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1, INTRODUCTION

Atomic end molecular beams provide one of the oldest methods of
experimental physics. Their earliest spplications were, as to be expected,
to the kinetic theory of gases, because study of the effusion of gas
molecules from a source was of fundsmental iﬁportance in understanding
the Maxwellian theory of gases. The technique was soon recognized,
however, as especlally valuable for the study of molecular, atomic, end
- later - muclear structure. In a beam, the atomic or molecular system
is in effect isolated from any other molecule or atom. Thus, in a study
of atomic, moleculaf, or nuclear properties, all experimental complica-
tions arising from the effects of the solid, liquid, or‘gaseous state
can be avolded. If the experiment utilizes a resonance method, the
lower limit to the width of the resonance line depends only upon the
rédiation lifetime and the duration of observations.

Advantages of the reaction-free state become apparent from considera-

tion of the numbers involved in a typical experiment with a nonradioactive



ﬁeam. Such a bean consists of 10]‘0 or lOll atous per second at the
detector in an appératus vhose length is of ihe order of 1 meter. Tbg'g
distribution of velocities 1is the Maxwellian distriﬁution multipiied ﬁy-
the veloeity, v. The mean velocity may be 50,000 cm/sec, giving a |
lineal density of ~ 106 atoms/em; for a beam 0.0l ecm wide and 1 em high,
this 1s a volume density of ~'108_atcms/cm3. The result is a much |
smaller collisién rate than in a standard gas density of 1019 atoms/émS.
Furthermore, 1f the c:osé section for collision of the beam atoms with
themselves is spherically symmetric, the probabllity that products of‘-b
collisions will remain in the beam is oniy'a 11§tle greater than the
éppqratusAtransmiaéion. Since this is sbout 10°2 or less, the effect
of collisions is negligible. Bcattering due to residusl gas in the
apparatus is scarcely significant: the pressure of the resi&ual gas is
5 ¥ 10 -7 m of Hg, or less, vhich corresponds to a mean free path ten
times the 1ength of the apparatus.

The molecular (or atomic) beam became an important device for modern
physical research when O, Stern and his colleborators used it for study-
ing such diverse phenbmena as molecuiar scattering and space quantiza-

1’ 25 3 In these experiments he studied the deflection of the

Y 5 me

tion.
atonmic system in very strong inhomogeneous-magnetic fields.
speecific  conformat1on of magnet pole tips required to produce this -
inhomogenelty still goes by the name Stern-Cerlach field. |
>  The next major step in the téchniqpé, based on an interesting -
theoretical observation by Breit and Rabi,6 was put into experimentsl

practice by Rabi and his collaborators;T’ 8,9 This concerned the



strong masnetie interaction between the currents produced by the electron
angular momenbum of the atom and the nuclear magnetic moment. The nuclear
épin is rather strongly coupled to the electronic angular mouentum, and
the two systems would not be decoupled in a magnetic field of less than

*
several hundred geuss. In a wesk field, therefore, the two systems behave

#Thréughout this paper all magnetic moments are in units of the Bohr
magnetion, u_, about 0.927 X 100 ergs/cemss. The vector magnetic moment
of the electiron aysﬁem is gJ“di’ vhere g is the vector anguler momentum in
units of #, and gy is known as the gyromegnetic ratio of the system and
depends upon the details of the eiectronic motion. For a single electron
in an s state, we have &y ® -2, and, in general, gy ~ «l, For a nucleus,;
hovever, the magnetic moment is g1p0£, where 5 is the vector nuclear spin
in units of Y, and, what is important, g ~ 1/2000. As sn example, for a
single s electron, the magnetic field at the mucleus due to the spin of
the electron is roughly 2uo/r3. If r is taken as ~ 0,5 X 10‘8 cm, this
18 equivalent to about 10° gauss. A unit muclear moment in this field of
10° gauss is therefore equivalent to about 5 X 10719 ergs. When this is
divided by Planck®s constant, one gets 108 cycles/sec or 100 Mefsec, if
frequency is used as a unit of energy. This represents s rather strong
coupling of the nuclear spin'to‘the electronic angular ﬁomentum, and,
sincé the eléctron.precession frequency in a wmagnetic field, if uncoupled,
is gJuOH/h, or about 1.4 Mc/sec, for 8y = 1, it would take a field of

several hundred gauss to completely decouple the two systems.




as one, with an angular momentum that is the vector sum of the two angular
moments., bﬁt.with a maénetic moment that, to a véry good spproximation, is
due to tha electronic structure slone. Thus the behavior of the system as
8 vhole in an external field is primarily influenced by the spin of the
-mucleus, and not by its magnetic moment, except through the hyperfine.
coupling. This was the basis for the zero-moment method used by Rabi and
h;s collaborators for the.meaéurement of tﬁe spins, magnetic moments, and
quadrupole moments of the stabie isotopes of the‘alkalia,_gallium; and
indium. (The Breit-Rebi diagrem is later explained in some detail.) The
next step in the development of the subject was the discovery and epplica-
tion by Rabl of the nuclear radiofrequency resonance method to moleculor
beems, This was en edvance of many ordexrs of magnitude in the precision
of measurgmqnt’of nuclear moments, and the application of the method to HD
and Daaled to the discovery and measuremént of the aeuteroﬁ quadrupole

10 Immediately efterward, the method was applied to the radiofre-

1

_momant.
quency spectroscopy of alkali atoms by Millman, Khsch,'gnd Rabi,l and
because of its enormous precision, virtually supplanted thé zero-moment
method. Zacharias measured the spin of Kko, thé rare rediocactive isotope
'of potassium, by an 1ngenious‘applicat16n of the method, and thereby
demonétrated its appliecability to trace smounts of materisl in the
presence of large numbers of Sackground atoms.12 - The resonance method
was extended to measurements of quadrupole interaction in nuclei, including
vhat is known as "pure quadrupole resonance".13 The Kusch-Foley measure-

ments established the snomalous magnetic moment of the electronlu and set

the stage for the rapid development of the renormalized-electron-field
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theory and Lamb's experiment leading to the discovery of the "Lamb shift".l5
For & brosd discussion of procedures and techniques of atomic beans,
+the reader should refer to several articles that cover all the above
appiications.ls This discussion is priumarily concerned with the applica-
tlons to the weesurement of the spins, magnetic moments, and quadrupole
moments of unstable muclel of ahort half-lives., These quautities are of
primary iluportance in the study of muclear structure, but until recently
there hes been very little done in the field, consldering the large number
of known isotopes. 4As a reéult, although much has been kaown about the
nuclei that lie along the "stable line" of the Segrd chart and long-lived.
isotopes that may be produced in ebundence from these in reactors, very ’
little was known about those isotopes that are‘neutrbn-deficient by two, '

' three, four, or more neutrons. The primary reason is that these are

cyelotron-produced isotopes and, in general, are not available in quane
titles greater than about 1013 atoms. By an amalgamation of the techniqua
of nuélear physics with atomlc beaus, measurements have been’ successfully
carried out on 10'° atoms and on species whose half-li%es are one-quarter
hour. Within the lest two years, the nuclear spins of gbout fifty iso-
topés have been determined by thls extension of the mefhod of atomic beams.
The half-llives of these isotopes hawe.ranged from 1/ héur to 24,000 years.
It should be emphasized that these messurements have besn made with no

loss of the great resolution availsble end thus have & very high reliability
compared with other methods. The usefulness of the results can be appre- .
ciahed from the fact that nuclear splos are now known for ten isolopes of

