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ABSTRACT ,
A STUDY OF THE HELIUM-JET RECOIL-TRANSPORT METHOD
By

Kenneth Lee Kosanke : L

The Helium-Jet Recoill~transport (HeJRT)‘system has been studied
for the purposes of discovering more of the detail of - the mechanism
of its operation and to facilitate its further develoﬁment. The
major portion of this thesis is a report of a series of experimenis %
in which the operation of the HeJRT system was defined and in which
the effects of varying the operating parameters of the system were
recorded. This has provided an experimental basis that has allowed
us to make statements on possiﬁie mechanisms of operation gnd the
importance of certain features of the system. Of course, also
included are a detailed descriﬁtion'of our.HeJRT system and sections
discussing some of tﬁé extensions of ﬁeiﬁikteéﬁniéﬁeg‘ﬁhat have
resulted, such as those allowing the'pétformance of on-line éq@eoas
chemistry with the system. e

* The initial motivations for the construction of a HeJRT-syQ#em
 here was its intended use as a subsystem in én‘on—line,maes identifi- |
.cation system to be used in ¢9njuctiop_wiph"coﬁventioﬁai nuclear o
counting experiments. Oﬁr §rééént7tﬁodgﬁts‘6h this‘applicatioh are

included in the introductory chapter of this thesis.
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CHAPTER 1

Introduction

I. a. Genéral

There reﬁain approximately 2000 unknown nuclides wifh half-
lives in the range between 102 and 10“2 seconds [Bel66a]l. This in~
cludes all the remaining unknown B unstable nuclei, except some
superallowed B decays which may have half-lives as short as 10--3
seconds, in addition to proton, neutron, and y emitters. Figure
1 (taken from [RuG67]) is an approximate breakdown of stable or very
long-lived (tl/z >1O9 years) nuclides and unknown nuclides lying
between the limits of the neutron drip line and proton stability.
Further, there is an indication of expected half-lives. Clearly
most of these remaining unknown nuclides are expected to have half-
lives of less than one second and they will outnumber the nuclides
presently known. The remainder of this introduction will be devoted
to a short discussibn of why and how these nuclides should be inves-

tigated.
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Figure 1. Approximate breakdown of nuclides lying between the neutron
drip line and proton stability according to half-life. This

figure is taken from [Bel66a].
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I. b. Why Nuclides far from { Stability Should be Studied

B-Delayed Particle Emission

Beta-delayed particle emission occurs when as a result of g~
decay the nucléus is left in an excited state, one for which the
binding energy for the last neutron, proton, or a particle is
negative and Coulomb barrier penetration in the case of protons or
o particles competes with y deexcitation. Cases of B-delayed particle
emission have been observed for each type particle.

These decays are accessible to study using techniques designed
for working with activities with half-lives greater than 10-.2 seconds
because the overall half-life for these processes is determined by
the half-life of the B decay. Most of»theée cases found thus far are
in the low-Z region where the energy available for decay and the
average level spacings are large; however, now cases are being reported
in the higher-Z region. Also found are regions where the binding energy
for an‘a particle or the last proton or neutron is low, such as just
above a closed shell. - |

The number of unknown delayed particle emittefs should be quite
lafge [BeI66a][BeD65].. Through a careful mappiﬁg of these nuclides
and consideration of their particle emission energies, further refine-
ment of the parameters in the semiempirical mass formula should be
possible. Also, as far as these parameters relate to nuclear structure,

further refinement there may be possible.



Particle Emission

In addition to delayed parflclc emissloc, proton and w
emission begin to compete successfully as modes of decay as one
proceeds furtﬁer from g stability. Many of the least energetic of
these decays will have half-lives in the 102‘—10_2 second rangé because
of the difficulty of Coulomb barrier penetration. A study of these
nuclides should yield information on both nuclear masses from the
ehergetics of the decays and on nuclear wave functions from half-1lives,
which reflect the ability of the emitted particle to penetrate the

Coulomb barrier.

New Doubly Magic Regions

It should be possible to reach the doubly magic 28-28 region using
proton reactions and the 50-50 region u31ng heavy ion reactions.v
Several of the nuclides only one or two nucleons removcd from S6Ni
and most of the nuciides of the 1°°Sn'region rcmain unknown. A scu&y
of these nuclides vone nucleon removed from docbly magic will of course
involve a determination of their levels. Accordingly, these experi-
mentally determined levels can then be used to extend calculations to

the levels 1in nuclides further removed

Transition Region Nuclides and New Deformed Rﬁgions

It is known in at least one case that practically spherical even-

even nuclei may remain spherical as nucleon pairs are added until it



very suddenly "collapses" with the addition of another nucleon pair

to a shape of stable deformation. "This Is evidenced by the vibrational
nuclear structure §udden1y changing to a rotational one with the addi-
tion of a nuclear pair. The example of this "collapse" or transitién
between essentially spherical and permanently deformed nuclei takes
place in the beginning of the rare earth region between neutron numbers
88 and 90 [Bel66a]. (A second example of the sudden onset of deforma-
tion may be occurring at about !35Nd [EkC72].) Nuclear states in

the region of this sudden transition should not be amenable to either
purely vibrational or rotational description. There have not been
many of the nuclides of this type experimentally investigated and

many more experimental studies are needed. Further, expanding decay
studies to nuclides further fromIB stability will yield 1nforma—v

tion on many more deformed nuclides including many in new deformed
regions, such as the one starting in the extremely neutron deficient

Xe—- and Ba- isotopes [MoH65][ShR61].

Access to Highly Excited States

Because of the high energies associated with B decay far from the
stability line, it will be possible to populate'highly excited states
in this decay. Beta decay will then complement nuclear reaction studies
in examining these states. If one also considers the difficulty in
obtaining suitable, i.e., stable or long~lived targéts for nuclear

reaction studies on nuclei far from B stability, it is probable that

z".a*{v'



B—decay studies will become the primary means of investigating these

states.

Nuclear Masses from @Q-values

The semi-empirical mass formula is in a sense a measure of a
quantitative understanding of nuclei. Nestéd in the upwards of 40
parameters necessary to get accurate predictions are liquid drop model
effects, shell’quel effects, and effects from other models. Accurate
experimental masses measured in regions chosen to test specific
parameﬁers are thereby testing nuclear models and conceivably.may lead
to a more fundamental composite model. Many of the most interesting
mass measurements will be made on nuclei far from B stability and can

be made through determination of reaction @ values.

Results of Interest in Astrophysics

One of the more basic goals of astrophysics is that of developing

models that will account for the relative abundances of elements in
the universe. Two of the most important types of experimental informa-
tion necessary‘to deﬁelop such a model are decay half-lives and cross—
sections. Many of the more important half-lives, in parficular those
necessary to account for the build-up of elements above 299Bi are of
nuclei lying far from 8 stability [Bel66a].

| In addition, there are many specific bits of nuclear information

missing about nuclear reactions, decay energies, branching ratios, etc.,

o e



that are necessary to check and extend current aStrdphysical theories.

Much of this needed information is about nuclei lyiﬁg far from 8

stability,



I. c. How Nuclides Far From B Stability.Can be Studied

There are several diffiCulties aééociated with the study of
nuclides far from B stability which have definitely limited their
study using sfandard nuclear techniques. Accordingly, any serious
attempt at extending nuclear investigations to regions far from
B stability will have to provide new or improved techniques to over-
come these difficulties. The degree of success in overcoming these
difficulties will determine the profitability of any attempt at
studying nuclei far from B stability. The remainder of this introduc—
tion will be devoted to a short discussion of the requirements these
difficulties impose on any system to study nuclides far from 8 stability
and how our proposed systems meet these requirements. A discussion of
those techniques proposed or being implemented by other researchers
studying nuclides far from B stability is beyond the scope of this
thesis [MaR72b][AnG66].

The most obvious requirement of any system designed to study
nuclides far from B stability is that it must provide a method of
generating these nuclei in sizeable number. 1In a paper prepared for

Presentation at the International Symposium on Why And How Should We

Investigate Nuclides Far Off The Stability Line [RuG67], Rudstam presents
a comparison of several possible methods for producing nuclideé far

from B stability. The processes considered are medium energy (<50 MeV)
charged particle (p,d,a) reactions like (p,x1)3 high energy proton

reactions like (p,2p),spallation (p,2pxn), and proton induced fission;



heavy fon induced reactions 1ike (HI,»1); thermal neutron fisston; and
(h,p) reactions with energetic (14~MeV) neutrons. The pémparisdn
betWeen these processes is made for target material between Z=25 to
75.

While Rudstam's comparison is based on estimates of cross-sections
and more or less typical beam intensities.of different types of
machines used to generate radionuclides, a presentation of a summary
of his conclusions may be helpful. For the production of moderately
neutron-deficient isotopes (<10 neutrons deficient) throughout the
range of 7=25 to 7=75, medium energy charged particles (p,d,a) should
prove to be best by far. However, as one proceeds to extremely neutron
deficient isotopes, heavy-ion and spallation reactions should compete
well with medium-energy proton reactions for the best production rates,
with heavy-ion reaction producing better yields than spallation. For
the production of neutron-rich isotopes throughout the range Z=35 to
Z=55, thermal fission should prove to be best by far. Hdwever, 1ﬁ the
region below Z=35,>high—energy proton and spallation‘reactions areb
favored and in the region above Z=55 high energy proton reactions like
(p,2p) are favored. One of Rudstam's figures (that for 7=55) has been
included as Fig. 2. Rudstam's figure of merit (FM) is defined by thé
relation d
™ = fof(x) o(x) p dz,
where 1 is the particle density, g is‘the'reaction cross-section,

p is the target density, and 4 is the thickness. Rudstahvassumed the

following beam intensities:
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Figure 2. Graphic display of the usefulness of various techniques for

generating radionuclides from targets with Z=55. This figure
is taken from [RuG67]. V
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Med. energy p ord . 100 uA

High energy p - 1 uA

Heavy ions 6 x 1012 HI/sec
* Thermal n. 1014 n/cm?sec

High energy n (1l4-MeV) 1010 n/cm?sec

In those instances where experimental cross-sections were not avail-
able, Rudstam used extrapolated or estimated values.

A second fequirement for the system is that it be capable of pro-
viding the radionuclides in a form suitable for study in times approxi-
mately equal to their half-lives. If we wish to consider B unstable
nuclides out to the limits of the neutron drip line and-proton stability,
then it is necessary to consider times as short as 10“2 seconds (and
poséibly even as short as 10_3 sec for a few superallowed - transitions).
To the extent fhat it 1s desirable not to count in beam or to use
pulsed beam techniques, it is necessary to transport the activities
to low background afeas. In addition, for chagged particle spectro-
scopy, it 1s necessary to accomplish a removal of the radionuclides
from the target materiél in order to make a suitable éource for count-
ing, all in these short times. Further, in that daughter activities will
be répidly built up, it is necessary to provide for the continuous re-
moval of old source material after being counted for some time interval.

For each of the possible mechaniéms for generating nuclides far
from B stability (proton or heavy ion induced reactions or fission),

a large number of different product nuclei will result and in most
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instances the interfering products will greatly out-number the desired
products. Thus, an additional requirement of the system is that it
provide some means of isolating or at least enriching the desired
product nuclei. in ;rder to limit interfering radiations. Ideally
this would be accomplished using a combination of chemical and isotopic
separations.

