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ABSTRACT

The atomic-beam magnetic-resonance method has been used to de-
termine the hyperfirie-»stru'cture interaction constants of 68-minute Ga68.

Measurements performed in both the ZPI/Z electronic ground state and the

2P3/2 first excited state give the results

2 . ' _
Py /2 | = 11.716 £ 0.010 Mc/sec,

2 _
’P3./2: |]a] = 1.660 £0.010 Mc/sec,
o] = 10.276 £ 0.017 Mc/sec,

" b/a <0.

The small value of the magnetic dipole interaction constant results in an in-
version of the hyperfine-structure energy levels in the 2P3/2 state. In
descending order, the levels for an assumed positive moment diagram are
F=13/2, 5/2, and 1/2.

The uncorre;:ted nucleavr moments calculated from_‘thesé measurements
' and from known constants of the stable gallium isotopes are

0.01172 = 0.00006 nm,

Iyl
Q]

0.0313 £ 0.0016 b.
The stated uncertainty in the magnetic moment is large enough to include the
effect of a possible hyperfine-structure anomaly. The dipole and quad-

rupole moments have opposite signs.
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HYPERFINE- STRUCTURE SEPARATIONS AND NUCLEAR MOMENTS
OF GALLIUM-68%

Vernon J. Ehlers i and Howard A Shugé. rt

:Department of Physics and Lawrence Radiation Labéra‘tiqtry :
- University of Cahfornla, Berkeley,_ Cahforma

| ',,De‘cembe_r 18, 1961

-~ INTRODUCTION
‘The nuclear $pin of Ga®8 was determined with the atomic beém;
mjethbfid“.‘b‘y Hubbs, Marrus, . and onr”;c'est'erv, who also obs:erve.d:’evide.nc;é_s of.
small.h’yberﬁnéa'str'ucvtti'f’e Sep‘-ar.atic;x:ls, - since’a pr_élir_ninary' as sighme_rit of
resonances indicated the existence of 'énv'ext'refnely small n-t‘J;cl‘:é';n,ri nifié.gn‘e‘ti'cf
moment and an inversion of the hyperfine- structure energy. levels, Z'i; wé.{é':
of interest to continue ‘the ‘Mmeasurements. Although initial 1nvest1gat1ons
A appé:a.',_réd:.td'éc):'hfirm_fheipf.eli.rriin_ary:léi}élasmgnment, 3 further 1nvesfc1:ga:ti?6n:.
reve.ale'd' that resonances Which.'had,'b‘eéh "_e}is;stign.e.d to AF = Oztrénfsiit‘ivoh’fs‘ were
in fact di'rétt..(A:F Sﬁil)_‘tf:a.né{ti‘ons,i ‘and that th:’é origir{ai level éiisé%i’ginn:fevnt'
was in error.” Because of the small hyp:érfi'hve.astfuétﬁre ,sepé.ratioﬁs;'it was
found Ihééfés.s:}a.i'y"itc’;' adopt a difffer-ehtvr:esonané.e search and jide‘nt'ificati‘on’
‘pr‘c")’f”cevdiifé.' ‘Subsequent measuréments .deécrib’ed here deterrﬁinéd the correct
level order ‘and resonance as signments and ‘yielde"d‘ the hyperfine-structure

separations in the ZPl/Z' and ZPS/Z electronic states.
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‘THEORY -
The hyperfine-structure Hamiltonian,for a free atom. in an external.

magnetic field H is P :
H 3@ D F G/ L0 - I+ IT+1)
=hal-.J+hb 2T T(20-1) -8 od - H-gkoL B

where a and b are the hyperfine-structure magnetic~dipole and electric-
quadrupole interaction constants, respectively, I and J are the nuclear and
electronic angular momenta in units of#, and Mo is the absolu';ce value of the
Bohr zﬁagneton. The electronic and ﬁuclear g factors are defined by .
g5 = HJ/J and g = ];LI/I , where both magnetic moments are expressed in
Bohr magnetons. -

For J = 1/2 no quadrupole interaction .exists and the secﬁlar eiquafion
of this Hamiltonian can be solved analyticallyv." 4 For J > 1/2 the problem :
~ is most conveniently solved by a numerical method. For both cases, the
energy eigenvalues and transition frequencies Were obtained bgr u-singv
~ electronic digital computers. Plotting the energy of the atomic system as a
function of magnetic vfio:‘eld, we obtain the familiar energy-level diagram.
Figures 1 and 2 show these di‘agrams for the 2Pl/2 and 2P3/2 states of
Ga68,v as calculated from the final observed values _of the infe raction constants,
assuming a positive magnetic moment. Because of the small hyperfine-
structure separations, the Paschen-Back region begins to dominate at very .
low magnetic fields.