Cs, ranging frou a maglic number of ueutroas for CslaTIto ten less than the
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magic number of.neu‘oroﬁs for Cs + In addition, long-lived isomeric
states have been investigated. Much useful ipformation has been obtained
on Au, and‘oﬁ Ag isotopes. Because these atoms are in en electronic state
with J = 1/2, 1t is not feasible to meésure the quadrupole moments of these
nuclei. inStea,d. , an sttempt is being mede to observe the hmerﬁneastf&cé
ture anoﬁa,ly for these nuclei. This tern is g-lso puclear-shape-dependeﬁt.
At pi-esent, work is procesding on the haloger;,. Ca a.nd In isotbpes. The
adx}antaée %o be geined j.a that measurements can be made on a J = 3/2 state,
end a.l unpole (es well aé an octupo.‘!.g) term can be meaéured. If this
is possible, it will result in the k.nowlédge of the qxadﬁxpole moments for |
elght or nine isotopes of the same eleméf_xt’ and should be extremely useful
in the interpretation of the unified nuciear model and similar theories.
2. ISOTOFE FRODUCTION AND FREPARATION ) |

In this section, the problem qf producing sufficient isotope for‘
detection and measurement 1s anelyzed, and some mumerical examples axe
given. To fix the ideas, the examples of Rb_8l , Rb82 » Rb8_3 s end I{b&L are
discusé_ea. The detailed discussion of the atomic beam technigues end
spparatus is reserved for the next section. . |

The stable isotopes of Rb are Rb85 and Rb&-r, vith spins of 5/2 end

3/2 respectively. Their muclear magnetic moments are 1.35 and 2.75;:1'.&'1' 7
units of the muclear magneton, 5.05 X 10’221' 'erg/gausa. - The most c_oiivenient
way to produce the neutron-deficient isotope; is vis alphs boubardment of
Br. Since Br has two stable isotopéé in nearly equé.i sbundance, Bl (¢ and -
Br81, there may be more than one way to prodt;.ce the same isotope. If

50-Mev alpha particles are availsble, reactions of the type (a,kn) are
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ossible, vhere k = 1, 2, 3, or 4, Other reactions are possible, but the

yield of radioisotope is so low that they may be neglected. Furtheruore,
.we will sce that the identification, by means of c'nemifstry, vapor pressure,
eleétronic structure, and characteristic x-rays, is sufficiently rigid to
remove any possibility that the finally detected beam is not rubidium.
Figure 1 is s production curve for elpha-particle reactions, estimated
from the evaporation model. These curves and the initial energy of the
alphe particles can be used in a numerical integration to estimate the
yield of the radibisotopes. The numbers used as an example are based on
an actuel run at the Berkeiey 60-inch cyclotron.

The ovei‘riding provlem in working with the neutron-deficlent isotopes
of shoz_'t half«life is one of inteasity. It is important to obtain yields
as .‘great as poss‘ible from a lgiven cyclotron bombardment. This means that

the largest possible beam should be used. In working with isotopes of Au

that can be made by alpha particles on Ir, this is no problem, because thi’ej,“

heat developad on a conventional water-cooled target can never be eriough,,
to. melt or vaporize the Ir or Au under ressonsble clrcumstances (' up %0
sbout 160 pa of beam at ~ 45 Mev). However, for most substances, such
as.the bromides in this example, a bean of only a few microwmperes at
this energy vaporizes and decomposes the salt in a conventional holder.
Therefore, a special target assembly (Fig. 2) was designed to permit
boubgrdment by currents .up to 40 pa without destruction of the salt. For
estimgtion of the number of atoms involved, reference is made to Fig. 1,
virleh gives the differentisl cross section fc;r each of the four reactions

(o,kn) on bromine » for k=1, 2, 3, 4, Knowing the density of BaBrg and
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interpolating an appropriate range-energy relation for alpha particles,
one can reach the estimates given in Table I. The yield for an average
cyclotron beam current of 2k uZ?if 45-Mav alpha particles is also given
in the table, as well as the number of disintegrations per minute immedi-
etely after a 5.75-hr bombardment. These numbers can be most useful if
they are translated to counts per minute. The counters used are K x-ray
counters (more fully deseribed laster). We use here only those numbers
necessary for intensity estimates, First, we have the factors common to
all four isotopes:

(a) Counter solid-angle factor of 0.5.

~(b) Window efficiency-- the effect of the finite resolution of the

counter diseriminator. This is about 0.85. |

(¢) A fluorescent yield of 1/1.62,

(d) A factor of 10/1l for X versus L éapture.
.Combined, these factors give a counting efficlency of 0.24. Now there are
factors that are different for each isotopeﬁ

Rbal: 0,87 for the electron capture versus B+ entlssion.

Rb82: 0.9% for the electron capture versus B emission. In sddition,

there is a guessed factor of 1/2 for ccoumpebtition in produchion wlth the

mnetastable Eb8 that does not decay to the ground state.

Rb83: The low-energy gasma rays of Krahn

» the daughter, which aug-
ments the counbing by a factor 1l.h.
}
Rb84: A Tactor of 0.76 because of eleetron branching.

The total predicted counting rate imcdiately after bowbardmont is
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Table I. Results of Br (¢,kn) Ro reactions from bombardment of Br with

a cyclotron beam of h5-Mev alpha particles at 24 ua (average).

RO w2 g g

Total effective production cross - ‘

section (cn® X 10727) 3.19 3.06 1.5 0.31°
Number .of atoms produced per

mimte { x 10%%) 1.0 097 047 0.
Equivalent number of disin-

tegrations per minute after ‘

5.75-hr boubarduent (x 10°) 510 L20 0.9%  0.49

®Reaction not:.éompletely realized becauge energy available (45 Mav)
takes in only half the (a,in) peak. | |
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Rbal: l.a2 X lOll cpn
R‘oB?: 0.5 % 107 e
Rb83: 3.0 X 108 cpm
Rb&: 0.9 X 3.08 crm

This con be ccma:ed with the resulis ovbtalined from the analysis of a

5

somple from the Q‘"*m:,n -bhrough" or undeflected beam. The ratio of the

obse;:_*ve’d. counting rates for 'h‘ge Rb83 4 RbG)+ co;u;pbn@n’cs to Rbal + Rbe is

o

2.5 % 107 3 predicted and 1,9 X 10'3 obsezﬁr‘ed. A rough absolubte check

also can be undertaken., The eamnlé used 'for beam analysis vas 0.02 of

the tofal beam dctemxm«*c’l by monitering the bean carrier. The transmission
of the gpparatus 18 3,3 % 10 -5 /n, and the decay rate (extrapolsted) for the
sguple was 13,700 cpm, glving 0.7 X l(‘.‘vll épm total, ;r fa,bout l/ 2 that
;ored.iétea.  This 18 vez_"y'good agreemen'h , considering the nabture of 'ﬁh@
é3'bima‘hés. lere is stil) another check on ur;., intensitles, and tha’c
1nvolvcs the ::.ntfan 's of ’c’ne observed rescnances. ‘The spins of R’nal,

82, Rb83, and Rb8 are 3/2, 5, 5/2, and 2, respectively; their rasononces

Kb
ware obse Aed under wany uagnetic-field and procluc’cion; conditions, If
eacn of the cbun‘bing rates at the spin resonances is normalized ‘;co *bli.e
par’ticul'ax- component pres ent in the beam gnd plotted versus 1/(21 + 1),
they do indeed rouo'....lj o d:te-" shout & s’c**a.x{;ht ;Li.m s,hz»:ougb zervo (Fig. 3).
he c}.mory 'DI‘CQ.LC"GS Just such an in‘eensity dependen.ce'.