The earlier discussion of Rudstam's paper suggests that it will
be possible to produce nuclei far from B stability in good yields using
proton beams with energies $50 MeV or 3He beams with energies <75 MeV
(with currents 35 pA on target) from the Michigan State University
Sector Focused Isochronous Cyclotron to initiate (p,xn) or (3He,xn)
reactions. Table 1 (in Chapter II) provides a listing of some of the
reactions that are possible using these beams from the MSU Cyclotron.
In most regions of the nuclear chart it should be possible to reach
from one to four nuclei beyond those presently reported. and several
nuclei beyond those for which fairly complete data are available. In
addition, it is anticipated that the MSU Cyclotron will be capable of
producing Heavy ion (carbon, etc.) beams before too long. It may then
be possible to extend even further into the extremely neutron-deficient
regions. However, the yields for these reactiéns will be less than
those with p or 3He beanms.

Block and schematic drawings of one of two on-line mass separation
systems presently under consideration are shown in Figure 3. At this

time the system and the operation of its component parts will only be
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Sketcﬁ and block drawing of a proposed on-line system

 Figure 3.

employing an electric quadrupole for mass filtering.



discussed briefly. A more detailed discussion of its construction ana *KN}
operation will follow in later sections.

In the Helium Jet Recoil Tramsport (HeJRT) portion of the system
a collimated cyclotron beam enters the apparatus, striking a thin |
target (or a series of thin targets) in an atmosphere of helium.
Those nuclei near the back of the target that interact with the beam
will recoil out of the target into the helium atmosphere. Some of
the characteristics of these nuclear recoils for a few representative
targets and beams are listed in Table 1. The nuclear recoils are
slowed to thermal energies by collisions with the hélium atoms. Re-
cent work by R. D. Macfarlane [JuH71] and in this lab suggest the next
step 1s the attachment of the thermal recoils to large molecule clusters
(with masses up to 108 amu). These cluster molecules are formed in
the plasma generated by the cyclotron beam passing through the helium
atmosphere from impurities added to the helium. The nuclear recoils
are then removed from the target chamber by differentially pumping the
helium containing the mdleculat clusters out through a polyethylene
capillary. The capillary is run through conecrete shielding to a low
background area about 40 feet away.

At the end‘of the capillary most of the helium will be removed
using a one or two stage skimmer. Quite efficient skimming should
be: possible by just directing the flow coming from the capillary at
a coincal orifice [MaR72] [NiJ70]. The molecular clusters with their

enormous masses are extremely well collimated (see Section II. B
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"Capillary Considerations™) and will bé péSsed quite efficiently
through the orifice, whereas the helium wili'have a much larger angle
of divergence as it leaves the capillary and will therefore largely be
pumped off;"If.oué pumping capacity is not sufficient to reduce the
pressure after the first skimmer stage to the low pressures required
to operate the electrie quadrupole, a second skimmer stage will

be used.

The molecular cluster will be broken up and the nuclear recoils
ionized using a discharge set up in one of the skimmer stages, with the
recoils directed into the ion optics associated with the electric
quadrupole. With the quadrupole set up properly, only selective masses
(e/m) will be transmitted through it [PaW58]. At the exit of the quad-
rupole the mass separated ions will be deflected either into an electron
multiplier such that it will be possible to obtain a mass scan or onto
paper or aluminized mylar tape for conventional nuclear counting.

It appears this system will be capable of providing mass-separated
nuclear reaction products, separated from the target and transported
to a low background area, in very short times (2100 msec, Section II.g.
"Capillary Considerations"), continuously,and with daughter activities
removed. Thus, this system should meet all the requirements mentioned
previously, with the exception of providing a chemical separation in
addition to the mass separation provided by the electric quadrupole.

It now seems that it may be possible to accomplish this chemical separa-
tion at the time of attachment of the nuclear recoil to the molecular

cluster during thermalization (see Section II.o. "Plasma Chemistry").
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A second system, and the one we will most probably construct
first and patterned directly after R. D. Macfarlane's ''MAGGIE" system
[JuH71], is sketched in Figure 4. At this time the system and the
operation of its éomionents will be discussed only briefly. A more
detailed discussion of its comstruction and operation will follow in
later sections.

The first portion of this system as in the first system described
is the Helium Jet Recoil Transport (HeJRT) subsystem; its operation
was described above. Again, as in the first system described, the flow
from the capillary is directed at a conical orifice (helium skimmer)
to remove most of the helium from the flow and allowing most of the
large molecular clusters with their nuclear recoil atoms attached to
pass to the next stage of the system.

The next stage of the system is a time-of-flight spectrometer.
The molecular clusters with their nuclear recoils still attached are
collected on a metal plate just after the helium skimming orifice.
The clusters stick to the surface on impact with it. Macfarlane has
found that if the proper impurities were used to generate the molecular -
clusters and if the collecting surface is heated to about 200°C, the
cluster molecule is broken up and driven off, leaving the nuclear recoil
bound very weakly to the collecting surface. As the activities on the
collecting surface B decay, the portion that decay with the proper
geometry will recoil from the collecting surface. Some fraction of
these 8 recoils will become ionized by shake-off and will be accelerated

away from the collecting surface, using an accelerating grid. The

e
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accelerated‘s recoils are electrostatically focused and enter a particle
guide which consists primarily of a charged wire running down the center
of a grounded metal pipe. The g recoils follow the trajectory of a
helix about the céntral wire. A detector for theve recoils is placed
at the end of fhe particle guide.

If the g particle from the decay is observed in the detector behind
the collecting surface, it can be used to fix the time of the decay.
The time of flight of the B recoil can then be established using the
output of the positive-ion detector at the end of the particle guide.
Knowing the accelerating voltage and fhe length of the flight path,
the mass of the B regoil can’be determined. The outpufa from the B
and positive-ion deteg;or will provide start and stop signals for a
time to amplitude converter (TAC) where the output in this case will
be proportional to the mass of the g recoil. Then if a v detector is
placed in the region of the collecting surface where the decay 1is taking
place and the output of the TAC is used to route the ADC butput from
the y detector into different memory locations a series of y spectra
will be recorded, each associated with a particular mass B recoil.

It appears this system will be capable of providing mass identified
Y ggéctra in very short times (2100 msec), continuously and without
significant interference from daughter activities. As in the pre-
viously described system, it is possible to consider performing a
chemical separation at thertime of attachmént of the nuclear recoii

to the molecular cluster in the target assembly. However, this may
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be a more difficult task in view of the added requirement that the

cluster molecules break up on heating of the collecting surface.



CHAPTER I1

HELIUM JET RECOIL TRANSPORT SYSTEM

I1. a. General

Quite ap;rt from its intended use as the first stage of the
isotope separator described at the close of the introduction, the
helium jet recoil transport (HeJRT) system can be used to provide
sources suitable for most nuclear counting experiments. It can
provide sources in which the fadionuclides have been physically
separated from the target and continuously transported tova low
background in timeg <250 msec. Accordingly, the HeJRT system
has been used with increasing frequency to provide a, B, and Y sources
for study in this lab [Gig71], [B1J72], [KoK72].

While in essence the operation of the HeJRT system is quite

simple, much of the detail of its operation is not understood. Thus,
satisfactory operation of the system is achieved more by using tech-
niques that are better described as artful rather than scientific.
As a result, when one collects the thoughts and impressions of re-
searchers using some form of HeJRT system, one gets a collection in
which much of the fine detail of its operation and many of the cor-
responding "best recipes' are not widely accepted. What follows in
this’Chapter are my thoughts qnd impressions on the construction,

operation, and use of the HeJRT system we have constructed.

20
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II. b. Calcuiation of Recoil Characteristics

Table 1 was pfepéred tq innt out posgib;e nuclear reacﬁionsv“
and to display éOme;of the expeétedichara;terisfics‘of:thé ré¢q11ing:
reaction producés. The targets were chosen to approximately épan the
.mass range of targets we gxpectAtb use in the HeJRT system. ﬁhile
the highest Beam enérgies'listed in the Table afe nbt the uppér limit
of the MSU cyclotron, they are nearly tﬁe highest energies.run_rOQtinély.
Also, possible reactions and recoil éharacteristics fot deuferdn and
a beams were omitted to keep the table short.

Probable (p,xn) and (3He,xn) reactions wefe determine& soiely on
the basis of & values (@ values were determined by Clare Morgan [MoC7l]
using the maés tables of Garvey, Grace, and Talmi or of Ha?vey). Where
@-values were not known an‘estiﬁate was méde based,bnAén éxfrapolarionv
from known @ values foliowing systematically from other known @ values.
in the region. In several cases for the beam energiesblisged_it @ay
be poséible to boil out an‘addiiional neutron; Héﬁéver,';he_yiel&s
for these reactions should be smaller than for those 1isf§d in}thg
'table; There was no‘attempt to account for any additiénal‘energiés

:_needed over the Q value to initiate the‘regction, sucﬁﬁag oﬁercoming
the centrifugal barrier. Also, ‘there was no atfempt~madevfb*détermihe |
the éx;eﬁt.to which reactions involving the loss of chéféed par£i¢les
wiil compeﬁe with the reaétions,listed;“rlt should be expected that
reactions invoiVing the 1oés<dfrchargéd‘rartiéleéiﬁiilyéqmééfe favor-

ably with most of the xn‘réactions,partiéﬁiarly for those that involve
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liigh beam energies, low~Z targets, and very ueutrou—deficient regions.
Parameters such as target thickness, target separation, and
helium pressure used in setting up the target chamber for a run are
based on calculations of the energy for the nuclear recoils. For
several reasons these calculations were kept simple and contain many
aesumptions. The foreuost reason was the large unCeftainties Assoc;
iated with the range of very low euergy, high mass particles, which
makes precise calculation of trecoil energy unrewarding; Second, in
most instancesbit is possible to use values in settingAup the experi-
ment thet are on the safe side of the cafculated values by factors of
2 or 3 without seriously impairing the operation of the HeJRT>system.
As a result of the medium energies of the particle beams generated
by the cyclotron, the primary mechanism for the nuclear reactions in-
volves compound nucleus formation. It is a simple matter to calculate
the recoil energy of the compound nucleus by just considering linear
momentum conservation (effects such as the energy transferred to the
lattice holding the target nucleus are too small to be,considered)
The most extreme assumption made in calculating recoil energies is-
that there are no additional sources of momentum for the recoil as-
sociated with the breakup of‘the compound nucleus. Thie ie ciearly.
uot the case and further this source of momentum can be quite large.
However, in that the breakup of the compound nucleus will be roughly
isotropic, the gross features of the energy distribution of recoils

leaving the target will be unchanged. The.exceptiOn:would be the
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high energy tail corresponding to recoils generated at ‘backside of
the target that have had their recoil-énergigs altered in thé break-
up of the compo&nd nucleﬁs.

