7/2 ie a possibility. With the assigament (g9/2)i7)é, |
Nordheim's weak rule” applies and predxcta for Brsz 2 nuclear spin of
5 or less. It is significant that for all reaaoaable chmces of the ncutron
configuration the calculated magnetlc moﬁent is pomtxve, and 1t ic thio
that lends weight to the conciuaion of the previous paragraph--i.e. that p

is positive.
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7. QUADRUPOLE MOMENT

The uncorrected quadrupole momsnt Q_ can be calculated from Eq. (2}

Section I. We find

2 . :
(P} m / ) )’) b
Q = 8/3 —— - :’l—-— - . (6)
e \e j} M 6 \C{ |
Introducing the measured values of a for the stable iaotopeslo Br79 and

Brgl, and the values of pu listed by Walchli, 13 we find in both cages
Qexp = 0.730 barn. In order to obtain the t‘r'ue nuclear quadrupole moment
Qt a correction factor C such that 'Qt = CQ,-e. is tntroduced. This factor,
first introduced by Sternheimer, allows for the chgnged interaction of the
valence electron with the inner core pf electrons in the presence of the
polarizing field due to the nuclear quadrupole moment. The coanstant C
has been calculated for bromine by Sternl’neimer18 bmt with the neglect

of certzin antigshielding corrections. 19 C i 1.040, but in view of the

uncertainty associated with the exact value of C we have chosen to assign

an uncertainty to Q‘t equal to the value of the correction itgelf, Thus

Q, (Brgz) = 0.?6 + .03 barn.

If 1 is positive, the sign of the quadrupole moment ie also positive.
Q can be calculated by an alternative procedure by making use of the

fine-structure separation § to obtain a value of <l/r3); § is related to

<l/x-3 >by the cxpremeionzo
" 2
0 1 >
5=~ ZRQL+1)H <-;3- . 7)
Here & is 3685 cm'l, 2 is the effective value of tha nuclear charge, aad & (Zi]

is a relativistic correction factor tabulated by Koptermann? Barnes and Smith

have shown Zi = Z - n approximately, n being the radial quantum number of the
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valence electron. 2l For bromine n = 4 and Zi = 31, and the value of

Q¢ obtained by using <l/f3> from Eq. ‘_(7) is 0.69 barns and the corrected

quadr‘upole‘ moment Qt = 0.72 bara. The uncertainty in this value of Q,

arises both from the uncertainty in Zy and the uncertainty in the Stervheimer

correction. An examlnationvof the resulf; of Barnes and Smith and a

comparison with some similar calculatioﬁ;g by»Kosterzz indicates that Zi

ie probably known to about 572 Thus we have finally Qt = 0.72+0.06 barn,

‘ The agreement betweeﬁ thqu two m__e_thods of calcu.lation‘is satisfactory.
8. HYPERFINE SEPARATIONS

The hyperfine separations in Braz

are easily calculated from Eq. (3).
The reanlti are |

Av (43/2, 11/2) = 766.82 & .60 Mc.

Av (11/2, 9/2) = 1287.32 + .43 Mc.

Av(9/2, 7/2) = 1488.6 % 1.1 Mc.

The authors wish to thank Mr, Larry Cohen for much help with the
taking of data and Mr. Douglas MacDonald , who.coordinatad_ the machine
shop work. The Health Chemlutry Division and the Chemtﬁtry f.)épértment
at Lawrence Radiation Laboratory gave i't_xvaluablé assistance a'r;d advice

during the performance of this work.
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APPENDIX

1. IBM Program for Calculation of Transition Frequencies for Givean

a and b Valueo

As noted in the text, two IBM 650 routines have been used in this
work, The firet computes the ecigenvalues of the Hamiltonian for the
hyperfine structure 1nvm magnetic field as a function of the fiold. | Dipole
and quadrupola termo are the only interaction termao iacluded, and it is
asgumed that cdnﬁgt—ir’astion perturbtations of the electronic etéten are
absent. The anawers are prepented in dimensionless form as a table of
dimenoionless frequencies vergus p, the dimonaionleeu fiald, starting
from p=0toan i_ndeﬁnit@ value of p. The increments of p can be
~ chosen at will. The input information ie I, the opin of the nucleus; J,
the blectronic angular momentum; Fl. Ml’ FZ' MZ,' the total angular
momenta aad magnetic quantum aumbers of the two levels involved; &,
- the ratio otv'the quadrupole to dipole intm’act_ion counstants; and Ap, the
~ incremeat in p. The output ig the dimensionlecs frequency v, thig
froquency divided by p, the two term valucs, sad the derivative of the
frequgncy with respect to p.