3. EXFIRTMENTAL FROCEDURE |

Thea i‘uﬂdgu ntal nethod for the spin and Amz,ov gtlc woment nmoasurcments
is based on space guenbization. Becaut;" of its spin I, the mucleus alone

has a spatlal degeneracy of 2T + 1. Becauze of the electronic angulor



monentum J, the electronic system has = degeneracy 2J + 1. In the sbsence
of any external fields or interactlons betwoen the electrons ard the
nuclous, the total degeneracy is (2T + 1)(2T + 1). Because of the wagnetic
interaction between the nucleus and the electrons, the degeneracy betvcen
levels of the total angular momentum, g,# £ + J, is removed: There ara
either 21 + 1 or 27 + 1 of these hyperfine.iévels, vihichever is the sualler.
F takes on the values T + J, I +J - 1, "’ff lIv- J|, and each of these
levels is 2F + 1 degenerate. On the applicéﬁioﬁ'of a weak magnetic field,
H, this dogeneracy s removed, end the‘ene;gy dependence of the levels is
e constant plus a term proportional to H.  The difference betwesn any two
energy levels is s possible traﬁsition frequency under the influence of an
applied radiofrequency magnetic fiéld, ond this transition is observed,
provided that it is allowad by the'selectionlrules, and provided that the
apparatuslia desiguned to détect the pafticuiar transition involved. .There
&fe nany diffefent types of transitions, an& at least three difflerent ways
of a@sién;ng the atomlc besm magnets to observe them. As an @xampie, the
class.of tiansitionsvthgt involve AF = + 1 is paiticularly suitable for

% . - . .
precision measurements of hyperfine intervals. If no previous value of

this separatibn'isméﬁailable, however, a te&ious-search is snvolved beeauso
oflthe‘high resolution éf an atounic bean apﬁaratus. A prqce&uﬁe'that
operates in stages and requires only a minimum amounﬁ of isotopss has beun
devised for deiermination of the veiious nﬁclear‘constants of interest.

The quantities to be determined are, in qrdar, the spin, the magnetic
dipole term in the hyperfine interaction, the eleétric gusdrapcle taym,

the sign of each, and, if possible, the magnetic octupole tzrm and 4ha



12

hypérfine-stmcmre anomaly. From these terms, the valﬁes of the 'nucleaxf
'ma{.-;netic moment and electrie quadrupole mdment can be 'determine_’d by_ratios, |
'I'he'sequenée a8 described requires monotonically increasing precision. As
an example, the alkalis have o 251 /2 ground s‘cate, therefore » the quadrupole
». and octupole terms vanish identica.lly, and there is no hope of mcasuring |
these moments. 1n this atomic sta,te. Since the hyperfine-structure anomaly
ma,y be es h:tgh es several percent , there 1s no point in measuring the

- dipole 1nteraction vith extreme accuracy for the puzpose of determining

the mzclear magnetie moment by comparison with e known isotope.- Howaver, o -

| in order to detemine the s:lgn of the interaction, it 1s genera.lly neces—
saxy to measure the hyperﬁne-structure constant to a greater accuracy to .
check the copsis‘oency_ of th_g"e,agignman‘t. As e.n example of‘some a.spects
of this techniqué , i}fe“coris':ider C8132. “Tae spin of this isotope is 2,
Figure L ig the plot of the energy levels versus the magnetic field. ‘l‘hev

| energy is :I.n units of as the hyperf‘ine-stmctura constan‘c, ‘and the absclssa
:i.s the dim@nsionless q_uantity, | | |

(-5 + gpdud

ha(T + %‘-) |

'(gJ < 0 for electrohs‘)‘v - {1

The Hznilionien representing the intere.ction be’cween nuclear spin and
clectromc sigular mouentum, and ‘Lhe interacticn with the external appl}.ed

Tield, is
: E:FUR J H pIH S
Hualg- 30 ..gIO""~ , o (2)
‘ ' h h

vhere 3 and a are in ffequency units. The Landé factor By is known very

accurately from atomic beam experiments on the stable Ce isotopes and is -
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very nearly equal to -2; g; is small, ~ 1/2000; a is aﬁproximately several
kilomegacycles per second., Initialiy, in the weak field, or Zeeman region,
the levels‘f;ry linearly with H, The corresponding frequency differences |
between adjacent upper levelg, F = 52, &F nlo, and &M = £1, are equal to
one enother snd to approximately'% uoﬁ/h: or sbout 0.5 Mc/sec/gauss. The
field 1s too weak to decouple the nucleus from the electrons, but it does
causge a precéssion of the entiie systemvdue to the torque on the total
dipole, which is why all the upper frequencies are the ssme for low field.
For a free electron (I = 0), this freénency'is gJuOH/h_or 2.8 Me/sec/gauss.
The nucleus adds inertis to. the system becsuse of its angular momentum, but
' makes & negligible chtribution té the tofqua; thérefore the precession f:e~
quency 1s roduced, Thé;éxact expression for 281/2 states to first order in
the field for the uppér levelé is .
gz H/h QIE;IMOH/h'

. « : @
2T + 1 2L + 1

v

The last term is negligible for initisl measurements in the determination
of the spin, If a resonance can be observed at low enough velues of H,
the spin is détermined'by the factor (2I +.l)'1. The #dvantage is the
discreteness of the séarch. The resonance of the carrier oy known.isotope
is used to calibrate the field, and the position of poseible resonances
for different spine can,'in general, be discretely pradicted end comparced.
Onee a spin resonance is located and verified, an estimate can esslly be
nzde of the hyperfine interval, Aw; the difference in energy between the

upper and lower F levels: Av = [(2I + 1)/2]a.. This is done by following
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the. resonance to a field that will introduce a small deviation from the
linearity expressed by Eg. (3). This term is, in general, quadratic and
is due to the incipient deccupling of I and J by the external field, and

“G
oTv 2
v 2y + 2
o

) I ()
A : :

to sccond order in the field. The shift, Eibe/Av, glves & rough estimate
of Aw, and'thisjéhift can be increased.by iﬂéreasing the frequency unﬁilv
4&v is determined to any reasonable desired accuracy. Since thiS'procegure
is copable of determining Aw to 0.1% or better if nccessary, one must use
the exact eolutions for the Hémiltonian, 1nclud¢ng the terms in gI, &
1tself is estimated from Am by camparison with & known iSOquG and the
relationl7‘

