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ABSTRACT
Measured by an atomic-beam magunetic re sonance ﬁxethod the

hyperfine-structure separations and magnetic moments of four neutron-

‘deficient isotopes are found to be -

Rb8, Av=5097 %13 Me, ;=42.05£0.02nm.;
Rb%%, Av=30941£2.4Mc,  p=#1.50£0.020.m.;
Rb%3, Av=3183.3 £5.8Mc, gy = +1.42£0.02n.m.;

Rb%, Av=3077.5 £5.1 Me,  py=-1.3240.02n.m.
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THE HYPERFINE smuc*rtﬁz SE&DZARAS ONS AND MAGNETIC
MOMENTS or Rb Rb%2, and Rb84

J. C. Hubbs, W. A, Nzerenberg, H. A. Shugart,
H. B. S1lsbee. ‘and R. J Sunderland

~ Radjation Laboratory and Department of Physics
University of California, Berkeley, Califorania

-

_March 8, 1957
1. INTRODUCTION

In several previous papers, L, 2,3 4 ccounts have been given of the
measurements of the spins of four neutron-deficient isotopes of rubidium

and a metastable state of one of these isotopes. Also, the hyperfine

81

structure and magnetic moment of Rb™ " have been measured by the zero-

moment atomic-beam method. 1 In this paper, report is made of the :
83

measurement of the atomic hyperfine structures (hfs) oﬁ R.bs1 Rbsz Rb™-,
and Rb84 by use of the atomic-beam magnetic resonance method and radiofzi,
84 -

active detection. A different method of preparing the radioisotope Rb
for atomic-beam purposes is discussed in some detail,’ because isi the low
intensities used in the previous work had to be augmented to obtaio'éuffi-
cient sensitivity to determine the sign as well as the absolute value of the -
his. Because of the small numbers of atoms produced in the Berkeley
60-inch cyclotron, special procedures were employed in the search for
resonance lines to minimize .the amount of material required. No attempt
‘was made to determine the hfs any more accurately thao was necessary to

~ determine the sign of the momeant.

% ) : :
This work was done under the auspices of the U.S. Atomic Energy

Commission and the Office of Naval Research.
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II. ISOTOPE PREPARATION

For most of these experiments, the radioisotopes were produced by

alpha particles on natural Br79 and Br8¥. The chemical extraction and beam

preparation have been described in Reference 2.  However, in order to increase . .

the signal-to-noise ratio, absorber foiis.were used to select the particular
(u, kn) reaction desired. In a general way this procedure improved matters
except for Rb8 , for which the (g, n) reaction yield is very poor, Although

several curves were run using this reactlon, it was decided to use (p, n)
84 yield. Fortunately Kr84 is

84*13

reactions on Kr in an attempt to increase the Rb
' 57% abundant, compared with 12% for Kra?’; 8o that production of Rb
» 'favored over that of Rb83.
Br bombé'rdmente was about 4 to 1. In addition, runs using the Kr

The improvement in sxgnal to-noise ratio over the
84 )Rb84

L reaction provided an independent assignment of spin 2 for Rb
In practice approximately 2 liters of krypton at atmospherxc pressure

T is. contained in a water-cooled, rectangular tube of cast aluminum with a 1-mil

aluminum window at one end for the 12-Mev proton beam. Following suitable

' 'exposure to a proton beam of approximately 25 microamperes, the assembly is
allowed to stand for several daye to permit the short-lived astivities to decay.
After the Krypton is fr_ozen out and replaced with air, the entire as sembly is
wasﬁed with several hundred ml of water containing c'oxitrblled.amounts (~20 mg)
of RbBr carrier. This is boi"led away to a few drops of RbBr solution, and the
concentrate is transferred to an iron cup and dried thoroughly. Calcium is then
added and the beam produced as déscribed in Reference 2. As was expectéd,

g the krypton Bombardment_prove& more efficient than the BaBrz-préduction scheme.
Overheated BaBr in an.alpha beam often distilled and redistributed itself away

~ from the intense parts of the beam, thus limiting the useful production rate,
Moreover, in the Kr bombardments the degradation of the beam by Ba was

eliminated. -
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1. METHOD OF MEASUREMENT