‘Maximum reqoilﬂranges in the target and in He(STP) were deter- =
mined using maximum recoil energies. ’ihe :anges were ob;ained from '
the range tabies of‘Northcliffé_and Schi}liﬁg [NOL70].‘_In many instanées
tﬁe maximum recoil energies fall below the lowest reported in thesev
tables;‘ For thése cases the ranges reported were exgrapolated off
the end of thé tables. it should be expepted tbat the uncertaintieé
associa#ed wifh récoil rangeé in the ta;get determined by extrapola-
tion aré 1arge, Within the limits of the tablgs,_Northéliffe and
Schilling détermine their ranges considering enefgy losses oécurring
through 5oth electronic and nqclear stopping'mechaﬁisms. However,
in the case of very low energy recoiIS’(reco§1 velocities <108 cm/éec
[HaB60]) the energy loss mechanism is primérily'through nuélear‘stqpping.
In the case df the recoils traveling through‘the target, the mass Qf
tﬂe_recoii'and tHE»mass of nuclei in;the stopping med}um,arehessen—
tially equal and thé'reqoilycan.lose up to hélf its energy in a singlé
collision. Accordingly?_the ranges fof fhese recoils.will vafyvcéqf
siderably recpil to‘recoilband'the caléuiated rangesbcan only be con-

sidered an average effect.
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11, c. fatgiet Assemblie

A sketch of a target assembly employing a single target is in—
cluded as Figure 5. Here the cyclotron beam enters from the 1eft
through a Havar window (O 001 in. in practice) separating the vacuum
of the beam 1ine from the helium atmosphere (l to. 4 atm pressure,
typically run at 3 atm) ' See Sections 1. 1. "Effieiency vs. Target
Assembly Pressure" and Ii. g. “Capiiiary Considerations” for discus-
sions of the effect of He pressure on transport efficiency and on
transport times, respectively; The volume between the Havar window
and the target is sealed with a foam rubber gasket This 1s to
prevent those recoils from the window that are thermalized in this
volume from entering the bulk helium supply and being swept out of
the assembly along with recoils from the target

As a result of interaction with the cyclotron beam, prodict
nuclel recoil from the:bach'surface of the target into the heliuin.
Through collisions with helium atoms the recoils lose their initially
high kinetic energies and are reduced to thermal energies. 'The ap- .’
prox1mate ranges for some typiCal recoils carrying a maximum energyg
are listed in Table l.. By pumping on the capillary, 1ocated immed-
iately behind the target, a flow of helium down the target cylinder,
- mounted behind the target, and out the capillary is established. Re-
coils in the helium are swept uith the helium from the volume behind
the target and out the capillary (capillary typically used has an

'inside diameter of 0. 055 in. and is made of polyethylene)
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A major time consuming step in the process of thermalizing re-
coils and transporting them from the target area to low background
counting areas is the time necessary to sweep the recoils from the
.thermalizing volume behind the targetrinto the caniilary Accordingly;li
it is desirable to keep this thermalizing volume to a minimum by re~
ducing ‘the diameter of the target cylinder. To facilitate this, the
cyclotron beam is collimated using .a water cooled collimator before
it 1s allowed to strike the target.

Initially, the target chinder was intended to help concentrate
the most recently.thermalized recoils in the flow of helium leaving
through the capillaryvand keep them from diffusing throughout the
chamber containing the target assembly. However, it was subsequently
learned that it is necessary to‘attach the recoils to large molecular_
clusters (cluster of masses up to 108 amu [JuH71]) in order to achieve
efficient transport of'the recoils through the 40 ft of capillary
leading to the low background counting area (see Section II. f£. "Cluster
Molecules'[MaR72 WiK72 BoW72]) These molecular clusters areb
generated from impurities in the helium in the plasma provided by the'
cyclotron beam passing through the helium behind the target. It is -
presently intended that the target cylinder help concentrate the -
molecular clusters as well ‘as the recoils in the flow of helium leav—

ing through the capillary.

Figure 6 displays the result of an experiment to test the effective-

ness of ‘the target cylinder in concentrating suitable molecularvclusters

—
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in the heiium flow leaving through the capilldry’ For tdis expetiment
a silicon (quartz) target was bombarded with 30—Mev.protonsvto generate
éQP (t1/2 = 280 msec). Two different target cylinders-were'usedﬁ one
was 1 cm lqng and'the other was 10 cm long. Both cylinders were 2 cm.
in diameter. The maximum range for the 28P recoils,was less than 1/2
~cm fer.3 atm helium pressure. After eonsddering the magnitude of

the flow of helium 1ea§ing through the capillary (120 standard cm3/
second) andvthe maximum range for the 28p reeoils it is apparent that
e'Very:small number of, if any, recoils could have diffused out ef
either target cylinder and not have been.swept with the helium into

the capillary. Relative efficiencies for the system when rdn using
each of the two cylinders were determined by just comparing the gross

Y couﬁt rates observed. Spectra were recorded to make certein that
peak areas for the i.78—MeV peak of 28p followed fhe grose Y count
rate. The improved efficiency for the system when run using the

.1ong cylinder is obvious from Figure 6.

It is,gossible to attribute the impreVed efficiency pf fhe target
assembly when using the 10 em cylinder'te‘éomething other than concen-
trating suitable molecular clusters in the thermalizing volume._ Hovw-
'ever, upon considering the increase in the relative efficiency of the
system using_the long cylinder as leSS‘beam current was run (at 1.6 pA
the 1ong cylinder system was 21% more efficient at transporting recoils
than when the short cylinder was used as compared with 754 more

efficient at a 0. 2 pA), it does seen likely that the improved transport.
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efficiency for the long cylinder system is feiéted t6 the generation
and/or concentiatioh of suitableicluster m&leéules‘in the therﬁalizing
vblume. If the transport efficiency improvementIWeré asSociatéd with
an improvément in tﬁe flow characteristics along the71ong cylinder
and ihté the Capilléry (which could significantly improve transbort
efficiency), it woﬁld be ekpecte& that the transport efficiency im-
provement wduld not be beam current depen&ent. A more detailed dis-
cussion of the shape of the cﬁrveé presented in Figure 6 will be
presented in Section II. f. "Cluster Molecules".

The capillary presently being used has an inside diameter of
0.055 in. and, with the exception of a short stainless steel end that
attaches to the target cylinder, is made of polyethylene (Clay-Adams
Intermedic) tubing. The coupling between the stainless steel and
polyethylene.capillaries is made by first cﬁtting the polyethylene
and grinding the stainless steel tubing in special jigs so that they
are cut off perpendicular to their axes. The two pieces of tubing

are then broﬁght together by inserting them in a tight fitting sleeve,

see Figure 7.

‘BRASS SLEEVE
, ‘ f) Figure 7.

polyethyleneicapii-

lary coupling sleeve.

STAINLESS STEEL - POLYETHYLENE
CAPILLARY CAPILLARY

Stainless steel to  ,21
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Figure 8, Target assembly components mounted on 1id of target assembly chamber.
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The requirementé,and flow conSiderétionsvin the capillatyvare'discﬁssed
in Section II..g."Capillary Considerationsﬁ. |

The beam is stopped and the current,moinfored by a water cooled
Fﬁraday cup located in the helium atmosphere. While it is not neces-
sary to have the Faraday cup in the helium atmosphere, it was conven-
ient and a historical carryover from earlier target'configurations
(discussed later‘in this section).

The target assembly drawn in Figure 5 is picﬁured in Figure 8.

The compoﬁents are mounted on the 1id of the target assembly chamber,
pictured‘in Figure 9, to allow easy access.

Ihe initial target configuration used in this lab was patterned
after an early configuration of R. D. Macfarlane [MaR69]. Although
this-configuration has not been used here for two or three years, it
doés represént a satisfactory target aésembly with possibly very short
recoil collecting»times and has been used recently by other groups
tBoW?Z] [JuH71]. . The Basic mechanism for generating and collecting
fecoils is the same as described above with the exceptiéu’;hat Tecoils
ejected from the target afe thermalized between the target and a
chromé‘plated aluminum hemisphere and are thén swept into the capillary
through an orifice in the rear of the hemisphere. The hemisphere
serves double duty as recoil collector and as Faraday cup, see Figures
10 andfil% The main reason for changing to our present‘configuration
was that it provided for an easy expansion to a multiple target assembly,

which-1is not possible.ﬁith the initial configuration.
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Figure 9. Target assembly chamber on cyclotron beam lin
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The_necéssity for conéidering a target assembly uéing‘multiple
targets is born out of the short range of recoils in thin targets.
Clearly, no ﬁigher yield of recoils is to be gained by increasing the
target thickness b;yond the range of the most energetié recoils created
by the cyélotron beam. For most cases this maximum usable target
_thickness is from 10 to 10~% cm (see Section II. b. "Recoil Charac-
teristics"). bEven'though most experiments will be possible with the
HeJRT systeﬁ using a single target, cases are anticipated where the
number of recoils generated from a single target will be a serious
limitation. This will be especially true when the HeJRT'system is
feeding a mass separator. Also, in geperal it would be wise to have
a surplus of recoils generated, making it possible to tolerate larger
inefficiencies in other components bf an experimental set up. Accord-
ingiy, it is desirable to consider multiple target assemblies. for the
"'HeJRT system.

The simplest multiple térget assembly considered is sketched in
Figure 12, Here the héliﬁﬁ exiting the target assembly first sweeps
.baék and forth in front.of each of the separate targets in sort of»an

S pattern. This is aécomplished by simply staggering the targets and
leaving small spaces, through which the helium can flow, on aifernate'
sides of the target assembly. The thickness of the spacers between
the targets must bé‘édjusted to provide sufficient distance in ordef
that recoils from the preceding target are_thermalized within the

distance to the next target. However, a major portion of the time

v
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Figure 11. Recoil collecting/Faraday Cup Hemisphere.
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elapaing between the generation of the recoils and having them ready
for counting in the low baekgrouna area is the time necessary to sweep
the recoils into the capillary. (See Section II. g. "Capillary Con-
siderations".) ~Thue, in aﬁlattempt to keep this time to a minimum

the separation of the targets should not be any greater than necessary
for the recoil to be thermaliged before striking the next target.

While multiple target assemblies have been used here for some
time [GiG71], a detailed study of their characteristics has not been
conducted. It is known that yields from the multiple target assem;
blies used are up from single target assemblies; however, the exact
relationship between the number or type of targets used and their
yield has not been determined. It is also necessary to determine if
modifications of the assembly can further improve its efficiency.

The initial multiple target assembly used [GiG71] is shown in Figure
13. The one presently being used is essentially the same but looks
more like the sketch in Figure 11.