Avl/éwg = (ax; + 1)811/(212 +;l)gi2; . - (5)

, 5 -
For alkalis and other 81/2

vhich is more than enough for the small correction it affords. 'Thm Gavie

states, this formula is good to about 1%,

atlon of this relation from equality is a measure of the finite di"t~Lbu~
tion of the nuclear magnetism and is known as dhe hyperxlre anomal
Howaver, the sign of 81 is not deternlnod, and the usual Wﬁmh d is %o
check the constancy of the calculated Av versus H for ascumed gi:>lo.or
gI < 0.".If the reéOIution of the appaéatgs_is u&LlCicn ly géod, there
is enoughndgscrimiﬁatiqn to tell the sign. - |

So far, nothing has been sald aboub thé.apparatus naeded to ébse?ve ‘
this resonance. A particular srrangenent of megnets in an atouic bean

apparatus is used that results in wbat is inelegontly called a "flop-in"
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trajcctorj rather than the original "flop-out" design. Reforence to Fig.

4 shows the rather interesting phenomenon that the particular‘level cor-

respénding . to the most negative velue of M = <I = J (@.g., the level -5/2

- in the diagram) varies exactly linearly wiih K and "erosses the diagram”

to toke its place with the levels my = -1/2 in the Paschen-Back xcgion.

The level immediately above, M = =I - J + 1 (e.g., -3/2 in the diagram)
eventually winﬂs.up with the my = 41/2 greup. The slope of these lines

at a pﬁrticular magaeti.c field is a measure of the foree on an atom in
that state in en inhomogeneous magnetic field. The two leveis, M = «I = J
gad M = -1 - J + 1, therefore have equal but opposite forces exerted on
theu in the same inhomogeneous field, providinog oanly that the field is
sufficient to decouple the anguler wmomenta completely as in the Paschen-

Baglk region. Figﬁre 5lia a schematic of an actual apparatus. The atous

leave the source and pass between the pole tips of two successive magnets

that supply the field necéssary to cause the decoupling and the inbonogone-
ity to deflect the stoms. These megnedbs are celled the "A" and "3" megnets
respectively, pad are so arreaged that the fields of each and the field
grodients of each ars in the same direction. The apparatus then acts like
a Stern-~Cerlach systenm in the first instance. The atoms are deflected
eithor to the lefi or to the zight, depsnding upon the siga of mJ, and.
there is no signal at the detector. Bebueen the two deflecting mognats
there is o uniform field, ths "C" field, vhich is nomaally al just a few
gauss for spin deberninations. The resonance takes plaecc in ﬁhis_field

a8, gonerall

o,

via a small parturbing of field induced by a pair of u

.y N - L1 ORI S 1] PO ) . oy ey . . vy gy = ER Wy ey PR Bt
callzd a "noaiwpin®, musmning parellael to asd near thz beom, I The



16

resonance condition is met, transitlons sre ‘caused between the two states,
Fael+d, MF = ~I - J and MF = =l - J +I l The result is that the moments
of the atoms initially in these states may be reversed in slgn in the B
field with respect to the A field, and th;ese atoms will go in a sigmbid
path and be refocused onto the detector ylelding a signal. The result is
& positive signal compared to no sigaal, .:ﬁhich glves far better 'statistics
than the flop-out method in which the in&;éation is a reduction in beam
intensity. This 1s an essential. feature in experiments involving trace
emounts of material. It is important to note that the matching _a.nci
stability of the A end B fields can be quite crude without too much -
effect on the efficiency of the apparatus. The € field must be stable
within & frac’ciqn of the line width, and sincé this’ may be as low as 20
kc/séc;. this 15 often a stringent requirement. Since only two levelé
out of a tota.l of 2(2I + 1) are involved;,l the .bes.t fr‘acti.onal. intensity
obtainable is (o1 + l)'l, and because of.Ve.rioué losses, about oneu-q,ﬁar‘ber
of this 18 actually realized. ‘ |

The final identification of the radioisotope is usually made certain
by a determination of the half-life of a ‘collected resonance ssmple.
Figure 6 shows the results of the decay of e Cs beam produced by alpha
particles on Xe. The undeflected-besm dscey curve is composite , with at
least three components. Three of the spin buttons collected showed counts
that were ebove background and each decayed with a half-life characteris-

131 132

tic of a known species. Thus the spins of _05129, Cs™", and Cs were

131

measured., 03129 and Cs had been ueasured earlier after having been

produced by different methods.
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y, CONSIDERATICNS IN AFPARATUS DE3IGH

The desiga of gn alomle beam ap;pafatus for the study of radicanctive
specles should elearly involve the optimization of the transuission which
1s the toial mumber of atoms from the scurce that reach the detector,
This 1z a dAfferent conditicn from the many thal are usually empleysd, o
8 brief descrip‘hw:i i3 required hezra, Tae arparatus designal and coie
structed at Rerksley will bo discussed as an exsmple. It ia wore fully
desoxribed {n the thesls of R, A, Sundarland, end the caleulations that
follow are sbntracted fmi more complete sccounts in his thesis, 'nm
apparatus boing considercd is to ba deailgned so that the largest possidble
fraction of the wanufectured stoms 1s avallable at the detector. The C
flold will therefore ba.mada as short po posaible, thus sacrificing ultie
uate precinion, end doad spaces betwvesa the aource, the magnats, and the

" dstector will be held to a minimum. In order to obtain a first idea, it

w11l be assumad that the C-field leagih and the dead spaces ave nagligible,
The deflectioa of an atom from a stralghi-line path io then

a .
é Q{r dﬂ/a;y ’
. o W o
vhere 65' 15 the deflection perpendicular to the axis of the uppimtmﬁ; Ty
18 the effective moment of the atom; oN/dy is the perpendiculer wagnetic
field gredlent; 4 1s the length of the dafieeting field; ¥ is e mass of
the atom; and v is the velocity of the a.t{im. For 42 « 1000 er_n24 Afdy =

20 erg/ganss, the deflection 1s 0.3

6000 gavss/em, T = 1000°K, end 4 « 20°
cn., In vhat follows, aumerical factors of the order of unlty will be

' o]
discarded. If T 1o the source temperature, Mv™ = kT for an average aton.
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The field inhomogeneities ars develcoped by yole tips vhich are cylindrical
1M 1

arcs, If the radius of one of the pole tips is e, ve con asoume § 5= = 2,
therefore | '
2
by » £ Hu/ral, o

If the exit svlit 16 of height h and vidth w, wve mey assume, dimensionally,
that the source slit and width are proportional to h and w (and, in fact,
b, w, and by must be proportional to m in an sunlysis of this type). The
total mumber of atoms that roach the detacwr is th@m (remembering that.
{ehwwea by «a) - |