In order to correlate the experimental data with the hyperfine-
structure Hamiltonian, another computer program was used to fit any com-
bination of the four parameters a, b, gJ, and 81 to the observed data by
minimizing the function5

2

N(a,b,gJ,gI) = Z Ri w, .
s 1
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The value of this function at minimum is the 'x’z of the fit. - The residual,

, Ri‘~’ .of th_é ith observation is given by

Ry =4y - WilFp,my) + W, (Fp,mp)ie
where "fi is the observed resonance frequency and the —Wi(F’ m) are the cal-
culated energies of the levels between which the transition occurred. The

weight factor w, is defined by

1 -
W, =
i 2 0L, .2
(85,) “+ (553~ 511,)

k4

N

where. afi and ‘G‘Hi "are the unce"rtain_tie:s in the observed frequency and
S : . o 9f, ,
magnetic field, respectively. The derivative -sﬁl is calculated by the program.

After trial values of the parameters to. be varied are initially given, the
routine proceeds to search for the minimum of the function N, and improves

‘the values of.the parameters with each iteration.

-Because the nuclear moments and in_t_erac‘vtio'n constants of the stable
' 6,7,8,9, '

gallium isotopes are known, it is possible to obtain the nuclear N

moments of Ga_68 from"th;e observed interaction constants by using the

g (&)
“a .Ga68'-§ Ga 9 s
Q\ _[a
(T) Ga%8 = (’Tb‘—) Ga®?

The derivation of these equations 'inﬁ(olves the as s_ﬁmption of a point nucleus.

relations

.Deviations from theéé:équations é.r_e _@au_sed by the difference in spatial distri-
‘bution of nuclear _magnetisin and charge in the two isotopes .inv'olv._e,d‘. This
effect’is called r,'c‘he hyperfine-structure anomaly. 10 It is gxpecte_d-to be very
small for P states, and in _fa’.g.t is ‘less than _1’052% for the Sta_ble gallium
isotopes. . With high enough prec.i.s'idny measurement of the in_'t.er_actiron'vconstlan‘;s

of an isotope in two electronic states allows the determination of the hyperfine-
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structure anomaly without a direct measurement of the magnetic moment.
Unfortunately, here the uncertaivhties in the ‘Ga68 results allow us to:do no_;""

more than place an upper limit on the size of the anomaly.

ISOTOPE PRODUCTION AND PREPARATION

The Berkeley 60-inch cyclotron was used to produce the :Ga6‘8

radioisotope by the reaction Cu65(a, n)Ga()_S, A 10-mil sheet copper target
was mounted on the internal probe of the cyélotron, where much greater
beam currents are available tha;n in the éxternal.beam, The mAé.ximu‘.mlbéarh
current used was IZCHa., and targets tybically received a total bémbar&mént
of 70 pa-hr dufiﬁg a bombardment of approximately 40 minutes. . Several
éfh'evr“gél.lliurh i:éotope‘s Wélfe"produ.ce,d sirﬁultaneously by various reactions
during the bombardments, but only .Ga66 was present in sufficient quva'ﬁtitAy'
to ‘in'te"rfere Qvirth the Ga68 measuréments; The large amount of Ga ' present
made it rriand‘étory to complete the ‘experimeﬁt va‘s rapidlgr és.vlp‘ossible, Bé,fo;'e
the Ga‘68 sighé_l"diséppearved into the Ga66 -bé.c'kgréund; Also, when ‘_se'a‘.‘rc“i'iilng
for Ga68 resonances, it was necessary to avoid regions containing Ga |
resonances.

The chemical separation by ethe.r extraction of the radioactive gallium
from the target copper has been described earlier. ! Various improvements
in technique increased the yield without increasing the time required for
separation. Typical separations of better than 75% were achieved, and in
general less j:har_1 80 minutes elapsed between removal of the target from the

cyclotron and exposure of the first samples in the atomic-beam machine. . .

Because of the extreme radioactivity of the samples .all chemical separations

" were performed inside a 2-inch lead-enclosed cave,
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EXPERIMENTAL METHOD. . .

. . . . . 2
Standard . techniques of radioactive atomic-beam work! “were-used

. throughout.this experiment, with the exception of the search procedure out-

85

| lined bélow. The magnetic field was calibrated by observing the Rb"~ and

Rb's? AF=0 transitions. - Very good beams of gallium atoms were obtained by

ﬁs_i__n__g graphite ovens, but slow variations of beam intensity were observed.
\
Although the two electronic states of gallium are almost equally populated.

.q‘tﬁthe'1300?C operating temperature of the oven, the atomic-beam apparatus

used in this experimenﬂhfavors the isotope of larger g;. As a result, the -
2P3/2 resonances observed were approximately three times 'a's high-as those
of the {ZPI/_:2 state. A Zpl/z transition or a. 2P3/2 transition with a low |
transition probability could.Be observed only during the early part of an
experimental run, ‘where_asAa-,» 2P3/2 transition possessing a large .tr,anéition v
probability could be seen-as late as 2 hours z.ifte'r the start of a run.