The average time necessary to sweep recoils into the capillary
increases with each additional target because as each target is added
the total volume from which reco1ls must be swept is increased. If
the half-1ife of the activity desired is of the order of the time
necessary to‘eweep the recoils from a single target into the capil-
lary, then addlng additional taréets in the manner described above
may produce little increase in the total yield. Accordingly, it may
be necessary to add additional capillaries as well as targets. Figure

14 is a sketch of a multiple target assembly employing as many
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capiliaries asvtargets; however, if the half life réstriction is not

too severe‘it may only be necessary to use a capillary for every second
or third target. In addition té the half.life limiting~the nuﬁber of
targets that can bé swept with'a'single capillary thetre #s a second
limitation to the totél‘nﬁmber of targets used. This is“a result of

the energy degradation occurring in the targets and the helium, shifting
the reaction products toward fewer neutrons boiling off. Of course,
this restriction can be partially alleviated By using thinner targets,

ones approaching the maximum recoil range.
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1I. d. _Gas Supplies

Initially the helium used in the HeJRT sysfem'has a purity
>99.995%; however, this is typically doped with benzene vapor to a
level of 10-20 pﬁm. This is accomplished uéing the gas mixing set
up shown in Figure 15. The process is a two—s'tép procedure, Fi’rsi_:,

a supply of helium is made up containing about 1 ppt benzene vapor

by adding a krnown amount of liquid pnggne into the flow of helium

to a storage tank pressurized to 2100 psig. Initially, a compresser
was used (as in Figure 15).to pressurize fhe tank; however,‘because of
the uncertainties about the amount of pumﬁ oil this was adding to the
helium, the compressor has been replaced with a high pressure regulator
on a tank of pure helium. The second step is to take the heavily doped
helium from the storage tank and dilute it with pure helium as it is
fed to the targef asgsembly. This is accomplished by t#king the pres-
sure regulated floﬁ from the supply tank through a needle valve and
flow gauge and adding it té the:pressure regulated flow of pure helium,
‘which also passes through a flow gauge. The final benzene concentra-
tion is determined and mainfained using the flow gauge readings. For
those runs in which tﬁé helium isvdoped witﬁ‘cOmpresse¢ air and water
vapor, the compreésed air is supplied by thé compressor and is fed
through the heedle valve and floy»gauge, while the ﬁéter vapor is
added by just passing the helium supplied to the detectdr assembly
over or throughva‘contginer of water. | |

It was originaily infended that the gas ﬁixing set-up described

above be used to add target gases (e.g., Ne for a 20Ne (p,n)20Na



igure 15 Target Assembly Gas Mixing Apparatus.
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II. e. Detector Assembly and Tape Tramsport

The physicalnrelatiqn between ;he components §f the HeJRf system
and the detector ésbembly-with i£s fape transport.is'shpwn in Figure
16, The capilléry is run from thé target aséemblyrup into ;ﬁe detector
assembly (a distance of *45‘ft)‘where the fiowkof helium contaihing
cluster—nuclegr recoil combinationg is directed at a colleéfing sﬁrface.
The cluster molecules atre accglerated asg they arévcarfied aléng in the
helium flow to about the speed of sound in helium aﬁ room témperature
(see Section II. g. "Capillary Considerations'). Because of their very
large mass, up to above 108 amu [JuH71], this corresponds to very ﬁigh
kinetic energies for the cluster, *1.1 MeV for 108 amu clusters. In
turn, these high kinetic energies of the clusters cause them to stick
well to collecting surfaces with which they collide. The most fre-
quently used collecting surface is 1-in. paper tape, which 1is fed
through the detector assembly by a tape drive mechanism. Thus, it is
possible to continuously expose detectors to fresh sources or to
stop the system repeatedly for half life determinations, etc. The
tape transport system is discussed later in this section. |

Figures 17 and 18 are pictufeé of two of the possible set-ups
fo; the detector assembly. The first was a set-up used in the search
for p-delayed protons. The acfivities are collected on an aluminum
wheel that is Being rotated by advancing paper tape in order to
expose a fresh collecting.surface cohtinuously. A detector telescope
has been set up to look for the protons. The second was a set-up
used in a simple y singles expe:imenf and is essentially the set—up

used in the collection of the efficiency information in Sections II. h.
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reaction) to the target asgggpiy,‘ This ﬂbilitX;Qéﬁ lQ§F,WH§n the
necessity for adding controiled impurities becameiapparent. In order
ﬁé regéin‘the ability{té a&ditarget gasés in addifion'ﬁd impurities,
the gas‘mixing appa;atus is ﬁeing exﬁandeg to allow the controlled
addition of up to threé gaseous components to the piiméry helium
supply. An additional source of motiv#fion for expanding the gés
mixing set-up comes from the deéire tgitry more ekotic'mixturés of
impurities in fhé helium. This is necessitated by the desire to
follow up the possibility of performing "Plasma Chemistry" (see Sec-

tion II. o. "Plasma Chemistry").
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Figure 17.




through II. 1. The acfiviﬁiés éfé collected on paper tape just out of
view of a collimated Gé(Li) detector located jpst outside‘the detector
assembly‘ chamber. The capiilary to tape angle and distance has been
édjusted 80 that.thé tip of the capillary (where activities sometimes’
collect) is out of view of the detector. 1In both figures the end of
the capillary has been run thrqugh a slightly larger diameter metal
tube. This has been done to hold the end of the capillary straight

to facilitate aiming the capillary and to minimize the problem of
activities collecting on the end of the capillary (see Section II. g.
"Capillary Considerations")}i. An overall view of ‘the detectdr assembly
area is shown in Figure 19:

The tape trénsport system is shown in Figure 20. It is designed
to handle up to l-in. tape and has been used with paper and aluminized
mylar tape. The tape is advanced using a capstan-pinch roller assembly
that is driven by a stepping motor. The accuracy to which the tape
gpeed is known is the accuracy of the pulse generator (*1%), assuming
the tape does not slip or the stepping motor does not miss steps.

This is a good assumption providing the proper tension is maintained

on the tape and the tape speed is not excessive (510 inches per second).
The tape tramsport system has the ability to move.the’tape in either
direction at speeds up to about 15 inches per second. The recent
addition of a 16-channel programmable sequencer allows for quite
complex motions of the tape and can also control other functions,

such as gétiﬁg detectors, routing spectra, and operating other me-

chanical devices.
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The pumping Stafion for the HeJRT syétem is located on a plat-
form below the detector assembly areawin order to reduce the vibra-
tion of the detector assembly by the pumps. The pumping statiﬁn is
shown in Figure 21. The pumping system consists of an 3300 %£/sec.
(measured_capacity for helium) Roots blower backed by a 15 éfm mé;hani-
cal pump. The vacuum line to the detector aséembiy is prbvidéd ﬁith
a Chevron-style cold trap to prevent back streaming of oil froﬁ the
pumps when solid state detectors are used in the detector assembly. v
Typically, only the 15 cfm mechanical pump is used for experiments uéing
the HeJRT system, since the lower operating pressure offered by the
Roots blower provides no increase in the total transport efficiency
of the HeJRT system (see Section II. j. "Efficiency vs. Detector
Assembly Pressure"). However, when the HeJRT system bécomes the first
stage of an on-line mass determination system, the added pumping capacity
6f the Roots blower will be ;ecessary. When the HeJRT system is ex-
panded to the on-line mass syétem, the additional pumps will also be
placed on the HeJRT pﬁmping station platform. Because of the poé—
sibility of the pumﬁ exhaust containing activities,'ail pump exhausts

are ducted to a filfer and pumped out of the building.



Figure 19.

Overall view of detector assembly
experiment.

area set up for a vy.singles

R
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II. f. Clueter Molecules

‘Most eimﬁly stated, the role of ciustef,molecuies'in the HeJRT system
is to aid in the efficient transport of recoll activities through the
' ' system and to help'hoid these activities on collecting surfaces. However,
a good deal of detail of the mechanism is not known for certain. It can
be argued the deteils of the mechaniém are not important so long as the
system works efficiently, which it does. However, we feel tﬁat when the
HeJRT system is expanded to being part of en on-line mass identification
system or when it is used in conjunction with aqueous chemistfy and
possibly plasma chemistry (see Sectiocs II. m. "Aqueous Chemistry" and
II. o. "Plasma Chemistry") this detailed information will be at~1easc
helpful if not in fact necessary. Accordingly, the program to fill in
these gaps is continuing.
The possible presence of molecular cluster has been considered since
Ghiorso [GhA59-69] observed that a fraction of recoils produced in heavy
ion reactions on Pb targets apparently had masses as large as 10 amu.
In 1962 Macfa:lane reported results that indicated the clusters played‘a '
role in the collection of recoils wﬁen he observed that Tb reccils produced
in heavy-ion reactions could be collected electroétafically ae,either
positive or negative ions [MaR62]. Subsequently, Mikheev demonstrated
that the efficiency of transpoft was markedly_reduced when extremely pure
(non-clustervgenerating)-helicm/was used [M1V67]. chevef,‘the.importancg.
iof the large cluster molecules was not fully reelized until the HeJRT
systems grew in length to their present eize (capillariee with lengths
in the range of 20-200 ft). Ic these systems the total transport
efficiencies were only a few percent, and not untilvepecific impurities

were added to the helium did the efficiencies climb back toward 100%.



Tape transport system.
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In our system the total transport efficiency increases by a factér of

about 20 upon changing from pure helium (purity 299.995%) to helium
containing a few parts per million benzene vapor. In addition to the
dramatic increase in efficiency observed for our system we also observe

the buildup of solid material (cluster molecules) at each of the péinté
vhere activities are deposited. 1In all respects the increase in efficiency
for the system is tied to the presence of cluster molecules. Those féétors
that foster the generation of cluster molecules increase the efficiency of
the system, and the activities generated in the system "tag along" with

the cluster molecules. Thus, it seems apparent that the increase in
efficiency is a result of the generation of cluster molecules and the
attachment of recolling activities to these molecular clusters. Macfarlane
undertook a study of the masses of the cluster molecules and found them

to range upward beyond 108 amu [JuH71].

Once the importance of having the nuclear recoil attached to large
cluster molecules was demonétrated, it was a relatively Simple matter to-
explain why this should have been expected all along. Initially the
explanation was that the large mass of the cluster molecules reduged the
trangverse diffusion rate in the cabillary, thus rgducing the chance that
activity would»be lost through collision with the capillary wall. Mac-
farlane made thé additional oBservation that the clusferé were concentrated,
nearer the center of the capillary [JuH71}. After some additional thought,
the current concensus of peoplé“using HeJRT syéfems is that it is the
focusing efféct of laminar flow forvmassive objects transported in the
flow that ié ﬁhé reason the cluster molecules draétically improvevthe
system's efficiency. Thiévfocusing effect arises from an imbalance of -
forces on the large object accelerating in the flow as a result of it

being acted on by lahinae floﬁing at different speeds [CoW56]. The
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direction of the imbalance is toward the laminae with the higher speed,
i.e., toward the center of the capillary. For the HeJRT system as it is
currently set up, the‘ngnqlds number is just between Reynolds numbers
indicating laminar flow aﬁd those indicating turbulent flow (see Section
II. g. "Capillary%Considérations"). However, even 1if the flow in thé
center of the capillary tended toward being turbulent, the forcing effect
would still be present in the laminar sublayers along the walls of the
caﬁillary.

An additional benefit resulting from the attachment of recoil
activities to massive clusger molecules lies in the relative ease one has
in separating clusters (and therefofe activities) from the helium used to
transport the cluster molecules. Owing to their enormous masses the
clusters will diverge only slightly as they exit the capillary into a
vacuum, whereas the helium will suffer a much greater divergence. Macfar-
lane has been successful in achieving good separations of recoil—carrying
clusters from helium using a conical oriface (helium skimmer) with a
diameter only slightly larger than the capillary diameter and atva distance
of several millimeters from the end of the capillary [JuH71]. We made an
attempt ét»determining the aﬁgle of divergence of the clusters in our
sygtemlby merely observing the diémeter of cluster build—ups at varying
distances from the end of the capillary. For thisvdeterminatiéﬁ the
assumption was made fhat the‘élusters were not conéentrated in the central
regions of the capillary and tﬁét‘tdrbulence created by placing a colléct-
| ing surface in the path of thg flow did not affect the paths éf the clusters.
The ;esult of fhese agsumptions is the determination will yield a larger
.diamefer than Qould be ohservedyfor a properly deslgned skimmer. The
results of this determinatiog}aﬁg;ghgwn in Figure 22‘ﬁhich indicates an

angle of divergence off§§57f3é>566ﬁt*ébz of the clusters and an angle of



58

e~ ———

*AxeTTrded .,Hmh.mm 9yl 3utABO] SI931SNTO IRTNOSTOW JO 2oud8I9AIP JO a78ue o3pwTx01ddy *77 2an813

o
N

10l ol = F5 NVL JHV = (%66)g

&l

— 02 vt
08 02 = GF NVL DMV

= (%06)g

3
#

- dVOAT0d
"IN GS 40 ON3

l_A HONT | o FONT ] —

(SH31SNTD g30NA0Md NOHLOTIOAD) STH0O34 40 3IONIOWIAIQ 40 IONV



..‘59

divergénce'of”27° for 99% of the clusters.