& K - : S
Hore p 18 the mmhér of atons pei? cm3 in tho vepor phase in the ovven, For
an experiment with an unlimited supply of waterisl, the wsxiwum permicslble
p @ 1/w by the Kmudsen condltion, This te the condition that the élit L
wid‘bh should not exceed the ween free path in the oven, . go that the condi-
tioiz for pﬁre wlecular offusion can be waintained, In this case, N varles
us the length of the spperetus., The only limit to the inciease in 4 in
tha aeattaring of the bean atoms by the residual gas end the expense. In
practice » 1% hue seldon been nececaary to consider en apparatus of length
greater than 2 meters, end most of this length is due %o the € field needed
for high precision. In the eiﬁmtion in vhich trace. amounts of wmateriol
are involved, the total amount of materi_al is fixed cnd ell of i% is needed.
T Thlas 1s the cese m:- hand, 'i'h_e propar condition is that phw equol a constant.
Then we find

N« Hy/T. | )]
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This wzans that the efficiency of the spparatus is indepéndent of iﬁs
leggth. The apparatus can be made quite short until the dead spaces and
the finite C field introduce other limiting factors. A convenient over-
all length 1s sbout 75 cm.' Of course, the half-life of the material also
enters these éonsiderations. As the apparatus is shortened, thé rate of
efflux 1s»decreased end the carrier needed must be decreased; This éan
reach the point et which the amount of carrier 1s too small to be Buccess-
fully handled,

The.foregoing analysis was carried through on the assumpﬁionvthat the
ratios of all lengths were held constant. There are other considerations,
however. Provision rmust be maede for e collimating slit and for a stop
- wire. The latter is an obstacle that just blocks the direct beam from the
detector. It prevents the fast, relatively undeflected tail of the Maxe
welllan distribution from reaching the detector. Furthermore, the ratio
| o: the A to B magnet lengths need not be unity. In fact, 1f the A magnet
hes all its dimensions reduced, it remains equivalent in focusing power
and transmission, as the above analysis showed (including the necessary
reduction in source dimensions). If carried to the limit, this means a
faefor of two in length for the total apparatus and therefore a factor of
four in transmission. In practice, a factor of three cen be obtalned. A
factor of this size is not trivial when vieved against cyclotron time and
.counting time. One pays for this improvement with a higher source pressure;
For the alkslis, this represents a reasonable temperature rise. For low-
vapor-pressure substances, such ag U, Pu, Am, Np, Th, etc., the necessary

rise in oven temperabure ls barely tolerable, and the improveuent in Lisvenoity
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prebobly ls not verth it. Under these couttitions, the sicp wire allowm
cnly chout cne-half the atous through thet undergo a 6lm:"c c«i’ effective
mcuent of 1 Behr magnetea. The trang m.mion of such an gpparctus is c.Louc
10 X when & cosine distributicm is acsuncds Channcling, the source new:r
peens to grodo.co the improvenents expected :C‘z't.m the simple theory wna,
further, 1s less effective for materigl of ahmrt half-life, The ecudt
elit is 0.1 by 0.5 in., sod the gource ls 0.002 by 0.080 in. |

The one remaim quamtion of 1mportance is the length end valve of
the rf ficld. A typiczaﬂ.’ beon velccity 16 50,000 en/see, ond 1f the hmiz*yin
iz 1 cm 4in length, tho transit time is 1/50,000 scc, given & ragonance ban 4
with 50,000 eyclés/sec. At o fleld of 120 gauss, o tucleus of spin X = O
in on allnld atsm resonptes ot 28 Yc/sec, and this bond swddth will just
‘reaolve gping in the nei{_.hbo vhood of I = ;0. Such reaolution i fov nore
then noecesssry, but ususlly the € field is not 'e:ufficien’tly uniform to
af_ta.in idesl resolution, end resolutions of 200 ke/sce eve wore comnon.
This 1 stlll more than udc«;ue.te}. The stﬁength of the rf field is detere
mined ‘a3 follows, The system precession et rescrance about the C-ficld
direction con be viewed from o rotating caordimte system that hos the
mme valoelity end cense of rotation. In the rotating syotoa, ’che zmaulm-
mouentun vector oppesrs gtationary, end the spplied maa;netic f'iéi«:’i ::.sa takan
eg zero, Such iz the essence of L#mur's theorems The »f €ield, wiiich
éppearca s a rotating vector perpendicular to the € f‘iem in the laz,uu.l.ww
é;{stcra, is now sta uiongz.r'y 1f the vscllletor 4s tuncd to resonence.: In thls
coordingte syostem, the spin will pmcc 6 ebout the perturking ficld LY with

Cthe Laracr fregquency correspendlng to Hfs I the strength is du.,o.. yiit,



-1t vl make Just one-half revolution in the time the atca spenda in the
rf fie)dd. Denoting thils time by At, the condition for a procession of x
is

2 g HY
Lo ot = R, (10)
2T+ h ‘

For epin 0, At = 1/50,000 sec™t, this yields o field of 20 milligauss, a
field thnt 48 very easily obtalned up to ‘qite high frequencies. For a
wonc-energetie beam, the resonance will -décmase if this field 1s excecded.
In practice, the Maxwellian velocity distribution will emooth out the
oseillations of the resonance versus perturbing field,
5, PRODLEM3 INVOLVED IN PARTICLE IGTECTION OF ATOMIC BREAMS

A, Goneral Conslderntions

Only experimental methiods that take sdventage of particle detoction

can nov give the high sensitivities required for the investigation of
ghort-lived radiocisotopes. Two essentlally complemeatary techulques now
being used meat this requirement; one 1s the detection of individual beam
atons by ionization, msm—apectrdmetric enalysis, and subsequent detectlon
wlth electyon nmltipners; the other i iaxiioactive ¢ollection and detec-
tion. For the firet scheme , the followlng limiting eltuation is typlcal:
at least 3.03 pesitive fons must be obsemd at the electron multiplier to
obtain a statistically nigﬂificant sample of the beam; mass-specirometer
transmission is about 10%; and the fraction of bemm atoms that 1s lonized
renges from a lover 1imit of 107" (with the universal electron-boabardment
detactor first introduced by lew and Wes:sella) vto unity for speclal elements,
such as the alkalis sud Group I serieé » in whilch Langmuir-Teylor surface

1onization19 is particularly aspplicable. For radioaétive colléction and
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detection this situation 1s typical; a beam sample is roquired to have &
decay raﬁe in excess of l'cﬁm and is observéd in detectors with én effici-
ency of 25%. Under these simple assumptions the cross-over point, where
one method becomes comparable to the other in sensitivity, occurs for
' materials with half-lives between one week and 100 years, depeudmng upon
the ionization efficienc& attainable. There is, however, another consider-
ation, difficult to_avaluate,'buﬁ ﬁonethelesé;important. vaen.when there
is no common stsble isotope having the séme ﬁaes a8 a nuclide to be in?es-
figated by the ion method, there ia inevitably some spillover of'carrier, [
beam contamination, and apparatus backgroun&; especially oils, into the
. mass channel of interést.' The effect is to make the ion m@thbd_somawhat
leas seﬁsitive thanVWUuLd first appear. The present cross-over therefore
occursvsoméwhére in the neighborhood of 1- tgvloo-year activities. An
excellent resume of the ion system is contalped in an article by King and
»Zacharias 16 and the publication of lew,” <0 therefore this discusgion is
limited to research on materials vith lives of 1 year or less. |

The central procedures of the radioactive method are the coliection of
'baam material for a sgitable'iﬁtegration time and thebdetection of‘the‘
sample decay by an appropriate counter. Let us first consider the condi-
tions under vhich the material available moy be most exfectively uuxlxznd.