., . -During a typical experimental run lasting 2 hours, approximately 20

samples were exposed. . These samples were counted in continuous-flow

-methal;lg counters immediately after removal from the atomic-beam machine,

and th‘ush.rough‘_‘re‘son.anc»e curves were obtained during the run itself. Usually
abputu14 samples per run wouid be meaningful, so these samples were counted
a number of times sufficient to establish a good decay curve. Each decay -
curve was analyzed into components by a least-squares technique which yielded
the ‘relat;ve gmoun_jt of \Ga"68‘ present on each sample at an arbifrary zero time.

' 13

The counting. rate of each sample was normalized by the half-beam method

g . . . . 13
to compensate for the variations in beam intensity. . The ratio method ~ of

‘normalization is also possible in this case because of the presence of the

66 . . _
Ga ., but the percentage uncertainty of the .Ga66 counting rates on the samples

was.large enough to make this method less accurate than the half-beam method.
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The search procedure used in this eXpefimeﬁt differs slightly from
standard techniques. Ordinarily, one observes the .AF:O t'rahsitiéﬁé( at
progressively higher magnetic fields until the hyperfine-structure separafidns
are known well enough to permit a search _for> the direct AF=#l t’i'"ans‘itic_)h's"ﬁ.
Because of the small hfs separations in_Ga68, the frequencies of‘t}‘ievr.dilr"‘ec:t
transitions are already of the same order of".magn_itude as the AF=0 transition
freqﬁency ~at the low magnetic field of 10 gauss. Thus the problem is not " .
only one of loééting resonances, but also one of identifying those.resonances'
which are observed. The xhisidentification o;bf several AF=%] resonances as
AF=0 transitions resulted in the previously reported erroneous level assig'n-'-l
ment, 3 Subsequent invéstigation indicated the smallness of the interaction
cbnstants, and revealed that the reported resonance assignment was only
-one of a number that fitted.the observed data very well, Thus it becamé ‘
evident that a different search and identification procedure was neces’sar'y." '

One simple procedure woﬁld be to set the magnetic field as near to
zero as possible and then proceed to seafch for the direct tfansitiohs. Un- :
fortunately it was impossible to set the magnetic field below 3 gaués with the
machine used in this research, and thus this procedure was not feasible. An
- alternative attempt was made to observe the P",,/2 AmJ = :tl;'AmI=0 trans-
iti'onshin'i_the extreme Paschem-Back region. In this region we should see
" .three resonances at the frequencies Yo' Vo + a, and Vo2 where
vg = - ngoH/h, and a is the magnetic-dipole interaction Aczoxis"tant,'= Un-

A

':fortunately Ga66 has I=0 and therefore also has a resonance at the frequency

66

'Figure 3 shows the Ga and Ga68 counting rates of the samples ob- ‘

V},Oo
tained during this high-field search. In addition, this figure demonstrates

- the success of the method of resolving the ciounfing rate of a sampie.into its

66

component counting rates. . We note.the occurrence of the expected Ga
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resonance at Vv, and.two unresolved :_Ga"68 resonances-at v ancli.-,vo»st».,a:u:.. .
Because the large magnetic-field inhomogeneities at this high field make it
impossible to resolve these resonances, ﬁo exactivalue of a in.the" 2P3/2
state could be obtained in b,this manner. The observation does ,-'hov&ever:, place
an upper limit on a.
The .neixtbvs,tepnwa's .an attempt to dete\r,mine the ZPI/Z interaction
‘. constant, in spite ~of the greater difficulty }n_obs<erving Ares‘on‘gnces in this
" state. - Since b is zero for this state, it is necessary to fit only;tl;xé‘one
parameter a ‘to.the observed data, thus simplifying the identification . . -
‘problem. Initial se/arc;he‘s, for the AF=0 transition were. conducted:at .0
relatively, high fields, where there was,,.sma,ll; likelihood-_,that-any_. 2-p3/2_ .
resonances,w‘e.r’e preLsen»t. : The,tran,sitions'~obs»er-ved allowed the determination
of the hyperfine-structure separation Av to.;w,»it.hi_n 2 few hundred Rc_/s‘e_c;, '
.Then a sev,ar‘chi for the. AF=#] direct transitions yielded several resonances
belonging to both e.l-ectr!onlic states.- | ‘By means of resonance heig.ht" and field
dependence it was possiblétoassigndefinitely several ofr:;the resonances to the'
Pl/Z state, thus giving an accurate value obf Av, "
Bec_a‘us,e‘th_e.interaction;-‘.vco_’nstant:s. of the stable’ gallium isotopes afe
known, it was po',ssifa].ev;to_ calculate the _-2P3/2— a from the»observe.d value of
a  in the ZPI/‘2 state.. Thus only b "rrema-ined to be determine‘d'. . Even _sq,‘
therqf,We_re_a numt;e;"_lof va.lue_s of b which- fitted the previously -observed data.
T_he,.procéd.u,re._ then adopted wa_svto :_c;alculat'e the re_son‘ance-fffe-qu-ehci'es ex-
pected for the various possible values of ‘b,. and: conduct searches for these
resonances.  Because of wide variations in ,the-j(.)b,s-"erv-ed transition probabilities
it was difficult to predict which transitions would be most easily found.,, Thus
-at the beginning of a run, a sample:was exposed on the peakiof each of thev ex-