In our case cluster molecules are generatéd'frdﬁ benzene vapor added
to the HeJRT helium supply to-a concentration of 10-20 ppm. Sugihara's
group at Texas A & M also uses benzene vapor but at a much higher concen-
tration. ' They bubble their helium through a container of benzene [BoW72]
such that their benzene concentration is~probab1y‘in‘the range of 0.1 to
1%. Macfarlane's group at Texas A & M initially used compressed "air and
water vapor. They added about 1% compressed air and had an open dish of
water in their target assembly (private communication) (the important
ingredient in the compressed air most probably was pump oil). More
recently Macfarlane has been bubbling his helium through water and adding
2200 ppm CH4 [MaR72a] or using commercial grade helium and water vapor
[WiK72]. A group at Simon Fraser University used ethylene in concentra-
tions up to 100% as their cluster generating gas [DaH73a]; however, the
mechanism for generating the clusters is quite different than we are now
considering. Quite obviously the cluster molecules must be: primarily
composed of the elements making up the impurities added to the HeJRT
helium supply. Thus, the clusters would seem to be organic in nature.

In addition, the improvement they bring to the total transport efficiency
would not seem to depend on their exact composition. One of the things

‘that is not known at this time is the possible importance of trace impurities
in the generation of molecular clusteré‘in‘providingAsites for attachment

of thermal recoils to the clustéfs.

In our case cluster growth is initiated by the passage of the cyclo-
tron beam through‘the impurity~containing helium. Other researchers report
the uge of hard ultra~violet [WiK72] and gas dischargeé [WeC72] to initiate
the growth of molecular clusters: Presum;bly cluSter’generation is a

result of creating free radicals and/otr carbonium ions and carbanions



within the plasma, formed by the beam .passing through the helium from the
organie impurities present. ,.-Thegehighly ,react‘ivg'\,,géecies tﬁen appargntly
react chemically to buildup thé.cluster molecules.  Except for the necessity
of the cyclotron peam (or some other source of energy input as discussed
below), there is no direct information on the mechanism of cluster gener-
ation. The suggestion that it involves the formation and subsequent |
reaction of highly reactiv¢~orgapicvspecies is made only on the basis that -
it seems logical. The groupiof Simon Fraser suggests their clusters are
generated upon the expansion of ethylene gas from pressures and temperatures
above the critical point [DaJ73].

Studies have been conducted to determine the relationship between
beam current on target (plasma density) and system performance and between
benzene concentration and system performance. In each case the HeJRT
system was set up using an aluminum target, the beam was 30-MeV protons,
a 45-foot long 0.055~in I.D. polyethylene capillary was used, and the
activities were collected on moving paper tape such that the source material
$pent about 1.5 sec in view of the Ge(Li) detectér. The détector assembly
was pumped to *7 torr, and the target assembly was maintained at 2 atm.
For the_series of determinations seeking the relationship between beam
current and transpbrt effiqiency the helium was doped with *50 ppm benzene -
vapor. vFor the series of»determinationé seeking the.relatiénship‘between
benzene concentration and transport efficiency the beam current was held
at very mnearly 1 pA. Severai épectra were recorded during each series qf.
runs to be certain the gross y count rate followéd~the intensity of the
820-keV peak of 2681, |

The results from the first‘series of runs are shown in Figure 23.
It 1siqu1te apparent the amount of,activity‘transportgd through the system

is not linearly dependent on-Beam current. " The production of recoils from
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the target must be directly propcrtionallto beam curreht’ therefore, it
“must be the afficiency with which the activity 1s transported through the
system that is not constant. It seems most likely the drop in transport
efficiency observed for low beam currents is the result of either not
genetating'enough'cluster molecules or not generating cluster molecnles
that are sufficiently massive. Presumably the reason for this is the_drop
in the number of free radicals, etc., generated beceuse,of the decreasing
plasma density following the decreasing beam current. We anticipate
performing an additional series of runs using a larget capillary diameter.
As a result of using a larger capillary, the flow rate through the HeJRT
system will be increased, thus allowing less time for suitable cluster‘
molecules to be built up in the volume behind the target. If we are cctrect,
we expect to see a more drastic dependence of transport efficiency on beam
current,
The results from the second series of runs are shonn in Figure 24.

It is quite apparent that the amount of activity'transported through the
system is independent of the concentration of benzene between ‘the limits
shown., It is felt that the slight drop 'in efficiency to 984 upon going to
the lowest benzene conéentration may be a result of poor statistics. This
is because runs in which the lenelvot benzenevin‘the system‘wae more than
twovorders'of magnitude lower still had total systems efficiencies that
were quite high. It takes a couple of weeks of pumping on the HeJRT system
to return the system's efficiency to the very low level observed betore
vbenzene was first added to its helium supply, " Runs were also attempted_

in which the concentration of benzene was almost tc the level of saturation,
4with the result of no improvement in the system's efficiency.

One of the more fundamental questions, and one of the unanswered ones,



63

*AoudToT33e j10dsuexl aATIeT21 puR UOTIBIJUIDOUOD zodea suszuaq ussmiaq diysuofiesy ‘47 o1nd1i

o Qo

—3—+¢

2
°

v L LI

80

2000}

1800 |

1600
| ‘|4OO =
1200
1000

g

(99s/S1NNOD) 3ivd E:oo

i ¢ 8g

INVO SSON9O

160 200 240 280 320 . 360 400

BENZENE CONCENTRATION (PPM)

120

- 2040

!

| L 1 1] | | 1 L T

160 200 240 280 320 360 400

BENZENE CONCENTRATION (PPM)

20 40

80 120

L.OOP=

1 i
Q
8 @

[ [
. Q28
o (o] c oo

o40r

AON3I101443 3AILVI3Y



6&3

about cluster molecules in the HeJRT system concerns the nature of the
mechanism through which the nuclear recoil becomes bound to the cluster
molecule. On the lowest level, it is possible to consider two mechanismsv
for this. One mechanism for the process is just cne of entrapment, in
which, as the bulk.cluster material condenses out, the nuclear recoil
becomes trapped during the process Just because of its physical presence
in the area. Here "condenses out" shocld not be taken literally but
should be understood to be some form of nucleation or polymerization. A
second mechanism for the process would be one in which the nuclear recoil
becomes bound to the cluster at some time during the growth of the cluster.
Here "bound" can be'taken to be eithef reflecting;a phyeicei'bond such as
a result of van der Waals forces or an actual chemical bond. ~Section II.
o. "Plasma Chemistry" presents some evidence supporting the mechanism
involving the formation of a bond between recoils and chemically specific
sites in the cluster molecule.

As could be expected, considering their probable organic nature, the
cluster molecules are soluble in acetone. We routinely use acefone to
remove buildups of clustef molecﬁlesvwithin the HeJRT system. However,
it was not expected'fhat we Qouidjfindﬂbuildvcp of cluster molecules to
ce soluble inAwater.rfiheretis_aleo some evidence (see Section -II. m.
"Aqueous Chemistry") that there is a break-up of the cluster moleculee
when added to aqueous solﬁtion;vwith the Break—up freeing the nuclear

recoil occuring in quite short times.



65

IT. g. Capillary Considerations

vOur initial experiments with the HeJRT syetem were rnn{using glass
capillaries that were =1 meter long. With this length of eépillary we
were forced to run in an inconvenient location and could not sufficiently
shield the detector assembly from the neutrons (and capture'yls) generated
in the target assembly. When we were having difficulty obtaining longer
glass capillaries and were not looking forward to splicing short ones
together, an attempt was made to find a substitute capillary. A stainless
steel capillary was to be ordered, but in the interim it was decided to
try a polyethylene capillary supported by running it in larger glass
capillary. When it was found this worked well we attempted a run in which
the polyethylene capillary was strung loosely between the target and
detector assemblies to determine whether the capillary could suffer slight
bends without losing much tranmsport efficiency. When the HeJRT system
still performed well, a series of runs was undertaker to determine how
much the capillary could be bent without a serious loss in efficiency.
This series of runs culminated in the tying of the capillary in a loose
square knot [KoK70] in which the bends were more severe than those expected
in using the HeJRT system. The result again was no significant loss in
activity transported, and as a result polyethylene capillaries were chosen
for our HeJRY system.

6nr initial capillaries had an inside diameter of 0.022 and 0.034 in.
when the total length of the éystem‘was only a few feet. Now we typically
use 0.055-in. I.D. capillary that is 40-50 feet long. If in the future we
are faced with difficulties in transporting very short lived products
through the system, we expect to use 0.072-in. I.D. capillary. With the
present diameter capillary we often use 2BP(t1/2= 270 msec) to study the

operation of the system and have also successfully run %0Sc (t1/2= 182 msec).
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A disugssion ;f ﬁhe transport times fér”fhe Hé3RT éyéféﬁ i§ included 1ater
in this section.) "The capi11§rig§ are sqpplied_;ﬁ 160 foot lengths by
Clay—Adamsrand are theirr"Intgfmgdic Tubing." The 45-ft. length of the
capillary allows us to set up_the>Qe;ectqr:asseﬁbly in a conveniently
: 1oéatéd 1ow backgréqnd area over the cyclotron shielding wall. While we
ha&e run wi;h-capillaries longer than 100 feet, no systematic study of the
operation of the system has been made as a’function of capillary length.
There is, of éourse, the limitation Qf incfeasing transport‘time for longer
capillaries of the same diameter. _

In addition to experiments in which glass and polyethylene capillaries
were used, ﬁe have also run using teflon caplllaries and observed the same
level of performance. In the past Ron Macfarlane at Texas A & M has run
using stainless steel capillaries [MaR71]. 1t Presently appears the operation
of the HeJRT system is fairly independent of the material from which the
capillgry,is formed. Our preference for polyethylene capillary initially
was based on its flexibility, but nowbit_is just a historical‘carryover.

We have observed that efficient operation of the HeJRT system requires
the inside bore of the capillary to be smooth and of more or less uniform
cross séction. Macférlanelalso reports (ﬁrivate communicatibn) that localized
heating oy physically vibrating the qapillary can greatly reduce the system's
transport efficiency. Another thing to be avoided is discontinuities in
the capillary. At present, our_system does have one such discontinuity at
the point of connection of the polyethylene capillary to the short stainless
stéel capillary 1egving‘the target assgmbly. The capillaries are joined
as described in section II. e¢. It has proven to be a relatively simple
technique and‘yet has not seriously affected the transport efficiency.

- T. T. Sugihara's group, also at Texas A & M, has elimina;ed this discontin-

uity by eliminating}the,sho;t‘piecg of stainless steel capillary and is
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running with teflon tubing ente;ed directl& into»their target assembly
[SuT72]. | | |

The helium flow ratesvfof our system using a SO‘ft. 0.055 in. I.D.
polyethylene ééﬁillary range from 35.7 cm3/sec (SIFi:to 167.8 cm3/sec (STP)
when the target;éssémbly is pressurized from l’atm to 3.5 atms, respectively.
The relationship between target assembly pressure and'flow rate is summarized
in Figure 25a. This figure also includes the time necessary to sweep 1
standard cm3 of helium into the capillary and an estimate of the time
nécessary for activities to traverse -the length of the capillary. The
sweep time is just the reciproéal of tﬁe flow rate. The decrease in sweep
time does correspond to a legitimate decrease in the time necessary to get
activities into the capillary in that the nuclear recoils will be stopped
in the same number of standard cm3. The estimate of the time spent traveling
fhrough the éapillary is baséd on;an equation presented by H. Dautet, et al.