The central fact is that if reliable counters are available, the rela ive

uncerteinty ¢ in a beam sampling is
€=+ )2t 2, | (11)

vhere ¢ is the ssmnle decs rqte, b + ¢ is the observed decay rate, and t



tho counting time., It is assumed ©
disﬁense with the b term by notiag that in most instances an efflclent
counting systcm with background of ebout 1 cpu or less can be found (uore
on this point later), and that 1 cpm is also about the lowsr limit of decay
rate set by the time requizred to count down the results of a run and by the
investigator’s patiemcé. Taus any diécussion of radioactive detection
rather nabturally sepsrates into two categories; into the first clasé fall
all materials with half-lives of several deys or moré, and into the second
Bgo isotopes vith shorter lifetimes. For investigations in the first class,
_ the rate of progression of research is strictly proportional to the rate at
wvhich the beam exposures can be counted; sincs the exposures themseglves can
be token at sssentially any rate, and since the investigator will have suf-
ficient tine to analyze the data and decide on an optimum search procedure.

The rate ot vwhich exposures can be counted is, from Eq. (11),

22 .
ne“e -
anfat = = ne"e, . (12)

e+ b

mhere n is the nunber of counters used, € is a prescribed relative uncer-
Tainty in the ﬁeam sompling, ¢ is the net counting rate of beam samples,
and‘b the counter background. The tobal activity available for the experi-
ment will invariably be limited by availability, expense, or heslth pre-
cautions, and the counbing rote ¢ will bz sona appropriste abparatus COn=
stant tiﬁes the tetal aétivity divided by the mumbor N of exposures

reguired to execute the axperiment. Thus paevhops a wmors illustrative form

of Eq. {12) is

l/‘i}‘ = 2\(:};.1'»:,:2/73;", (13)
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fere T is the counting dime requived for the entire reséarch project, and
Q is proportional to-the total activity. Hote that there is a lerge pre-
mium connepted with»optimum scarch procedures, which veduce N, and with
inerease of tﬁe allowabls relative uqcertainty in the individual regonance
points. In addition, the counter effect occurs as the first power of the
nunber of counters.

We now conéider invaétigations falling into the second class, where
one deals with m@terials in which the lifetime itself is g wajor factor
in the control of exposure and counting procedures. Here the progress of
the research is taken to be proportional to the number of resonance points
that can be dbtained per run; although other considerationé, such as the
~ fact that no extensive daﬁa analysis 1s possible during the course of the
run,’also play>an important role. The maxlmm counting time per resonance
poiﬁt is Tn/N,'where N is now the number of resonance points taken during‘
the run, T is a characteristic time which 1s essentially the half-life,
and » is the number of counters, But, as before, the individual counting

rates are Qff, so for this case, assuming b << ¢, wa £ind

H = e(sz~a-)l/2. ‘ (1)
Although this result is formally like Eq. (13), the physical situation is
quite different, for 7 is now fixed. First of all, there is; undexr these
civeumstances, 1lititle to be galined from large nuubers of couabers, quite
aside from the fact thab in the_interest of reliablility and uniformity
ench team exposure should be counted in each counter, so that the dead
tine involved in switéhing semoles would bécmné hich (pﬁfticularly for

half-lives of less than a fev hours). Also inberesting is the foct that
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N goes corly as the square root of Gv, wiich essentially wme2asures the total
radlation takeu by the lavestigator. DTecausé the 1un generally extends
over the entire lifetime of the waterial and lititle time is left for cal-
culations, the principal profit is in precalculation of situations that -
cmay be of interest during the course of the search procedure.

We now consider a question pertinent to either class of iavestigation
-« indeed, to any search procedure -~ ngmely; what method of rescnance ;
coverage, i.e. spacing of resqﬁancq points,‘will lead to the fastest con-
vergence from an initial uncertainty ¢ in e parameter such as gz or the
hyperfine structure, whose effect on the rescnance frequency is control-
lable (g.g. by the strength of the static nagnetic field), to a final
uncertalnty d'; Assuming that the assigned uncertainty in each resonance
center is the interval between resonance polnts, and that at each stage
the effoct af_the deslred parameter on the resonance frequency is multi~
plied by & factor n, the total mmber N of péints needed for the procedure
vill be approximately given by

ofor = a2, (25)

Minimizing N with respect to n, we find that n is ideally e = 2.7 with a
flat maximum between n = 2 and n = 5. The effect of this congider#£ioﬁ,
in combinétion with the practical ones of field drift and time spent in
edjusting the field, is to make an optimun procedure one in vhich the
effect of the parameter is increased by a faétor of 3 to 6 per stage and
in which resonance points are separated by iﬁtervéls of 1/3 to 1/2 the
line width.

Once the material has been produced, chemistry must, in general, be



perforued to separate the product from the few graus of target waterlal

ano to put the product in a;suitable state for productlion of sn atoulc or
molecular bean. Tho‘range of such "chenistry" procedures is limited only
by the ingenuity and resources of the investigator. The wethods are thus
best 1llustrated by examples. |

010 and'lolé

o The central theme of all such processes is that betwoen 10
atoms must be tranaferred under conditions of high radlation 1evol 4o the
spparatus in vhich the beam ia to be produced under controlled cond*t*oaa.
The natural procedure for n - y reactions is to bombard the pure'élement,
which is then placed in bulk gquantities into-on appropriate source. JInves-

tigations using thls procedure have principglly been carried out by o

Goodman and KExleral

and'by Smith.?a For cyclotron‘bombordments or
 secondary reactions in plles involving a ?roﬁuct that is not the saue
elament asvtﬁe'pérent, the opportunity for controlling the_qpantity of
the,eairier is & very consideradble advaotage, as 13 discussed belowm

23 2“, the target

Therefore, in the investlgations of cesium and rubidium
1s not en alkali bromide but an slkaline earth bromide, and chemical
separation of the target end fbe produot is made, with a suiltable qpantity:
of carrier whose primery pufpooowie to prevent losses of the minute quon-
tities of the radioisotope. The final product form is rubidium bromide

or cesium jodide. The alkall halide is then reduced, in the oven, by
calcium at a temperature of ebout 400°C, The chemlstry of these two
alkslls might have beenvdone, however,;;p_any one of the following TAYS .
The halide nitrote could be produced in the chemisfry process, the nltrate

| put in the oven, and then successively decompoééd first to the oxide end '
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then to the alkali metal at high temperatures; or the azide of the alkall
could be produced in the chemistry process and then decomposed directly
to the,metél in the oven. The gross target material, barium bromide or
iiodide'plus carrier plus radiobromide or iodide, might be placed in the
oven and the entire lecad reduced/by caleium at an appropriate temperature.