Thé hyperfine line observed was the flop-in line corresponding to a

change of Am§= 21 in the regmns of the focusing fields. 4 For small

‘ ..'r,

. g )
C-field values (i.e., )——‘-IK@-——-I << Av ), the Breit-Rabi forrnula5 may be

éanded to second order in H, with the result that the frequency of the

transition
- 1 1
mp=-1-5 -lts is given by -
2 ‘ ' :
~ Zlvo ~ 1 EJHOAH My a)

ot A YeTTIrEd | & T

- ‘where Av is the hfs’ constant, v is the observed resonance frequency, v is the
- Zeeman frequency for the upper hfs level correspondmg toF=1+1/2, g; is
.neglected and g5 = = .2. The transition indicated is an example for Av >0, The
* line. width in these experiments varied between 0.F and 0.5 Mc, depending on
the. tmag'nitude and previous history of the C -field and on the amplitude of the
radxo frequency transition field. The w1dth of the line determined the method

) 4 of search. To illustrate, consider Rb (4 7 hr). The spin is 3/2 for this

) '~isot0pe and one can safely assume that the hfs lies somewhere between 2000 and
8000 Mc. Since experience has Bhown that it is reasonable to obtain approximately
'.-50_‘ beam e,xposures during a run \mth good statistics, it is advisable to take a |
small number of these, about 10, for a crude estimate of the hfs. The line width

" 'may be on the order of 0.1 Mc, and therefore 10 points may be used to cover a
1- Mc mterval Examination of Eq. (1) indicates that for I = 3/2 and v ~ 30 Mc
'the line will shift by 1 Mc for a variation in Av from 2000 to 8000 Mc. Since

at leas; one of the exposures should have an indication of hfs, this will represent ‘
a mea?urement of the hfs to the order of 10 %. If the hfs turns out to be, say,
‘51,00 :k 500 Mc, then 10 mof,g .expoéﬁfes can be assiéned to the next brder of
accurlacy.v At vy = 125 Mc the variation of + 500 Mc in Av corresponds to a

' variation of 1 Mc in v, and again the resonance will show on at least one exposure.
Thus, the Av is known to appfoximately 1% .~ Now the hfs is determined to

. about 0.2% by carefully taking a full resonance curve at the best resolution avail-

able and at the highe_: st frequency available ’ﬁZOO Mc) Finally, an attempt is
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made to see the resonarce at some suitably low value of the field that w111

. show the greatest sensitivity to the effect of the sign of gy in the Harmltoman.
This field is determined by the resolutxon, I, the magnitude of 81+ gnd the
magnitude of Av. Fortunately, despite the poor resolution of the apparatus

"used, the magnitudes of the nuclear moments and the hfs‘cbngtant‘s are just
sufficient to determine the signe. | '

. The value of the magnetic field was measured by use of the carrier
RbBS 87 .

intensity. The carrier line '-_was monitored in frequency and magnitude before -
and after each radioactive _eprsuz_'e.. The frequency was used for the calcﬁlatio‘n_ ‘
of the magnetic field, and the magnitude of the carrier resonance served to '

" normalize the activity collected during the exposure.

and Rb in the beam. The carrier beam is also used to monitor the beam



.. o 'UCRL.-3708
IV. DATA REDUCTION

In order to treat the data systematmally, the normahzed data points
obtained for each re sonance wei‘e fitted by a bell-ghaped curve by a least-
squares procedure. To be more precise, the reciprocals of the resonance
heights were fitted by a weighted least-squares parabola, This technique gives
high weights to points near the peak of the curve, andfelatively little weight

to the tails; therefbre, departures from the assumed line shape have little effect.