2+ m

3ml

T=l
a

( 1)

[DaH73], namely, where T = transit time in capillary, L = length of the
capillary, a = the speed of sound in helium, -and ml = the mach number at
the entrance of the capillary. This expression assumes choked flow in
the capillary (i.e. the flow reaches sonic velocity at the exit), that
the flow is for an ideal gas, and that the flow isban adiabatic brocess.
Thesé are all reasbnably good assumptions fof our syéfém. Figure 25b
presents the same information for our s&stem using a 43-ft.‘0.034-1n. I.D.
bcapillary. (It should be note& the time spent in the capillary claculated
from the above equation is only about one half that obtained using the
graphs H. Dautet, et al., have included in their paper.)

The total transport time for a HeJRT system is just the sum of the

time taken‘to_thermalize the recoils and sweep them into the capillary
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and the timeVspentitraversing,theycapillaty.m.Althoughuthere has been no
direct measurement of transit time through our HeJRT‘system, there has
been a measurement of the difference between the transit times for the
0.034- and O 055-in. capillaries run at 1 atm target assembly pressure..
This was accomplished using the 12.0-sec 23Mg and 2. l-sec 26g4 activities
produced with a 30—MeV proton Al. For two activities with different half-

lives, the ratio of their activities (A/A’) some time (t) after generation

ill b
W e AJA' = A /A" e-(xfxv)t
o' "o - ?

where Ab/A; is the ratio of initial activities and A and A' are the decay
constants. For our purposes Ao and A; are functions of the beam intensity,
but their ratio will be constant (with the possible exception that with
large fluctuations of the eerrent the transport mechanisms for the activities
might differ, upsetting the ratio). If the same procedure is followed,
allowing some different tiﬁe to elapse between generation of the activities
and counting, the resulting:fatio of the ratios will be obtained,

iy - 0

t

Here the ratios of the initial activities drbps out; the decay constants
are known, and the ratios of final activities canfbefmeasuted} Thus,‘the
time difference (tl—tz) can easily be detetmined. When this ie done using
out system, the agreement between the caleulatedvand experimentally deter-
mined ratios was to within 7%. We expect to make a 3econd determination |
of this time difference using the 70.5-sec 140 and'o.27-sec-299 activities
genereted from protons on a quartz target. The resultiﬁg iatger difference
in the decay constants will make the activity ratios more sensitive to the

transport time differences. ‘We also expect to make a direct measurement



- of the transport time using a double target that will be moved through the
assembly while monitoring the activities transported through the system
with respect to time.

The Reynoldsrnunbers associatedrwith the‘f10wslnear the entrance of
the 45-ft capillarics range i{from about 40 to 250 for the 0.034-1n. 1.D.
capillar& run ﬁith target assembly pressures in the range of 1 atm to 3.5
atm and from.about 300 to 1500 for the 0.055-in. I.D. capillary run with
target assembly pressures in the.same range. It is pcssible to calculate
the Reynolds number at the exit of the caoillary, a known_Joule-Thompson
coefficient, and using the detector assembly pressure (as predicted by
H. Dautet et al. [DaH73] necessary to induce sonic flow at the exit of
the capillary. The result of the calculations is that the Reynolds number
remains essentially unchanged throughout the length of the capillary. It
has generally been proven that Reynolds numbers below 2000 are associated
with laminar flows [SeF70]. Accordingly, the flow through the capillary
will be laminar except at any discontinuities, principally the entranee
and exit of the capillary. At the entrance to the capillary there will
be some distance required before the laminar boundary layer builds to the
center of the capillary. The space between the boundary layer will have
turbulent flow. The distance before the total flowibeconesblaminar is
dependent on the Reynolds number of the flow and may extend several hundred
diameters down the length of the capillary. When the HeJRT system is run,
it is in this region where most of the activity is lost and the greatest
build up of molecular clusters occurs. Presumably, this 1is a reflection
of the flow not yet becoming completely laminar. @ At the exit of the
capillary, as the flow suddenly expands into the lar aer volume and lower
pressure of the detector assembly, the flow_certainly becomes turbulent.

However, at this point we are dealing withvwhat could more accurately be
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defined as opposed to the viscous flow associaredbwith the higher pressures
further back in the capillary, and are relying on the enormous masses of

the clusters to carry them to the collecting surface. There can be activity
lost in the last centimeter or two of the capillary if it is not held
straight. Presumably, this is a result of the drop in pressure occurring
near the exit of the capillary, with the result that there is no longer

a sufficient number of interactions between the helium of the flow and

the molecular clusters to c ause the clusters to negotiate.even a slight

bend in the capillary successfully.
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II. h. Total System Efficiency Determination

The overall éfficiency‘of the helium jét tranépott éyst;m, including
both the efficienéyvfor the transport‘of activifies and the efficiency
for collecting.these activities on paper tépe hés been detérmined fdr'
three different recoiling nuclei. The Basis of fhe efficiency determi-
nation ﬁas a comparison of the activities genérated iﬁ metai foils by
conventional nuclear bombardment with the activities generated on paper
tape (1" non-oiled paper.computer tape) using the HeJRT systeﬁ.

Copper and nickel foils were activated ﬁsing the "rabbit" system
described in Appendix II. The reactions of interest in the efficiency
determinafions were G5Cu(p,3n)53Zn(t1/2=38.4 min) 62Ni(p,3n)60Cu and
5°Ni(p,n56°Cu(t1)2=24 min) and 58Ni(p;qn)5"mCo(t1/2=l;5 min). In each
case a beam energy of 30 MeV was used, not because cf cross-section
considerations but to allow a compérison of present efficiency with
previous runs in which the activities of interest were the lighter
copper and zinc isotopes. The copper foils were activ#ted ﬁith, as
nearly as possible, constant currents for 30 sec, and the nickel foils
for 60 sec. Five minutes after tﬁe end of each activation aH15—miﬁ
count of the ¥ radiation from the foils werelfaken using a 4.6% (felative
to a 3" x 3" Nai(Tl) detector at 1.33 MeV) ée(Li) detector at standard
source gébmetr&. Phofdpéaks at 669, 1332, and 410 keV were used as
siénatures for %n, 60Cu, and S4mo, respéctiveiy. In each case fhe
peak areaé werévadjusted for iﬁtegrated current on t;rgét and for ADC
dead time. The'dead;time correction was made using a pulsef with a
known repetition rate;
| Following thé runs made using the £ébbit, the séﬁe activities were -

collectéd using the HeJRI'system. Copper and nickelvfoils were placed
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in the single target assehbly,(deSCribed in Section II. c. "Detector
Assemblies.”) The pressure in the target _assembly was maintained at 1.0
atm using helium with an initial purity of >99.995% which was doped with
approximately 250 'PPM benzene vapor. The- capillary was made of poly-
ethylene, had an inside diameter of 0.055 in, and was Just under 50 feet
in length.‘ The activities were collected on a stationary piece of paper
mounted in the chamber pumped to <1000 um pPressure. As in the case of
the rabbit runs, the targets were bombarded for 30 and 60 sec for the
copper and nickel foils, respectively, with a nearly constant current of
30-MeV protons. After the end of the bombardment, the collection of the
activities on the paper was continued for an additional minute to assure
complete sweeping of activities from the target area. Five minutes after
the end of the bombardment a 15-min count of the Yy radiation was taken
using the same detector in the same geometry. Also, as in the case of
the rabbit run, the photopeak areas were corrected foreintegrated current
and analyzer dead time. _

.In both the rabbit and the HeJRT runs 0.000l-in. foils were used.
However, for the efficlency determination the thickness of the target
used in the HeJRT system was taken to be the maximum range of the recoils,
i.e., the target thickness from which recoils were able to leave the
target and enter the helium atmosphere. These»maximum ranges were
calculated as outlined in Section II. b.. "Recoil Characteristics." The
efficiencies were determined to’be 242 for 63zn, 497 for 60Cu, and 60%
for HMco, However, it was subsequently learned that the efficiency of
the HeJRT system increases as we‘proceed from 1 atm.tceB atm of helium
pressure in the target assembly (see Section II. 1. "Efficiency vs Target

Assembly Pressure") While the next section discusses this increase
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‘using Mg:and - Si, the increased efficiency was confirmed for the Zn,
Cu, and Co recoils. Accordingly, the efficiencies for the HeJRT system
operating with 3 atm helium pressure in the target assembly are approx-

imately 50% for Zn, 75% for Cu;'and‘902~forv Co.

Table IT. Total HeJRT System Efficiency

‘ , Efficiency
Isotope (1 atm) (3 atm)
63Zn 24% 50%
60¢cy 49% 75%
Stimco 60% 90%

Even allowing for uncertainties of greater than 20% in the measured
efficiencies relative to one anothér, it is clear that the HeJRT system
exhibits varying efficiencies for different activitiés. In that the recoil
represents such a small part (in the ppm range) of the clugter with which
it is associated, it seems rather doubtful that these varying efficiencies
are reflective of differing probabilities for the cluster-plus-recoil to
stick to the tape. Similarly, it seems doubtful that these varying
efficiencies are reflections of differing probabilifies for the clusters-
plus recoil to be trénséorted through thé system.v Tﬁus; as the final
alternative it seems likely that these ﬁarying efficiencies are reflections
of differing abilities of the recoil to form a "bond" with the cluster.
[Additional evidence and a discussion of the recoil~cluster bond can be
found in Se;tions IT. f. 'Cluster Molecules," II. k. "Efficiency vs

Time," II. m. “Aqueous Chemistry," and II. o. '"Plasma Chemistry." If
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the recqi1 has a difficulﬁ time attaching to a cluster or if the attachment ;“W)
is weak possibly resulting in a separation of recoil and cluster as they

move through the system, it is likely that some number of the recoils

will be traveling fhrough the capillary without being attached to a

cluster. ACcofdingly, these unattached recoils will not be assisted

through the system by the clusters andeill have an efficigncy corres—

ponding to the efficiency of the HeJRT system using pure He, <5%.



II. 1. Efficiency vsiiergét Aeeeﬁbly*?ressﬁreﬁu? s

In the initial experiments when only non—doped helium was, used (and
-the total . HeJRT system efficiency was <5% as a result ), the efficiency
was essentially independent of the pressure in the target assembly.
Through the pressure range from 20 in. vacuum to 4-atm there was no
obvious or systematic dependence of efficiency on the target assembly
pressure. However, when helium doped wién smallvadmixtures.ef benzene is
used in the HeJRT system, the effect of target essembly Pressure on the
overall efficiency is obvious; see Figures 26 and 27. Each peint inithe
figures is the average of three determinations made at that pressure.x
The HeJRT system was run using the single target assembly described
in Section II. c. "Detector Assemblies'' using approximately 40~ ft pdly—
ethylene capillaries with 0.055-in. and 0.034-in. inside diameters for

. Fig 26 and 27, respectively. The helium was doped with benzene~to a
concentration of about 20 ppm. The experiment was run using as nearly as

possible 1.5 uA of 30-MeV pretons on an aluminum target foil,finitiating
for the most pert the 27A1(p,2n)26s1 .and ithe 27A1 (p,an)23Mg reactions.

_ The actiyities were collected on paper tape moving at 0.5 ini/sec past a
4.67 relative efficiency Ge(Li) detector. The activities were deposited
on the tape at the edge of the detector's field 6f’view witn tne'capillary
at e distance of 1 in. from the tapevand at a 45° angle sutch that the tip
of the capillary was out of view of the detector. The geometfy was such

"that the activities spené 3 to AZSec in view of tﬁeydetecﬁbr.