pected resonances. Figure:4.shows the result of-such a'séarch. Those
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résonances which displayed a high counting rate were then observed more
carefully, either in the same run or in subsequent runs. “Proceeding in'this
manner it was soon possible to eliminate all buf one lével assignment. A
large number of resonances were taken at varying magnétic fields in order to
verify this final assignmeﬂt.

. Some transitions in each electronic state pass through fieldnindependent
points, i.e., gi——l beéomves zero. At these points field inhomogeneities have
little effect on the line width, and the observed resonance width should be
the natural width caused by the finite transit time of the atom th‘z‘_"ou'gh the
radiofrequency region. Figures5,6, and 7' - show typical resonances ob-
tained at these field-independent points. Their\ small line width pér"rnitéthé
accurate determination-.of the hypeffin'e-strucfufe separations, TFigure 7
shows the type of resonance frequently observed for a ¢ transition which is
-excited by a hairpin designed for m transitions. 14 The characteristic pattern
with a minimum at résonance-is caused by the atom passing through two
successive radiofrequency fields '180° out of phase,

RESULTS:
All resonances identifiedzas belonging to the '2P3/2 state are listed

in Table I. The experimental data are .the resonance frequencies of Ga'68
and of the calibration isotope. The experimental uncertainty in the last place
of each quantity is given in parentheses following that quantity. Each resonance
is. assigned to a transition '(-Fl ,.ml) <——'—>_(F2, mz), .based on an assumed pésitix}e
moment diagram. . The result of a least-squares fit to the data is given, and .

\
the_residuél for each resonance is also listdd. Note that in every case the
residual is smalier than the uncertainty of the resonance frequency. The

various atornic and nuclear constants of the calibrating and comparing isotopes

used in the least-squares calculation are also listed. The 2P1/2 data are



given in a similar manner in Table II. It should be ‘,;m-en‘tipn'ed:th,a-tv the
resonances of this state assigned to the (3/2,1/2) «—(1/2,-1/2) transition -
belong as well to the (3/2,-1/2) «—(1/2,1/2) transition, since these
transitions have nea‘rlylithe éam_e resonance frequencies at low fields.

A largé number of resonances were obtained before the level order
was firmly estr,ablishea, and thus some. turned out to bg unresolved super-
positions of two ‘resorl1ances.y All such unresolved resonances are listed ivn
Téble, III; also given are the.transitions that have been assigned to them.

The frequencies of 1;hese transitions at the observed fields ha&e.béen calculated
',frog:rvx the final values of the interaction constants. -

‘The fit of the final values of the interaction constants to the observed
| iow-field data is de,monstra‘ted graphically in Figures 8, 9, and 10. Each'.
point on the graphs represents anobserved resonance, while the lines show
the calculated transition frequencies as a function of magnetic field. Thei-
identification of each resonance shown in Figs.8 and 9 is given in Table IV,
Unless shown othefwise, the experimental uncertainty‘obf each point -is smaller
than the size of that point. Figure 8 shows the 2Pl/z.data, Fig. 9 the 2P3/2
data, ‘an,d‘_Fig. 10 all the observed data, including the unresolved resonances.
The final values of the interaction constants provide an excellent fit to all the
observed data. ”

In Table I a number of res__énancbes havg beeﬁ éssignedﬁto AF=%2
transitions. These tranéitioﬂs are usually.ﬁot expected, since they violate
the low-field selectioﬁ ru‘le, which requires 'AF:O,»:E].,‘.° However, because
of.the small-hyperfine-structure separations, at a'.bprO'Xirriat:ely“ 4 gauss we
' ére.already in the intermediate-field region where F is no idnger a good
quantum number. In particular, the .(5/2, 1_/2)‘ —> (El'f/é, 1/2) transition is