A good fit is shown in Fig. 1. o
or Rb37 to obtain a value of _

the magnetic field, the hyperfine structure constant Av can then be computed -

By use of the resonance of the stable Rbss

from
girgH {  -gyugH
et § (X0 ) |
v = . .
gkt 21 Bph | .
vierymm !t IFT R S o
B

where gy = —f—- .

if 81 is known. In this particulrar case g; is not'knoWn._ It could be obtai_;xed in

principle from simultaneous solution of Eq. (2) for two values of the field; in

practice, however, the available resolution is not adequate, and the mégnitude

1

. i

i

1 2+ 1 Av
. By

y |g1'! AFT A e

where the primed quantities are known values for a stable isotope of the same

ele_menf. This method yields two values of Av depending on the assumed sign -

of g1 The correct sign gives consistent results as the field is varied; the

incorrect sign gives a systematic variation in apparent values of Av. The

constantsused in these calculations are: 1, 2,8, 9

of 81 is obtained by simultaneous solution of Eq. (2) and the Fermi~Segr‘e'reIatior;7- o
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RS, g, = -2.00238, Av= 3035.735 Mc, p; = + 135268 n.m., 1= 5/2;

Rbol, gy = -2.00238, Av= 6834.7005 Mc, by = +2.750529 n.m., 1=3/2.
Asspmed value for Rbsx, Rbsz, Rb83, and Rb84, g5 = --—2_.0023‘8%"

rRb3L, 1=3/2;Re%%, 1=5 Rme®, 1=5/2; RBY, 1=y

(.Lo = 4+ 0.92732 x 10"20 erg/gauss, h=6.6252 x 10'2.7, erg sec.;

2 = 1836.13.

The followihg uncertainties enter the Av éalculatién_;

(a) The uncerfainty in H as determined from the carrier resonance. The
largest contribution to this was usuilly the variation in the C field durirgg
a run. Steady drifts could! be corrected for, but apprec1able uncertainty

remamed

(b) The uncertainty in the frequency of the radioactive peak as a consequence

of dependence on the uncertainties in the input data to the least- square-
prodedure. It was usually quite small, ‘

(¢) The uncertamty in the frequency of the radioactive peek arising from
fitting a symmetric curve to a possibly asymmetric line. This is hard to
evaluate. The internal consistency of the results indicates a probable error
. of about one-tenth the half width of the resonances. This value has been
assumed in drawing Figs. Z’*tlm-ough 5. The somewhat more ‘conservative

value of one-quarter the half width has been used in Table 1.

oy
g
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V. RESULTS

Each isotope is discussed in terms of three to five re sonance curves
obtained during the course of a total of nine runs. Figures 2 through 5 present ‘.
graphically the calcnlatéd values of Av when the moment is assumed negative
and positive. In each case it is seen that for one of the assumed signs the
-calculated values of Av gcatter about a constant value, while for the other
assumed sign some of the Av values lie well outside their stated probable
errors. That sign for which the hfs remains constant is the correct sign of
the nuclear moment. ’

To- illustrate the smooth vanatzon in the calculated hfs constyat when
| the incorrect sign of the moment is assumed, a curve in each figure shows the
- theoretical variation of the calculated hfs with magnetic field for the best known
values of Av and 8- " In‘all cases the experimental points fall along the -
theoretical curves,

From the consistency of the calculated values of Av as shown in

81 Rp82, ana mb

The final valués of Av given in Table II result

' F:gs. 2 through 5, a positive moment is assxgned to Rb 83

and a negative one to Rb84.
" from an average of the data from Table I weighted by the reciprocal of the
square of the stated error. This analysis preserves to a large extent the.
highest field values, by virture of their small errors. The final errors are
equivalent to thosé of the highest fiela}resbnance and arise principally from
the uncertainty of one- quarter the half width, which is placed on the frequency
85 and Rb87

demonstrate that the apparatue is free from any appreciable systematic errors

of the radioactive resonances. Experxments using the stable Rb

in the magnetic field and radio-frequency i‘e_gions covered in this experiment.
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CONCLUSIONS
Some results of rather general interest have come from the rubidium
_ research. The momeat table for the odd-odd isotopes (Table II1) indicates
“that the neutron configuration of Rb 82 is perhaps the same as that of Se'J,.
- which also contams 45 neutrons. This neutron system, generally considered
to be (g9/2) (7/2) , is anoma.lous in the sense of the simple shell picture and
would not necessarily be expected to persist with the addition of three protons.
The moment table indicates that the proton conﬁguration for Rbsz o