Th@'ﬂamiltouian can be written

_ Mot
telz-8 T Tz oo (@)

]

This Hamiltonian is in unite of a, which is itgelf ia uaits of frequency and

T ! - . .
p=(-g5tegg) "Hﬂg"’ aad lgx‘%‘< ng' .
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If the energies of Eq. (8), neglecting the term in gp ave XFM thea the

true encrgies {including the nuclear tecrm) are x'FM’ where

, 8 "o” | e
Xpp = Xpm - —m— M- o -9

If Xl is the term value for Level 1 and X, that for L.evel 2 of the routing,
then

| 8y moH (M) -M,)
view - ( ha ’

where v is the frequency compuiéd by the routine that neglectb;%the
coatribution from 8p and v the true frequency.
The matrix elements employed by the routine are taken from Condon

and Shortley. They are

(FM |1 J|FM) = 1/} (FF+1) - +1) - J@+1)) =a

(FM | Quadrupole operator |[FM) = bp. (10)
1

F(F+1) + J(J+1) - I{1+1)
ZF(FH)

(FM [T, |FM)= . Ma_cp.
(F+1- I+J) (F+l+l J) (x+J+z+F) (1:J-F) (F+1-M) (F+T+M) 4

(FM |Ji | F+1, M)
16 (F+1)° (2F+1) (2F+3)

| The diago@l e"leiz.xentamof the Hamiltonian az;e AP = a + bp ¢ + P cp' and the
square of the elements one off the diagonal (fhe oaly nonvanimhing énes) are:
‘equsal to pz dp. No others exist,

. The term p = 1 for the (iiagonal alemenin corrcopondo to the lowest I
value for the given M submatrix; p = 1 for tho off-diagonal clemecdto
correnponds to the lowest row of the matrix and the next to the lant column,
It io understood that the lowest row ig assigned the lowsot F vaIﬁs. L@t“

|l || be the submatriz to be oolved. Then we require the solution of the

gsecular determinant
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D= ||H - X ||=0, (11).

where Xi are the eigenvalues.

Let D, be the 1 X 1 determinant consisting of the lower right-hand corner

1
of the matrix, DZ be the 2 X 2 determinant that fncludes the two lowest

diagonal elements and associated off-diagonal element, etc. The pth

determinant constructed in this way is given by the recursioa relation

2

D= (A, -X)D_ -p“d D, (12)
where D0 = ], _D-l = ),
This may be differentiated with respect to X, giving
) ap
8D ' -1 2, ~2
" (Ap-l - X) _9—%_— - P dp-l '—5%'.' B Dp-l : (13)

80X
By recurring both'telations together to the value p = n, the matrix dimension,
Newton's method c.an be used to obtain a root.
The increment in X {s given by

«Dn

Other derivatives may be eagily found. For example,

D 8D__, 5 eD__,

-ﬁﬁ’ = (A -X) £ +C D, ;- pdp+ —_g%-_ - 2pdy D, (15)
This derivation is useful for estimating errors cauged by the uncertainty
in the field. The advantage of this method of decompogsition is that it can
be performed rapidly by the computer. They are one-dimpasional recuraion
formulae that are made to terminate at dp = 0. The routine is an open
routine independent of the matrix dimension. Oue of the major prqblems
io that of root identification. However, oanly enc root is required from .a
given submatrix and the root is easily identifiod at p = 0. By iecrementing -

p. uvsing the previous root as a trial root, the sigenvalua is followed
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adiabatically with p. The M noncrossing rule prevents the fallure of Newiton's
method caused by doubled roots. There are accideatal degeneracles
between M levels for p = O for certain critical § values, but they can be

easily treated,

1. IBM Program for Calculation of Best Values of 2 and b from

Experimental Data.

The second réut‘me takes geto of obgervational data in the form of
magnetic fields and frequeacies for arbitrary hyperfine trancitioas for
givon but arbitrery I and J, and reduces the data by means of a least-squaroes
fit to yield the magmetic-dipble and elsctric quadrupole constants a and
L, It yields the errors in a and b (Aa  and Ab)and the xz for the
optimum fit as well as the best-fitting terrﬁ vameé for each observational
point. This routine operates with true mégnetic ficlds and frequencies,
and in order to appreciate the methods of éolmtlou empleyed it is necessary

to write the Hamiltonian (1) in dimenasiconal form. We have

- . o poH
zaol-F+b Qb+ (-gy +g) Loy g L Be g (16)

The rouvtine computss the eigenvalnes and thelr various den’.iva&ives, using
the first three termo on the right only; the lact term enters ao &n additive
correction. Rough preliminary valueg of a gad b are roquired before
the input cards are cut, hut at the point where this routine is employed these
values are alwaye at hand from the pvrevio@sly described z*ouf:ine;. The
determinants to be solved are the same ag those of Appendix I subject to the

condition that
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o (17)

be a minimum. The i sum is over the deta sets. N, of course, is equal
to xz, fi is the obsorved center frequency of the ith resonance, and the

smtimticﬁl‘ weight w; is given by

1
i\ 2

— . (18)
(Af‘)2+{.g.%-} . AH

W =
i 2

where Afi 1s some fraction of the width of the observed line, AH is the
uncertainty in the magnetic field, and ggin— can be estimated from the
first routine.

The method of finding the minimum of N has been deacribed eloewhere’>
and is only briefly degcribed here.