- . a good exé.mple of this. Even though it disobeys both the High-ﬁeld ‘and low-
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field selection rules, it is readily observable between 3 and 15 gauss, and,
‘in fact, has a resonance height greater than the (3/2, -1/2) «—(17/2,1/2)
transition, which is allowed at both high and low fields. The existence and "
size of these resonances added greatly to the difficulty in determining a ¢on-
sistent assignment,

Tabies I and II give.theA results of a least-squares fit to the data listed
there. The Xzisﬁ.sn'iallf for botH electronic states, especiallyjfo'r'the Z'Pl'/z"
data. This indicates a very good fit to the observed data, and a high proba'.'-:
bility that fhe actual values of a and b lie within the limits of érror'giveh
by the program. Nevertheless, the limits areincreased to include t—'he §OSsi=
bility of a systematic error. Thus we obtain for the final values of the YZP3/2
hyperfine-structure interaction constants

|2l

]

1.66040.010 Mc/sec,

10.276£0.017 Mc/sec,

" b/a <0,

2
and for the . Pl’/Z state

2]

From these values we obtain the following hyperfine-structure separations

i}

"11.71640.010 Mc/sec.

for an assumed positive moment:

2
P32 A5/

Avyp1)2 25.611£0.041 Mc/sec,

3/2 =~ 8.695£0.033 Mc/sec,

2 _ S
Pl/2 A_v3/2’ 1/2 = 17.57440.015 Mc/sec.

Calculated from a Fermi-Segré type relation, the uncorrected electric
quadrupole moment is |
Q] = 0.031340.0016 b,
and‘t}he uncorrected magnetic dipole moments as calculated frdm the interaction

constants of._the two electronic states are
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2

Pl/‘Z: ]}.LI] 0.011729#£0.000010 nm,

P3/2: lpll = 0,0116640.00007 nm.

The stated unceftainty of Q 1is due entirely t/o the un'certaintyb.i‘n:'_i:he"qu:a‘drup-ole‘
morﬁenf of the stable isotope used in the .calculation, The uncertainties qﬁoted
for the ’magnetl:ic moments are due only to the uﬁcertain_ties of the interaction
_constants and thus do not include the possible effect of a hyperfine-structure

| anbmalyo Becau_sé,the measurements were performed in two electronic

‘states we are able to set an upper limit to the‘ size of the a_nomaly.; 'Fdr the
2?1/2 state we obtain that the anomaly is less than 0.6%. The anomaly is |
usually smaller than lt'}vzivs for P states, but on.the basis of our r.eslu_lt‘s we
Aéan Aa.és‘ign-orily,this up.perfli&m;it With ,certainfy,

| If we assume that the difference between,thevtwvo calculated mégnetié —

moments 1s entirely due to éxperirﬁen_tal uncertaiﬁty, we must( take ‘thenyl

. weighted average of‘the twoy Doing ;tl;.is, and .assigrﬁng 0.6% qﬁéértaiﬁty to
include the effect of a pbssibl.e hyperfine-structure ano‘r'nély, we dbté.ixi, fo_r

the uncorrected nuclear magnetic .dipoie moment,

[ = 0.01172£0.00006 nm.
I'uncorr

- Applying the diamagnetic c<:nc"rec'cicm]i5 K = 1.00262, we obtain for the cor-
rected moment

lby] cgpy = 0-01175£0.00006 nm.

Because the value of b/a is hegative, the nuclear dipole and quadrupole

moments have opposite signs.,
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_DISCUSSION OF RESULTS
" Calculations of the magnetic moment expected on.the basis qf. the
single-.particle model give By = = 0.94 nm if the.t.heoretic‘al‘hg‘ jacto;rs are
usgd,, and By = = 0.35 nm if the empirical g values of the ngighbo}fing odd-

proton and odd-neutron nuclei are used. 16

. The observed magnetic moment
of My = £ 0.01 'is much .small_er than either of the calcula_ted :values.l

It would be interesting to continue these measuremen;,s-for two reasons.
First, although the \sr.n all magnitude of the magnetic moment precludes the
.povs,sibility, of de_ternﬁning .it‘s sign by the u,s\:s.a.l method of de'termining whether
a positive or négati\/;é moment clearly gives the best leastesqbuareg. fit to‘the_
data (the so-called x 2 test), it is possible to measure the sign of the moment
directly by using the method oi;. Childs, Goodman, and Kieffer. 17 .Secondly,
moreAaccurate>_measu_re.ments of the interaction constants Would determine
wh;ather_the di:fferen_ce in the momeﬁts _calcula.tea from the ,results of the two

states is due to a hyperfine-structure anomaly, or is merely an experimental

~discrepancy.