Py/y “while that of 8;238 is £5/2 Bellamlyoet al. have concluded ;ha.t .th,e Ap_rgt_o.n".._l’

is also likely fS/Z Thus the favored odd-proton cona-
figuration for neutroa number between 46 and 49 is evxdently f5/2' while p3/2
is similarly favored at either end of the range. Considering the large quad- L

- rupole moments of selenium nuclei', otie is tempted to ascribe the phenomenon .

configuration in Rb

. to nuclear deformability effects. Thér_é is a Rb isotope of A < 8]. - A measure- o

83. 84

or Rb°" would be signifi-

cant in this respect, but is not feasible at the present stage of our expei_'imental :

ment of its spin or of the quadrupole moment of Rb

. technique.-

A third result of greater interest is best shown by the graph of Fig. 6, -
wherein is plotted the magnetic moment of all P3/2 odd- proton nuclei near rubid-
ium as a function of neutron number. Neutron shell closings as obtained from
the Klinkenberg schemel_l are indicated. It would-appear that the filling of
neutron shells is in large xﬁeasure responsible for the magnetic-moment fine
structure. Indeed, for the 89/2 neutron shell, Rb and Br moments may be . :
fitted by a single straight line to within a very few percent. . A survey of known
maghetic moments shows that this effect is very common, and appears to be
in such a direction as to indicate an increase in the intrinsic magnetic moment
of the proton system as neutrons are added to a shell. There abre, hoWever, no
clear-cut cases suggested by Fig. 6 in which one sees the largé drop in. moment-
at a neutron shell closing for a given element. An investigation of the spins -
and magnetic moments of copper and gallium isotopes is now under way, and
should yield significant support or contradiction to the se discus sions. :

"One would expect in this region that the shell model is a reasonable firet

approximation. Quite generally the absolute value of the effect of one neutron
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should be nearly that of le neutrons if the shell-model nomenclature and
assumptions are at all valid, Further, configuré.tion_mix‘ing within a proton-.

~ shell is of no help, if for no other reason that thdt the observed level schemes.
" in fhe rubidium series do not show a systematic monotonic trend in .1ow-lying‘
levels. The effect might be ascribed to a quenching of the proton moment by
partially filled neutron shéus, in a nia.nner analogous to the sélf~quenching
dwcussed by. Bloch l; Since the number of unfilled levels decreases linearly
 with, the number of neutrons in a shell, this effect might be expected to- gwe

. ‘.'-"results of the observed form. One further explanation is not implausible, namely,,‘

13,
is coming into play as a

- that the ‘reduced-mass-effect of Johnson and Teller
- result of a change in the relative radii of neutron and proton shells, or in the

‘ distance from the odd proton to the well edge, and thus the effective velocity-

s dependent potentxal that is seen. ‘Two facts argue against this conclusion, however.
‘The total effect of this phenomenon should be at most a small fraction of a '
nuclear ma:gt_leton. since it is said that the mass of a nucleon at the center of

the nucléar well is about half that of a free nucleon. . In addition, the sign of

" the effect should be the same for all odd-proton nuclei, and experimentally it.is

not. -
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Figure Captions

81
si

e (a) Moment assumed positive. (b) Moment assumed flegative.

Fig. 1.
Fig. 2.
Fig. 3
Fig. 4
Fig. 5

Calculated values of the hyp_erfine»str‘ucture separation for ijSZ .
(a) Moment assumed positive. (b) Moment assumed negative.

Calculated values of the; livperfine structure separation for Rb83
(a) Moment assumed positive. (b) Moment assumed negat;ve.
Calculated values of the hyperf;ne'-fstructure separation for Rb84 .
(a) Moment assumed positive. .'(b)\ Moment assumed negative,

The magnetic moments of P3/; odd-érotdﬁ nuclei near rubidium.