Figute;2§?shpws*the.réSult%’bf;rﬁﬁélusing;e’O;OSS—in. polyethylene
capillary. Peak argﬂ?ﬁf?:,tbe 820%;end_439-kev transitions in 2681 and
23yg, respectively, are plotted against target assembly pressures from

Q to 35‘PSIy§enge~nressnre. ?eak efiiciencyris reached at roughly 3 atm-
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and is about SOZ,greater’than at 1 atm. 'This'inCreaseiin.peak areas with
increasing target assembly pressures has to Be considered a legitimate
efficiency idcresse and not just the reflection of a half- life effect.
[The average transit time for recoils through the HeJRT system decreases
for increasing target assembly pressure, see Section II. g. Capillary
Considerations."] 1If the increase in peak areas with increasing target
assembly pressures wereba half-life effect, it would be expected that the
increase for the 2.1-sec 2651 activity would be much more dramatic than
that for the 12.1-sec 23Mg activity. In that the 2381 and 23Mg activities
were made simultaneously from the same target, it seems unlikely that this
peak area increase could be attributed to anything other than an increase
in system efficiency. Further, in that the final cluster-plus-recoil
velocity in the capillary is not affected by the target assembly pressure,
in the range 0 to 35 PSI gauge pressure under the vacuum pumping conditions
used (see Sections II. g. "Capillary Considerations" and II. g. "Effic-
iency vs Detector Assembly Pressure), it seems unlikely that the increase
in system efficiency is a result of more of the activity sticking to the
collecting surface. Additional evidence supporting this is presented in
Section II. c. "Collecting Surface Comsiderations" where a comparison is
made with a collecting surface with poorer sticking ability. Accordingly,
the increase in system efficiency must reflect either a decrease in the
number of clusters—plus-recoilsflost in their flow through the capillary
or an improvement in the conditions fostering the generation of clusters
or fostering the attachment of recoils to cluster, possibly a result of
increasing plasma density as target assembly Pressure in increased.
Figure 27 shows the results of runs using a 0.034-in. I.D. polyethy-

lene capillary. There is some disagreement between the 2651 and 23Mg
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curves as to where the maximum efficiency is reached and elso as to the
degree of the improvement at 3 atm over the efficienc& at 1 atm target
assembly pressure. The ?681 curve reaches a maximum at roughly. 2 atm

and is up to about 50% over the efficiencj at 1 atm, while the 23Mg

curve reaches a maximum at roughly 3 atm and 1is uﬁ to about 100% over the
efficiency at 1 atm. It seems likely fhat this disagreement is avresult
of poor statistics, If it were the reflection of a half-1ife effect, the
greater improvement in the efficiency would be observed in the shorter
2.1-sec 2681 curve and not in the 12.1-sec 23Mg curve..

There is a rather striking difference between the two sets of curves;
the runs made using the smaller 0.034-in. I.D. capiliary have a much more
rapid increase in efficiency in the lower portion of the curves than for
the run made using the 0.055-in. capillary. In the discussion of the runs
made using the 0.055-in. I:D. capillary it was concluded that the increase
in efficiency with increasing target assembly pressure resulted either
because of a decreaae in the number of clusters-plus-recoils lost in their
flow through the capillary or an improvement in the conditions fostering
the generation of clusters of the attachment of recoils to clusters. In
that the increase in efficiency_with increasing pressure is different for
the two capillary diameters used, ft seems unlikely that the increased
efficiency results solely from an improvemenc ip the conditicns undef‘which
the clusters are formed or under which the recoil is attaching to the
cluster. Additional evidence for this comes from the results reported
in section II. £. '"Molecular Clusters." Here the'relative efficiency of
the HeJRT system as a function of beam current is discussed. To the first
order, plasma density behind the target will be directly proportional to
both beam current and helium pressure. If the curves in figures 26 and

27 are corrected for the expected increase in system*efficiency as a



82

result of increasing plasma density the major portion of the iﬁcréése
remains. Thus, the iﬁprovement in efficiehcy for the HeJRT system with
increasing target assembly preééure must come primarily from an improve-
ment in the flow of .clusters plus recoils through the capillary. A
possiblé explanation of this effect could lie in the reduction of the
mean free path of -the helium in the capillary as the pressure in the
target assembly, and thus throughout the system, is raised. As the mean
free path is reduced, the number of collisions occuring between the
redoil—plus-cluster combination and Helium atoms is increased, which will
tend to help concentrate the clusters in the center of the capillary.
For a discu;sion'of the focusing effects of laminar flow, see reference
[Cow 56] and section II. f. 'Molecular Clusters."

For each of the curves in Figures 26 and 27 it appears the curves
are starting to turn downward. Ones first thought mizht be that this
corresponded %o the break down of laminar flow occuring at higher pressures
in the target assembly. 1In section II. g. '"Capillary Consideration" the
Reynolds numbers of the flow were determined and while it was found that
~this could possibly be the case for the 0.055-in. capillary it most probably
was not the case for the 0.034-in. capillary. Accordingly, it is felt
that this effect is not a result of the breakdown in laminar flow in the

capillary, .
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II. j. Efficiency vs Detector Assembly Pressure

In an attempt to determihe the relationship between the total ‘system
efficiency of the HeJRT system and the pressure at which the detector
assembly is heldi a'series of funs was made in whick the system efficiency
for éoliecting paper tape was monitored while the capillary to tape dis-
tance and angle were varied along with the pressure in the deteétor assembly.
It was hoped that thé diop in total system efficiency ag the pressure in
the detector assembly was raised could be identified as to the extent of
it being a result of a drop in the efficiency for tramsporting activities
through the capillary or a result of a drop in the efficiency for collect-~
ing activities on the collecting surface. It is expected the efficiencies
associated with the generation of activities and cluster molecules and
the attachment of activities to clusters would not be_affected by varying
the pressure in the detector assembly. |

For these runs the helium was doped with 10 ppm benzene vapor and
the pressure across the HeJRT system was held constant at 2 atm. The
capillary used was a 0.055-in. J.O, polyethylene capillary. The tape
used to collect the activities‘transporfed through tﬁe system was non-
oiled paper tape (computer perforation tape) and was advanced at thebrate
of 0.25 in.per sec. In order to eliminate any long-term effects from the
cyclotron beam current varying, 28p with its short half-life ofb280 msec
was chogen as the activity to monitor. The 28P was generated using a
35-MeV 0.7-pA beam of protons on a 0.05-in. quartz target to initiéte a
2831 (p,n)28P reaction. JA Ge(Li);deteétor¢wiﬁhv$ 4.62 reléﬁive efficiency
was used to monitor the Y count rate. The results were corrected for any
small fluctuations in the beam current and were plotted against the

pressure in the detector assembly (see Figiire 28). Thé‘pressure in the
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detector assembly was varied by chaﬂéiﬁg ﬁumps and leékihg air intd‘the
detector assembly. |

In each of the cases, capillary to tape distance and angle, the
initial systém efficiency (P 1 torr) was éséentiallyAtHe same. [Seé
Section II. L. "Collectiﬁg‘Surfaée.Conéiderétiohé" for a discussion of
the initial efficiencies for cépillary to tape distance of 1/8 and 1 in.
and angles of 90° and 45°}. However, the pressure at which a reduction
in the total system efficiency was first noticed was different for:each
of the four set-ups. A detector assembly pressuré'(Pa) of 230 torr was
necessary to affect the efficiéhcy in the l/8"—90° set-up, Pa 220 torr
for the 1/8"-45° set-up, P_ 28 torr for the 1"-90° set-up, and Pa'only
26 torr to affect the efficiency of the 1"-45° set-up. 1In each of the
cases, as the pressure was further increased the observed count rates fell
to a constant minimum value, which cbrresponded to none of the activity
collecting on the tape and was just the result of decay occuriﬁg as the
helium containing the activities was being pumped from the detector assembly.
This was confirmed by the ovservation of an increase in the count rates
when the vacuum pump was turned off (thus allowing a build up of helium
containing activities in the detector chamber) followed by an appropriate
reduction when the pump was turned on again.

If the observed drops in total system efficiency with increasing
detector assembly pressure are the result of drops in the'collécting'
efficiency as a consequence of coilecting through a more dense atmosphere,
it would be ekpected that the drops in efficiency would occur ét ldwef
pressures and be more severe as the capillary to tape distance was increased,
allowing a greater opportunity for the beam of activities to interact with

the atmosphere. Similarly, it would be expected that the drops in
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efficigncy would dccur at-lower pressures as the capillary to taﬁe angle
was made more oblique, allowing a greater opportunity for the beam of ' f)
activities to be dgflected from the collecting surface. Both effects are
seen in the results reported in Figure 28. If the observed drops in total
system efficiency with increasing detector assembly pressure were the
result of dtops in the transport efficiency as a consequence of changing
flow considerations in the capillary, it would be expected that the
efficiency would hold constaﬁt until the pressure in the detector assembly
was raised beyond the point at which flow of Mach 1 could no longer be
achieved, at which time the efficiency would start to drop off and continue
to drop off with increasing pressure. Note, the pressure experienced at
the exit of the capillary at Mach 1 is no longer achieved in the helium
flow will be independent of capillary to "tape distance and angle. From

H. Daute;'s paper [DaH73] this should occur at detector assembly preséures
of 235 torr for our system operating as described above. While in each
case the total system efficiency did seem to hold constant before starting
its drop, the pressure at which the drop started and the severity of the
drop was §ery much dependent on the capillary to tape distance and angle.
It is of course necessary to consider that the pressure recorded for the
detector assembly is then the pressure experienced at the exit of the
capillary. However, it would be expected this error would be largest for
the 1"-90° case, and this is the casé for which the preésure correspending
to the initial drop in efficiency is the highest. Accordingly, it seems
the primary factor acting in the drop in total system efficiency with
increasing detector assembly pressure is a drop in collecting efficiency.
This conclusion_is»rginforced upon considering the total system efficiencies

of 50-75% reported in Section II. m. '"Aqueous Chemistry" for collecting
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activities in aqueous solution under atmospheric pressure.’

From the results discussed above it is quite apparent that the require-
ments of the pumping system for a HeJRT system used alone are minimal. It
is only necessary to maintain pressures of 20—30 torr in the low pressure
end of the system without loss of efficiency. Only dhen the HeJRT is
used to suppiy activities to equipment requiring low pressures is it

necessary to consider large pumping capacities and helium skimming



88

II. k. Efficiency vs Time

When considering the total HeJRT system efficiency vs time, it is
necessary to consider two time scales. The first, measured in seconds, is
the short-term efficiency building up when the cyclotron beam is first
turned on. This is related to effects such as the time required to build
up suitable cluster molecules. The second, measured in hours, is the‘long—
term efficiency felling off as‘the system is used for long runs. This is
related to effects such as cluster molecules collecting in the capillary.
Occasionally it seems as if there is a third time scale, measured in minutes,
over which the efficiency tends to build up after the cyclotron beam is
first turned on. However, this time vs efficiency efiect has not been
documented. It is felt that this effect may be the result of moisture or
oil leaving the target surface when it heats up from the beam striking it.