ACKNOWLEDGMENTS
-We would like.to thank-Dr. John L.. Worcestér for supplying.us with
the data he had obtained on this isotope, and also for stimulating our interest
in this problem. . We would also like to thank the crew of the .Crocker 60-inch
cyclotron for their proficient handling of the extremely radioactive targets,
Mrs. . Ruth,eMary Larimer for her careful att‘ention in monitoring the radio-
chemical handling, and Mr. Michael De Vito for his competent assvistance in

.counting the samples.



~13- - : ' UCRL-9991

REFERENCES

N :
Supported in part by the U.S. Atomic Energy Commission and the U. S.

Office of Naval Research.

TPresently on leave as a NATO Postdoctoral Fellow at Erstes Physikalisches

11.

12,

13.

- 14,

Institut der Universitit Heidelberg, Germany.

VJ,ICG Hu_bbs, R. Marrus, and J. L. Worcester, Phys. Rev. 110, 534
(1958).

J. L Worcester, privaté communication (1959).

V. J. Ehlersrand W. A, Nierenberg, Bull. Am Phys. Soc. 1II, 4, 452
(1959). - | |

G. Breit and 1. I. Rabi, Phys.. Revagg, 2082 (1931)., |

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

Nierenberg, Phys. Rev. 116, 393 (1959).

. R.T. Daly, Jr. and J. H. Holloway, Phys. Rev. 96, 539 (1954).

A. Lurio and A.G. Prodell, Phys. Rev. 101, 79 (1956_).

M.. Rice and R.V. Pound, Phys. Rev. 99, 1036 (1955).

G. F. Koster, Phys. Rev. 86, 148 (1952).

A. Bohr and V. F. Weisskopf, Phys. Rev. 17, 94 (1950); H.H. Stroke,
R.J. Blin-Stoyle, and V.Jaccarino, Phys. Rev. 123, 1326 (1961).

T.G. Eck, A. Lurio, and P. Kusch, Phys. Rev. 106, 954 (1957).

For example, see W. A. Nierenberg, Ann. Rev. Nuclear Sci. 1., 349

(1957).

V.J. Ehlers, W.A. Nierenberg, and H. A. Shugart, (submitted to Phys.

. Rev.)

'W.J. Childs, L.S. Goodman, and L.J. Kieffer, Phys. Rev. 122, 891

(1961).



-14- UCRL-9991

15. W.C.. Dickinson, Phys. Rev. 80, 563 (1950).

16. M.H. Brennan and A. M. Bernstein, Phys.. Rev. 120, 927 (1960).

17. W.J. Childs, L.S. Goodman, and L.J. Kieffer, Phys.. Rev. 120, 2138
(1960).



-15- UCRL-9991

Table I. Summarv of Ga68 ZPg /> data
Calibration - Magnetic Ga

; frequenc-ya fieldd frequency Fl my F, m, Residual
Run (Mc/sec) (gauss) (Mc/sec) (kc/sec)
1’2 00500(25)2 0.711(35) 0.800(50) 5/2 1/2 5/2 -1/2 +2
2, 1.000(25) ©  1.418(35)  1.630(60) 5/2 1/2 5/2. -1/2 +30
3, 2.000(25) - 2.819(35)  3.250(100) 5/2 1/2 5/2. -1/2 +8
4 3.010(25) 4.215(34) 5.030(50) 5/2 1/2 5/2 -1/2 428
5y 1.,000(?.5)C 1.418(35) 2.145(50) 3/2  -1/2 3/2 -3/2 -21
6y 1,500(25) - 2,121(35)  3.370(50) 3/2 -1/2 3/2 -3/2 +6
7 2.000(25)¢  2.819(35) 4.635(65) 3/2 -1/2 3/2 -3/2 +34
252 2.994(40) 6.383(85) 8.225(125) 5/2 1/2 5/2 -1/2° 493
4911 6.147(25) 13.037(52) 18.800(200) 5/2 1/2 1/2 1/2 -32
5033  3.284(25) 6.998(53) 9.025(150) - 5/2 1/2 5/2 -1/2 -100
5431 5.419(30) 11.507(63) 16.600(200) 5/2 1/2 1/2 1/2 +45
5611. 1.448(30) 3.095(64) 17.375(75) 5/2 3/2 1/2 1/2 +20
574 °° 2.593(25) 5.531(53) 12.085(30) 5/2 1/2 1/2 1/2 -12
5771 3.762(20) 8.010(22) 14.000(175) 3/2 -1/2 3/2 -3/2 -93
5772 3.762(20) 8.010(42) 12.700(75) 5/2 1/2 1/2 1/2 = -13
5773  3.762(20) 8.010(42) 10.875(175) 5/2 1/2 .5/2 -1/2 +20
5871  3.142(20) 6.697(42) 21.180(30) 3/2 -1/2 1/2 1/2 -7
5872  3.,142(20) 6.697(42) 19.335(40) 5/2 3/2 1/2 1/2 -13
5961  1.656(25) 3.538(53) 21.060(125) 3/2 -1/2 1/2 .1/2 +24
5962 1.656(25) 3.538(53) 13.200(200) 5/2 1/2 1/2 1/2 -2
602 2.575(20) 5.493(42) 20.755(20) 3/2 -1/2 1/2 1/2 +6
6061  2.328(25) 4,968(53) 20.697(13) 3/2 -1/2 1/2 1/2 -2
6062 2.811(20) 5.994(42) 12.045(25) 5/2 1/2 1/2 1/2 +5
6181 - 2:837(25) 6.049(53) 12.055(25) 5/2 1/2 1/2 1/2 +16
6311  2.301(25) 4.911(53) 14.450(250) 3/2 -1/2 5/2 -1/2 +103
6312  2.309(25) 4.928(53) 12.225(150) 5/2 1/2 1/2 1/2 -66
6381  2.108(25) 4.500(53) 12.475(50) 5/2 1/2 1/2 1/2 -32
6382  2.113(25) 4.511(53) 12.460(60) 5/2 1/2 1/2 1/2 -41
6411  1.413(30) 3.020(64) 17.375(40) 5/2 3/2 1/2 1/2 +38
6451 1.538(30) ~ 3.287(64) 35.850(500) 3/2 i/2 1/2 -1/2 +85
6452  2.445(25) 5.217(53) 12.145(40) 5/2 1/2 1/2 1/2 -36
6481 1.643(35) 3.510(75) 11.950(200) 3/2 -1/2 5/2 -1/2 +32
6482 1.643(35) 3.510(75) 13.200(150) 5/2 1/2 1/2 1/2 -26