Table [. The radicactive and stable isotope resonance {requencies
. and calculated hyperfine-structure separations for Rbgl,
| RbA2, R8I, and Rp94 . |

B L TN R LT e LR - - . [P . P B R Coe v

| o his hfs -
Reference. . o Radioactive h ‘assumeaq (assumed
frequency- Reference - frequency . positive moment) negative momen
(Mc)/sec isolope . (Mc)/sec ' ‘(Mc)/sec o (Mc)/sec
ﬁo;‘i‘s—vi:d-‘;-[;l:r—lﬂwé»i.— MR werass e A dtem W S L L nsas . e RIS ahe me & - N L. e N . - e
46.207 «.010 87 45,5722 .10 4981+ 460, 5409 £7460
55.462 +..002 =~ 87 55.904 x .045 5195 x 141 5592 £ 141
79.648 + 002 8T -  80.598 £ 052 S 5119 % 75 5368 + 175
85973 + 016 = 85 121.165 + 074 5119 % 49 5276 + 49
47.795 £ .0256 - 85 . 200268 %045 | 5094 & 13 5183 % 13
I B C weighted 5097 + 13. ’ ’
average :
Rubidium 82
46.207 £2.010 . .. 87, 17.400 £ .035 3108 £ 115 3198 % 115
85.973 £.016 - . 85 47.410 £ .084 3107 & 38 .. 3137 & 38
55.153 .004 -~ . 85 30.312 + .035 3077 & 37 3124 = 37
81.270 £-,006 - 85 101.681 & .024 30941 £ 2.4 3105.9 = 2.4
R i co s VISMYORReLI T £ 2.4 :
AVOTAEER . . :
Rubidium 83 - i
53.579 £ .006 . 8§ 53.340-% .089 3203 & 67 3260 = 67
24.973 +.005 - 85 123.884 = 033 3183.2 = 4.8 3204.7 4.8
24.998 = .015 ' 85 123,908 £.038 . 31833 & 5.8 32048+ 5.8
Co T : 7 \J(*lghh’_,_3183 T 5 g
“average T R
Rubidium 84 .
32,387 + .005 B2 38.805 £ .033 2997 £ 53 3077 = 53
40.592 +.009 85 . 48.587 % .053 3024 & 55 3088+ 55
04.651 .005- 85 . 124.531 % .027 . _ 3051.3 £ 4.6 3074.6 £ 4.6
51.140 + .005 c 85 . ' 178942 % .061 30661 %, 5.0 i), 30816 % 5.1
_ . - - weighted
. av age 5 1

3077.5 %

14
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" Table II. The weighted average values for the hyperfine structure
separations and the nucle g.f magnetic moments of Rb81 Rb82,

» and Rp84
leotope  Half life | H‘,’pefi;ﬁ;iifé‘.f ure e o
Rp8 T A,, =5097£13  u =+2.05%.02°
RB3? 6.3.1_; - N - Av = 3094.1 + 2.4 o QI =+ 1.50 + .02
, Rb83: 88d. o L. Av=3183.3 5.8 - By =+ 142 +.02
Re84 334 Av=307m5+5a b= - 132 £.02:

aThe stated errors are meant to include any diamagnetic shielding corrections

. and the hyperfine-structure anomolies.
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Table 1II. Comparison of the magnetic moments of Rbs2 and Rb™ " with
predictions from_different shell model configurations, The five 39/2
neutrons, (g )5. are coupled to an angular momeatum of 7/-2 as’”
for Se79. F%égrimental values in making these estimates were derived
- from p Se 9 = . 1.018 and this is the moment associated with the (g9/2)
subconfiguration; p Kr83 = .0.969 and this is the moment associated ,
‘with the g neutron system; ﬁf) = 2.4 is obtained from the average’
of the ma;r(ez\:ié'rhbments of Rb8 %% Rbh87, ﬁfs = ]1.4 is obtained from
~the average of the magnetic moments of Rp83 anézﬁbss. -

Experimental Values Calculated magnetic m_oménts for )
' Experimenatal Spins.

-

o = St e e v

Isotope I B4l P3/pt Bg/p P3/plegs)"  f5/589/p
Rp 52 5 1.50 0.3 1.4 -17

RrRb3 2 . -n32 | cvee 2.5 -L7

e mtaa




NORMALIZED COUNTING RATE (ARBITRARY UNITS)

10001 | S - RH® /=3/2, 7"/2 =4.7 hr. |

800

6001 B -
4001 -?Oé’kc/;sec. i

 80598:004mc/sec

200

ot——— L} - 5 “ - — Lo | N E—
- . 8200 - 80400 . 80600 80.800
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