In investigation of the neutron-deficient thallium25

isotopes, it was
found that chemistry procedures took entirely too long for the investiga-
tion of the l~ and 2—houf isotopes, therefore a different procedure was
used. The thallium was evaporated (Fig. 7) from the gold target into &
small cup with an approériate amount of carrier thallium.' Thls material
wes then placed in the oven and a beam made of thallium metﬁl. Again, howr-
ever, one alternatively might have put the gold targetl directly into the
oven and evaporated out the thallium.

In gallium investigations,as it wvas discovered that the ectivity
coefficient of gallium in copper metal 1s so small that one is unable to
separate gallium and copper by vapor pressures, even though the ratio.fbr
the free metals at the melting point for copper is 103/1, end as a recult
a long arnd involved chﬁmistry process 1ls required.

" Be. Oven Channeling

A possibility not heretofore mentioned is that the froction of boom
stoms that reach the detector, the effective transmission, wmay be materlally
‘Increased by thz use of lang thin tubes or channels at the source orifice
to reduce the froction of beam atoms issuing at 1arge anzles to the boon
direction., This techuique has been extensively used by the MIT grcup in

16

their Investigations of the rare and long-lived alkalis end halides.
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They report typical forwvard effusion gains as large dg several hundred

from the channeling process. This technique is not of particular impor-
tance for the investigation of short-lived (less thaﬁ 1 day) isotopeé for
the following reasons. Firﬁt;'in this case, one must effuse the entire
actiyity in a period of an hour to a day. With.a sténdard oven geometry,.
only a few hundiéd milligfams may be effused in this time. If, now, the
the soﬁrce is channéled by a factqr‘K, the tdtél effusion rate is decreased
by a factorvK, and the souice préssure must also be reduced b& aﬁbut a |
factor K. Therefofe, the total quantity of mateiial that can:be effused
per unit time is decreased by a factor Ko. Absorption of‘the.beam material
by the walls of the soufce and inevlitable sémple’contamination résulti@g
from hurried chemistry set an effective lower limit of aboﬁﬁ 1 mg on the
carrier; therefore, in this caée, the maximum allowable channeling gain

18 sbout 20, But, from Eq. (14), the effect on the overall research pic-
turs will be a factor of only 4 or 5. An effect this smell does not justify
the additional lins-up problems and increased probability of failure of a
run. On the other hand, for moderately 1ong-lived’materials (greater than
1 day), channeling is desirable, for the chemistry pfocednre ¢an be made
arbitrarily clean, ovens can be properly outgassed before use, and further-
more, the effect on the research goes as the first power of the phann@ling
gain. (See Eq. 13) |

C. Beam Collection

A general problem uniquely associated with the radloactlive uethod 1s
the collection of the beam on scme surface in such a manner as to be use-

ful later for counting. Vhile this process need not necessarily bz 100%
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efficient, reproduecibility is highly desirable.

Bellany and Smith, in their pavent investigations of alkalis by the
radiocactive methcd, have used e scheme wliere the beam 1s first ionized and
ihen attracted to a bPrass surface by a pbténtial of sevexrsl hundred'volts.zg
It 1s found by Hobson aand Hukbs that the'retention by o brass surface for
rubidium ions, bul aﬁ lon currente 102 lover than that reported by Bellomy

27 ’ 28 The

and Suith, 1s about 1% for lon energies between 10 and 1C00 ev.
retention rises at elther end of this raﬁée. It 18 known from other
sources that the retontion of aluminum for 3-kev lons in this mass;region
is essentially unity.ag It is also found‘by Kobson end Hubbs that the
retention of surfaces for thermai rubidium etoms ls simllarly complex. A
tebulation of their deta, some of which were taken only once, is glven in
Teble IX. The dste were taken with a tracer‘techniqne,'whereby the count~
ing rate of samples wasvcompared vith the integrated curient to a surface
lonizetion detector, from a besm whose ratlo of carrler to mctive rubidium
ie known. Becéuse of the well~known difficulties in the preclsion wmoocure-
ment of the latler ratio, the results are normalized to unity for sulivi.
‘(The value obtained fiom the‘measured activity ratio was sbout 125% for
the retentivity of sulfur.)

On the other hand, Goodman and Wexler find lérge and'reprcducible
retention for therral cesium and indlum atoms f2lling on a brass suvrface
at liquid nitrogen teuperature,>  and Heilton et al. find a similar
situation for beawms of copper ard gold on surfaces of copper,Bo The
Barkeley group finds thabl-sulfur surfeces glve reproducible and prcohably

unlt retention for beams of cesium, rubldiwa, potassium, thallium, galliua,
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indium, copper, silver, gold, and neptunium. They also find flamed
platinum surfaces to be equally effective for beans of thallium, plutoniun,
uranium, thorium, americium, protactinium, and curium. Difficulties are
‘found by this group in the collection of bismuth, iodine, and bromine, and

32 et al. have tried

by Cohen in the collection of astatine.3l Lipworth
several surfaces, inclﬁding platinum and sulfué, and find a silver surface
to be the only acceptable one for the collection of iodine and bromine and
to give retention that is less than unity and not highly reproducible, even
undef codditions where the silver surface.is deposited by vacuum evapora-
tion, removed from the évaporator, and stored undér mechanical puup vacwmi
until ready for use.

In summary, only sulfur is found to give uniformly acceptable reten-
tivities fopuqll‘the electropositive elements'trieﬂ. This is presuucbly
the result of a negative bonding energy for, these materials and of the
fact that -sulfur forus in air afsurface layer4of acid which is rapidly
pumped off in vacuum.'_The effective vapor ﬁressurg qf‘solid sulfvr at

9

room temperature is about lQT un Hg; therefore the lifetime of a surface
atom is more than an hour. A corresponding "iniversal® surfoce for elecbro-
negative elements has not yet been found.

D. DBeam Detection

The cross~sectional area of an atomie or wolecular beam is typically
0.1 cm2 or less. Thié inmediately a}lows the investigator wiho tales
advantage of this fact tq dasign counting systems having backercunds Lo
below the average levels encountered in nuclear physics rescarch. Vaile

each muelide presents unique opportunities for the design of low-baclkguound
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and high~counting~efficlency systems, the attention required by other
phases of the reseaxch is such tﬁat webhé.ve standardized on threce countar
types (described below), vhich detect esséntially any decey vith reason-
able efficlency and with background lessx‘than 5 cpm.