The following linear equations in 82 and §8b are set up:

N, BN L eN
aai Badb da
(19)
ofn L8N . _ BN
Tabb '5';2" b
where the derivatives are troated as constants and calculated for the

givena and b valuegs. The new a,b values (a‘zbl) are 'c‘omputed from

a, =z a - Ba,
blmb '\éb.

and the procesa is iterated. The variances in a and b are given by
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20 7on2
(5a)? = 2N/DD

_ 2 2
(@)% = N2 |
2

where A is the determinant of Eq. (19). For our purposes the usual 7525?.‘

factor has been omitted.,
In order to calculate Xy and x, it is necessary to solve the determinant,
Eq. (11). Recursion x:elatidns between the various subdeterminants Dp.

Dp-l' etc. are pet up. Typical relations. are

D =(A_-X)D ,-E b} ,
p(p )p-l p-1 "p-2

9 D

= (A - X) ? Pp-1 E 8D“".“D - v(20)
B T A m X -E L -5

8D 8D, s )
—55 = A, - X) = - E _%T Y% Ypere

and the others required are easily found. The recursion relations are
repeated n times and each equation (except the first) has terms depending
upon some previous one, 8o that the recursion process is employed on all
simultaneously. The roots of DN (a,b, x) = 0 are the eigenvalues of thﬂev
Hamiltonian and they are focund by using Newton's method.

The correction to x, &x is given by

bx = gt : | - (21)

and the new x ig x-fx. When the root and all derivatives of the type of

Eq. (20} have been fouud, the derivatives of the type

8x 8Zx Bzx
8a ' &8abop _832

are calcutated, and it is these that are used in setting up ILq. (19),
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FIGURE LEGENDS

Fig. l Hyperfine-structure levelo of bromine-82 ao a function of magnetic
field, calculated by uocing an IBM 650 computer and the program described
in the te:xt. The value of b/a used is --'4.24. The magnetic ficld p is in

poH - :
units of 8y -f%\‘

Fig. 2. Glasoware used in the extraction of bromine from pile-activated
KBr,

Fig 3. A 5(a) resonance (13/2, -9/2) <= (13/2, -11/2) observed at a
field of 83.83 gauss. Note the substantial shift of the resonance cénter
from the linear Zeeman prediction.

Fig. 4. A 5(B) reconance (11/2, -7/2) < (11/2, -9/2). obsgerved at a
magnetic fiold of 164.02 gauss,

Fig. 5. The transitiba (13/2, -9/2) <= (11/2, -9/2) between the upper
pair of hyperfine levels observed at a field of 56.31 gauoo.

Fig. 6. Superposcition of Amyp = %1 transitions oboorved between the F = 131/2
and F = 9/2 hyperfine t&velo., The reeonancé shown is a superposition
of 17 partially recolved tranocitions. Individuval reconanceo were reselved
at higher fields.

Fig. 7. A plot, for the a and § resconanceas, .of the difforcnce between the
observed frequencies and the calculated frequencies, the latter calculated
with the best;fitting values of 2 and b.  The two curves are these
differences with 8y assumed pocitive and negative rospectivoly, The
horizoatal bars are the experimontal uncertaintics, The horizontal
scale is in order of increasing resonance frequeacy. It will be noted
that though the curve for g&; > 0 lies always within the exper:imemtal

Wmite, the curve with g; < 0 does not lie cufficiently far outside these

limits to warrant o definite staterncnt as to the sign of the nuclear moment



5

L
[}

4 ¢ Abiau3

/J'OH )
ha

9

Magnetic field, p (in units of

MU. 17271



«—Vacuum line

( —
q
Cold trap
Dewar =R =
Heater flask = v% rd
— 9% Discharge vial

t Drying flask
Reaction flask %
Liquid nitrogen

MU-14317

Fig. 2



Counts per minute

28

24

Bré2 5( a)

ves = 3(,_)‘ Mc/sec
of £27 . 36,105

h

1 L L | | | | | ! { I ltL { | i | .

40.5 40.7 409 41i.1 413 415

Frequency (Mc)

MU-14245

Fig. 3



Counts per minute

40

30

20

10

| Background

Br825(B) Resonance

Vog =60 Mc/sec

H
9, i‘—ﬁ—: 40672 Mc/sec

Machine

-+

] ] |
467 470 473
Frequency (Mc)
MU-17270

Fig. &4



Counts per minute

20

15

B Br82 AF=1 AM=0
RESONANCE

B2 2]

vcs=20 Mc/sec -

5':_ —I— Background

] ] | ] | | J |

0o
726.7 7271 7275 7279 7283

Frequency ( Mc)

- MU-17269

Fig. 5



Counts‘ per minute

26

22

18

j

Br82AF=1 AM=%| Resonances

o]
tr B
i I

;5= 0.3 Mc/sec

by

—$-Background

!
1284

| l |
1286 1288 1290

Frequency ( Mc)
MU-17268

Fig. 6



RUN NUMBER

(OW) Aousnbauj pajojndjod snuiw Aouanbaij pseAIasqQ

MU- 18565

Fig. 7



This report was prepared as an account of Government
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

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. '

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