a. Calibration in terms of the Rb%2(3, -2) «—> (3, -3) transition, unless other-
wise indicated., '

b.  Data supphed by J. L. Worcester.

c. Calibration in terms of the K39 (2, -1) «— (2, -2) transition.

d. Calculated from the calibration frequency.

Result of least-squares fit: a =x1.660 %+ 0.004 Mc/sec, vb =T 10.276%0.007 Mc/sec;
2 v

x = 4.9 for 33 observations.
(Jompanng isotope | T QZaL;bratign isotopes
Ga'l, p I=3/2 K39, 25 I=3/2 R85, 257 /5.1-5/2
3/2» 1({2 1/2 :
- 1.333941 gy = - 2.002309 gy =~ 2.0 2409

g =
g1 = + 9.2765X10-4 gy = + 1.41945x10-4 g1 = + 2.93704Xx10-4
a= 242 433949 Mc/sec Av = + 461.7197Mc/sec Av =+3035.735Mc/sec
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Table II. Summary of Ga PI/Z data. _
i , 68
Calibration Maggetic Ga < '
frequency® field ' frequency F]L m, F2 m,, Residual
Run (Mc/sec) (gauss) (Mc/sec) (kc/sec)
5601 5.408(25) 11.484(53) 5.175(60) 3/2 -1/2 3/2 -3/2 -20
5602° 11.908(30) 25.021(62) 14.930(100) 3/2 -1/2 3/2 -3/2 +22
5612  1.448(30) 3.095(64) 17.800(125) 3/2 i/2 1/2 -1/2 +16
5613  1.448(30) 3.095(64) 18.700(100) 3/2 1/2 1/2 1/2 -34
564 1.459(30) 3.118(64) 16.825(25) 3/2 -1/2 1/2 -1/2 -5
5671  2.108(30) 4.500(64) 16.655(20) 3/2 -1/2 1/2 -1/2 +3
5672  3.054(20) 6.510(42) 16.575(25) 3/2 -1/2 1/2 -1/2 +5
569 2.574(25) 5.491(53) 16.584(15) 3/2 -1/2'1/2 -1/2 -2
5831 3.061(25) 6.525(53) 22.050(100) 3/2 3/2 1/2 1/2 +12
5832 3.061(25) 6.525(53) '20.450(250) 3/2 1/2 1/2 1/2 +28 -
5833  3.061(25) 6.525(53) 18.500(100) 3/2 1/2 1/2 -1/2 +4
5851  3.762(20) 8.010(42) 18.960(35) 3/2 1/2 1/2 .-1/2 +6
5852  3.762(20) 8.010(42) 16.645(50) 3/2 -1/2 1/2 =1/2 -2
5901 50.505(20) 100.003(37) 82.230(100) 3/2 -1/2 3/2 -3/2 -29
- 5902 50.505(20) 100.003(37) 105.580(125) 3/2 3/2 1/2 1/2 -21
6182  2.837(25) 6.050(53) 16.566(20) 3/2 -1/2 1i/2 -1/2 -4
6412 1.413(30) 3.020(64) 17.785(40) 3/2 1/2 1/2 -1/2 +11

: 5
a., Calibraticn in terms of the Rb&’ (3, -2) & (3, -3) transition.
b. Calculated from the calibration frequency.