_ (1) Counter for X-rays, Loif-‘Ener.?;Ay Comna Rays, and Beta Particles.
81 '

The study33 of Fb ﬁrs‘f pronpted the dévﬁelopmen‘c of high-efficiency, low-
| background counters to detelct K x~rays (15 kev) emitted when the 'material
K-captures oi' internally converts. The -pfoduc‘c of the developmént is
eqﬁally us"eful‘{men decay goes largely thrdugh bete emission or xalzéh thare
19 & prominenﬁ gamma. (with energy below 150 kev) in the decay schene. |
The éounter and appropriate collecting surface are show in Fig. S. I-

The counting head is a brass cup that fits over tk_ze face of the ph'otcnml-
tiplier, and into which are cemented the gamma window of 0.5-mil 2-8
eluninun, the crystal, 0.25 by 0.5 inch b_y 1 m, and the quartz Light
window. Care 1s taken to prevent a film of 'i:he4 cement, Myva Wax_; Lrom
"eovering either face of the scintillator. - The gamna-window transmlesion
is appréximately 90% for rubidium K x-rays; thin-film techniques might
fwll be used to vextend the useﬁx}ﬂ_lbwer limit of bperation to 1 kev.

| vSodille.rr.n 10&ié;§ ‘;;;ystals are obté.ined in large blocks and spiit o size
in a dry qu with relative humidity less *than 5% at 3000. | Ciéa\}agos are - -
made by de‘livering a light blow to a razor blade held ageinst the surioce -
in the direction of a crystal plane, and'{'acceptable fragments with no

cign of fracture or discoloration are immediately sealed between the o
vindows to prevent surface decowmpositicn,

Photomultiplier tubes are selected from the large mumber of tubes



acquired by the Radiation Laboratory (Berkeley). Inifially only 5919°¢s
were aveilsble. Perhaps one tube in 2 thousand would neet, al that tiuwe,
the requirements of less than one dark-current pulse per minute above a
bulse height.qquivalent to T-kev gorma rayé in NaX. The acceptance factor
| for the new Dumont'6292's does, however, run as high as one tube in twent&.
The cammoﬁ denonlnator of tubes so selected 1s a very large amplification
- for a glven Qynode volbtege and presumably a high photocathode conversion
efficlency. The relative dark-current rate 1s vory nearly independent of
dynode voltage over the normal region of operation of the tubes. High-
voltage curing of the photomultipliers lesds %o nolimprovement of the |
nolse figure.

(11.) Operation. Counting 1s performed with standard Radiation

Leboratory preamplifiers and single-channel differential analyzers. The
only stablllzation used 1s that of the anélyzer and a Sorenson regulator,
vhich ;s uged to supply 110 v ac. The counter window is customarily set
to accept 907 of the x-ray line, waich for 15-kav x-rays results in a
1009 wiﬁﬁoﬁ, j.g. from one-half to three-halves of the peak ccunter. Only
a 50% window is required to achieve the same results ahove 50 kev. Under
such adjﬁstments as this, small drifts in window width and heigit contribute
a negligible change in counter efficiency and background,_a factor of
parsmoun® immortance for counting perlods which sometimes are as long as
three months. The counters are shut dowm only after a counter électronics
failuré.

The countarlhead iz shielded with o 2.5-inch-thick lead cylindey.

For window sattings as glven above, the countsr background in the shield



is one count per uinute or less for all energy sebtings between 5 kev and
100 kev. Minimunm backsround oécurs in thé heighborhood of 4o kev, whiere

it is typically 0.35 cpu. Counter background outside the shield is
appfoximatély‘s cpme. Integral settings of the counter iﬁ the shiéla, with

a threshold corresponding to 3 to 5 kev, result in'approximately 8 epm
background for a situstion in which all p mesoné, low-energy gommn reys,

and medium-enérgy electrons are detectéd with unit‘efficiency. The integral
conﬂributionvof dark-current puiées to counter backiround is,vfor a'typical

unit, approximatély .10LL

exp(-E/0.5 kev) cpm between 1 and 10 kev.

The scintillation éounter is ineffective for.10w~energy B and @
emitters becausé of thé relativeiy thick (7 mgm/cma).aluminum win&ow,-

o emitters are!detected in flow proportiondl 6ounﬁers>iérge enough
that the & is stopped in £hebcounting gas. Discriminétion against pulses
coryesponding to less than 3 or 4 Mav lost in the gas effectlvely eliminétes
all background except that arising from large showers and from o's Lrom
conteminants in the chamber walls. Tols latter contribution is minimized
by coating the.chamber valls with a heavy lsyer of coumon aquadag which
has been found to contein @ emitters in much loﬁer'concentration than
metals., Such chambers have backgrounds of threa‘tb ten counts per hour
and a detection efficiency of about 50%.

B emitiers are detected in similar iarge-volume {low counters, or
in special uﬁits vith e#tremely small interior Wail area (circa 20 cme).
With large'chambers it is agein found thaﬁ a layer of aquadag substantially‘
reduces chamber background. ILarge units have been found to have a detec-
tion effleiency of 50% for P's above 5 kev aﬁd a background of aboul 3
qounts par winute. ‘The speéiél small-volume chanbers builﬁ of stainless

steel typieally have a background of 1 count per minute with 50% detectien



efficiency for B's agbove 30 Kav,
€. CONCLUSION

The experimentnl methods outlinéd here are being used to waterially
extend out knowledge of the ground-state proparties of nucleis Since the
radloactive technique is essentially universal, the detection limitations
formerly imposed on atomicland moleculay beam investigations have essen-
tially disappeared for & class of isotopes considerably larger then that
wvhich encompasses the steble and very-long-lived { > 10 yr) species.
Poerhaps the most signifiéant contribution to knowledge of nucleax structure
hes come from the enumeration of ground-state spins and megnetic moments
for & large number of isotopés of the same element; most theoretical treat-
merfts of the nuclear system are considerably simplified by the fact that
the "core" remains the same across such a series. In sddition to this
genarsl featura of the reséarch, results are obtalined having particular

127 129

and Cs

and specific interest, such as the spin 1/2 of Cs , vaich

showed conclusively the breakdown of the shell model in this region,2h and

the spin O of Ga6b that, besides being interesting in its own right, nas

(a3}

had soma import in parity experiments.34

- Most 1ﬁvestigations to date have concerned only the spins end magnetic
woments of nuclei. Concerted efforts are now, however, being made by at
least two groups in the field to initiate similar investigations into the
quadrupole and octupole mbments of elements for vhich the electronic
ground stafe will permit the measurement of these quantitites, and to
reasure a related shape-dependent function, the hfs anomaly, in those

elenents vhose electronic state does np£ permit. While investigations of



this type will éhomous]y‘ complicate the already demanding experimental_
'procedure s the dimensions that may be a_dded,to our kh0w1edge of nuclear
properties would seem at this time to Justify almost any degree of effort

'in this direction.
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FICUED LUGINDS
Fige l. The differential cross seetion for alpha particles on
oromine. to produce rubidium,.

Fig. 2. High-vield cyclotron target for production of the radio-

2lkalis from halide salts. The cross ribbing is for the more effective

renoval of ’:he aeaﬁt.

| Fig. 3. The homa ized peak vesonance intensity of the Rb isotopes '
for a mmnber of runs. The intensities do very approxiuately as. 2/(21 +1).

Fige. 4. The Breit-Rebi cliaagﬁfza;na for T = 2, |

Fig. 5. A cross ceetlon of an atomic bean apparatus.

Tig. 6. The decay of thyee rosonapces coﬁrmspoaéj.n@ to thiree different
Cs lsotopes.
Pige T. Datalll of part of an evaporabor for separabing thallium from

,

Fig. 8. Drawing of the phototuhe asseubly for the x-ray countors. _

Toz Jower part of the drawing is the shketeh of the sample carriers or butbons.
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COUNTS PER MINUTE
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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

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.