Result of léastusquares Fit: a =41.716 £ 0.004 Mc/sec; |

2

X

= 0,63 for 1‘7 observations,

Comparing isotope

71 2. .
Ga'', “P, 5. 1=3/2

gy = - 0.665825
o -4
g, = + 9.27651X10

a =+ 1701.34729 Mc/sec

Calibgiating fsotope

R'blS5, ZS

1/2, I 35/2
gy = - 2.002409
g =+ 2.93704X10"

Av = 4+ 3035.735 Mc/sec

4
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unresolved resonances

Calibration Magnetic ,,Ga6 8

-Calcu-

, 3/21/2

20.422 . .._

frequencya fieldP frequency Electronic F1 m, .F2 'Ihz lated. fre-=
Run. (Mc/sec) (gauss) (Mc/sec) state ' quency®
(Mc/sec)
282 4.708(20) 10.008(42) 1-4.435{150){2p 5/2 1/2.5/2 -1/2 14.542
L ;P3/2 5/2 1/2 1/2 1/2 14.606
4912 6.131(25) 13.005(52) 20:{75(200){2 3/2 5/2 1/2 5/2 -1/2
‘ 3,/2 /2 1/2 -1/2 21.081
5032  3.284(25) 6.998(53) 12. 225(1150){‘2 3_/2>-1./2 3/2 -3/2 12.236
, 5/2 1/2 1/2 1/2 12.193
5432 ”5;419(30_) - 11507(63) 17. 4:00(200){2 /2 5/2 1/2 5/2 =1/2 17.455
| 2 2 3/271/2 1/2 -1/2 17269
5433 . 5.419(30) 11.507(63) 20. 425(150){ ’p /2 3/2-1/2 3/2 -3/2 20.516
P, 3/2 1/2 1/2 :1/2 20.355
557 . 5.384(25) 11.433(52) 6. 775(75)‘1{2 3/21/2 3/2 -3/2 6.824
| 2p 1/2 -1/2  6.781

a. . Cé.libration in terms of theva8

Calculated from ‘the calibration frequency.

SV (3, -2) (==-)_(3:, ~3) transition.-

c. . Calculated using a = 1. 660 Mc/sec, b = - 10.276 Mc/sec, and Av= 17. 574

Mc/sec.

is not shown in Fig.

‘transitions listed, and was observed at a high rf power level.

10.

This resonance is a third harmonic of the resonance frequency of the

It
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Table IV. Key to observed transitions in‘Figs{ 8 and 9.

2P3/2 Transition ZB]/Z Trarisiutio-ﬁ

. ‘Designation 'Fl m, F, m? Designation F1 m, ' F, -mzl1
a 5/2 1/2 5/2 -1/2 m 3/2 -1/2  3/2 -3/2
b 3/2 -1/2 3/2 -3/2 n 3/2 -1/2 1/2 -1]2
c 3/2 -1/2° 5/2 -1/2 g 3/2 12 1/2 -1/2
d '5/2  1/2 1/2 .12 3/2 <1/2  1/2 '1/2
e 5/2 3/2 1/2 il/2 P S 3/2 1/2 1/2 1/2
f 3/2 -1/2 1/2 1/2 q S3/2 3/2 1/2 1)2
g 3/2 1/2 1/2 -1/2 '
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Fig. 1. Breit-Rabi diagram for the ZPI/2 electronic

state of Ga®® (calculated for Av = + 17.574 Mc/sec).
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Fig. 2. Breit-Rabi diagram for the %P3/2 electronic

state of Ga68 (calculated for a = + 1.660 Mc/sec,
b = - 10.276 Mc/sec).
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Fig. 4. A search for possible resonances, conducted at
3.020 gauss. (The open circle point displayed at
18.5 Mc/sec was taken with the rf off.)
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Fig. 6. A resonance corresponding to the

(3/2,-1/2) « (1/2,1/2) transition in the
2P3/Z electronic state of Gaés. (H = 4.968

gauss).
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Fig. 7. A resonance corresponding to the
‘ (5/2,1/2) &> (1/2,1/2) transition in the
2P.’S/Z‘electronic state of Ga68- (H = 5.994 gauss).
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a=+ 1,660 Mc/sec, b= - 10.276 Mc/sec. Resonance
identifications are listed in Table IV.
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Comparison with the observed resonances to

the theoretical transition frequencies calculated for
a =+ 1.660 Mc/sec, b= - 10.276 Mc/sec, and
Av = + 17.574 Mc/sec.

the
the 2

PI/Z state.

The solid lines represent
2P3/2 electronic state, and the dashed 1ines
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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

’

B. 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.