A series of runs was made to characterize the short-term efficiency
build-up when the cyclotron beam is first turned on. In these runs 280-
msec 28P was the primary activity monitored. The 28P was generated using
30-MeV protons on a 0.05-in. quartz target through the 2831 (p,n)28P reaction.
The helium was doped with 750 ppm benzene vapor and the pressure of the
target assembly was maintained at 3 atm. The pressure in the detector
assembly was maintained at 21 torr. The capillary was used 0.055-in. poly-
ethylene. The activities were collected on paper tape which was advanced
only between runs to supply a fresh surface for the next run. Also,
between each run the target assembly was pumped out several times to
remove cluster molecules remaining from the previous run. Each run consisted
of making an x-y plot of gross y count rate time (usingfa time base) as
the cyclotron beam was turned on and off (see Figure 29). ‘During the

cyclotron on time the beam current was held as nearly constant as possible
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usually +3% and data from only the most constant runs were saved. The
. beam was turned on and‘off by raising and lowering a scintillator in the
beam line near the cyclotron. The beam'passing through the scintillator
diverged and was of the wrong energy to be transported through the beam
optics. This method of turning on and off the beam was chosen because it
was faster than the vacuum valves in the beam line (about 0.2 sec as
opposed to more than 1;0 sec for the valve). The count rate signal was
taken from an ORTEC rate meter (#441) set for IOZ»standard'deviation
(shortest time constant). The output was plotted using a relatively fast
Esterline Angus x-y recorder with a maximum slewing speed of 55 in./sec.

By comparing the curve recorded as the beam was :urned on with the
inverted curve recorded as the beam was turned off it should be possible
to ovserve the build up of the total HeJRl system efficiency»in the early
moments after the cyclotron beam is first turned on. This should be possible
because the time constants of the rate meter and the -y recorder will be
the same for increasing or decreasing count rates ahd,the growth and decay
curves for the activities generated will just be inversions of one another.
Accordingly, the present difference in these two curves will correspond to
the efficiency. of the syStem. Figure 30 displays composite "beam-on" and:
"beam-off" curves taken from a collection of coant rate curves like the
one in Figure 29, Also shown in Figure 30 is the short term efficiehcy
curve generated from the percent difference_between the "beam-on" and
"beam-off" curves. It can be seehAthat9thé”efficiency rises very rapidly
to about 70% then rises rather slowly, taking almost a minute to reach.
full efficiency. |

For these runs the standard target cylinder (see Section II. c.
"Target Assemblies"), which is about 4-cm long, had been replaced with one

10-cm long, such that it came to within 2 -mm of the Faraday.cup; This was
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done to insure that all moleéular clﬁsters generatéd.in the volume between
the target and the Faraday cup would immediately proceed toward entering
the flow through.the c§pilla;y and would not diffuse;out into the bulk
helium in the target.assembly. This was important'bééause if many of the
clusters did enter the bulk heliﬁm supply fhe efficienéy of the HeJRT system
would not stabilize until the concentration of clusters in the bulk helium
supply equilibriated.' With the flow rate of 7500 standard cc-min, the rate
at which the target cylinder was‘swept‘waé about once every 1-1/2 sec.
Accordingly, any increase in efficiency dﬁe to the generation of clustér
molecules should be manifested within times of a few seconds (allowing for
some mixing occuring between the helium in the cylinder and fresh helium
entering the cylinder). Thus, it seems likely that the initial rapid rise‘
in efficiency during the first seconds corresponds to the build up of the
cluster molecules necessary for the efficient transport of activities -
through the HeJRT system.

The ionger component of the efficiency rise 1s nét s0 easily explainable.
It could be explained if cluster molecules were diffusing out into the bulk
helium_supply, but this seems extremely urilikely in view of the large helium
flow rate and the small separation between the target cylinder and the
Faraday cup through which the clusters could diffuse. This possibility -
will be checked after the construction of a new target assembly is completed,
one in which the helium is fed directly into the target cylinder and which
has no place for clusters to diffﬁse to. If the longer component of the
efficiency rise is still\presentrwiyh this new target cylinder, other
possibilities such as adsof?tionqu é;usterg on the cylinder walls or dead
spaces occuriﬁg in the fléw in thé target assembly will be looked into.

As the HeJRT sySteh;isWd§é§Athé‘éffi§i§ncytof itsAbpetétioh tends to
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decrease; however, it is difficult to'characterize this”effect quahtita-
tively. In early runs the drop in total system efficieney typically would
manifest iﬁeeLf’in a maneer of hours of running time. Presently the drop
in system efficiency does not manifest itself until many days of running‘
time have elapsed. In fact, the capillary is now typically feplaced after
a week or.so'of running time not because of a drop inAefficiency for the
system but to prevent such a drop from occuring at an 1ncohvenient time

in an experiment. Thus, it is difficult to place a high efficiency time
limit on the caﬁillaries used in the éystem as operated today. It is,
however, possible to make some empirical and/or qualitative statements

- concerning this efficiency drop and to present some thoughts on the subject
which are not supported by hard experimental evidence.

The first concerns the nature of the efficiency drop. The efficieney
will hold fairly constant, then after some time will start to drop. Then
it will drop quite rapidly to about 10-20% of its initial efficiency, after
which the drop is much more gradual. If the system is then rejuvinated as
described below, the efficiency will return to essentiaily its initial value;
however, as the system's use is continued the efficiency will again fall
and the drop will oceur after a sherter period of running than did the
initial drop.

‘The reason for the efficiency drop is releted to a build-up of material
in the capillary and on the target which is usually qﬁite visable. The
effect of:the-build—up in the capiilary presumably is to introduce additional
turbulence in the helium flow and thereby to decreese transport efficiency.
It eeems logical that this turbulence would cause‘a further bdild—up,
causing the more'rapidvdrop in transport efficiency. The build-up in the

capillary is soluble in acetone. Accordingly, by flushing the cepillary
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with acetone it is possibléiggxreiﬁviggtg ;he ¢gpillary., Presumably the
build-up 6n the targets is from;thg same source; however, 1t 1s heated by
the cyclotron beam and regem§les more'a'cgrbqn#dgpqsit, which is not soluble
in acetone.

In’early runs when bepzene,was first added to the helium supply to ‘
increase the efficiencyfof the HeJRTvsysfém,wquite large amounts of benzene
were used (higher than 0.1% in some cases). In an effort to reduce the
buil&-up of material in the capillary and on the targets, the concentration
of benzene in the system wasvgradua;ly cut back to the 10-20 ppm used at
present. While this may have helped slightly in the case of' the build-up
on the target it did not seem to bring about a major improvement in the
case of the build-up in the capillary.

It seems the rate of decay of the system efficiency is related to air
in the system. It wés observed that the problem of bulld-up of material
in the capillary was particularlyvbad in those runs in which the target
éssembly was opened frequently gnd those runs in which the operation of
' the HeJRT system using bepzene in the helium_sppply was .compared with using
air plus water vapor in thé’helium supply. In both cases, if the pump-out
of the target assembly were not complete, air would remain in the system.

In general, little care was taken in these early runs to get a complete
pump—pﬁc of the target assembly, relying on the flow of helium to purge
véhé'systém. Since that time care has béen takén ﬁovgét more comﬁlete»
pump-outs, and the target asgemblyris filled with heliﬁm and pumped out
3 or 4 times before bringing.the beam iﬁto the assembly. This, possibly -
combinéd_with the low benzené concentrations used at present, have essentially
solved the problems of build-up in_;hg_capillg;y and have greatly reduced the
problem of build-up on the targets. Accqui@gly, the problem ofathe total

transport efficiency dropping with time has been essentially eliminated.
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II. 1;’ Collecting Surface Considerations

iIn the earliest runs of the HeJRT system in this laboratory the
standard collecting surface was the sticky side oé‘maskihg tape; Fér the
past couple of years, since the addition of the tépe transport, the
standard collécting surface has become paper tape (1" non-oiled computer
perforatioh tape; Singer P/n 200 1218 tape). The reason for the change
to paper tape was for the obvious experimental simplification and has had
no effect on the collection efficiency. On those Qccasions when cooled
solid state detectors are exposed to the vacuum of the detector assembly,
aluminized mylar tape is used to eliminate the problem of the small amount
of moisture in the paper tape from entering the vacuum and condensing on
the detector. Other groups have used such things as old computer magnetic
tape (T. T. Sugihara, Texast & M University, private communication), metal
surfaces, and surfaces smeared with vacuum grease. All things considered,
it does not seem to make very much difference what Ils used as a collecting
surface when molecular clusters are used to carry activities through the
system. However, a comparison of the collection efficiency of paper tape
and aluminized mylar tape indicates the aluminized mylar tépe to be a little -
‘less efficient. Figure 31 shows the results of the comparison made at a
series of different.target assembly pressures while looking at the 439-keV
peak of 23Mg. Each of the points in the figure is the average of three
determinations made at that'prépsufe. The two curves have the same
essential shape, but the curve for aluminized mylar is fromb9 to 12% below
that for paper tape. In each case the detector éssembly was pumped to
below 10 torr and the gapillary to tape distance ahd»angle were 1/2 in.
and 90°, respectively. At this time it 1s felt there is»not enough known

to present .an explanation of the differing collection efficiencies, other
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than to suggest thg possibility that it is related to the rougher textured
surface presénted~by the péper tape.

A preliﬁinary study has been conducted to determine the effect of
varying the tape‘to capilléry distance and the angle on collection
efficiency. The céllection efficiency was followed by monitoring thé
gross y count rate of activities produced with 30-MeV protons on aluminum.
The two pfincipal components of the activity were 234g and 26Si. For
these determinations a 0.055-in. polyethylene caplllary was used and the
helium flow was doped with 10 ppm benzene vapor. The results are summar-

ized below for paper tape.

Tape to Capillary ‘ Collecting
Angle -- Distance Efficiency
90° 1/8 inch =100%
90° 1 inch 97.5 + 5.%
45° 1/8 inch 98.5 + 5.%
45° 1 inch 97.5 + 5.%

Accordingly, within the limits of the uncertainty of the measurements the
collecting efficiency for paper tape is unaffected by changes in capillary
to tape angles up to 45° or distances up to 1 in. Since the drops in
‘efficiency upon changing the angle and distance are so small, if they do
-exist, none of the in-between values were checked. The capillary to tape
angle and distance of 45° and 1 in. are what is typically used in Ybsingles
experiments in ordef to keep the tip of the capillary (where activities
will often build up) out of the view of a collimated detector. Activities
have been collected on paper tape at distances up to 6 in. with fairly

good yields; however, at this distance it is necessary to take into consid-
eration the divergence of the cluster molecules leaving the capillary.

Approximately 90%Z of the clusters diverge with an angle of less than 3°
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(see Section II; F. "Clustér Moleéules").: As yet thisistudy has not been
extended to the éluminiied mylar tape we occasionally use. Howéver, by ;Af)
private communication, the members of R. D. Macfarlane;s group at Texas

A & M report the efficiency for collecting on mylar tape drops to about

50Z on. changing tﬁe capillary to tape angle from 90° to 45° -

When the HeJRTvsystem_is operated using molecular clusters to increase
transmission efficiency, it,is‘necessary to consider a couple of side
effects. The first is a desirable effect; when the desired product of the
nuclear ?eaction is volatile or is naturally a gas, it is not necessary
to go to any additional effort (like using a LN2 cooled collecting surface)
to hold the activity after transport through the system. This is evidenced
by the presence of the 2311-keV line from 71-sec ™0 in all Y spectra
recorded when using an oxide target in the HeJRT system. The line is
present in good yields in runs using both paper tape and aluminized mylar
tape, both at room temperature. The second effect is not desirable when
performing charged particle spectroscopy; the build-up of cluster molecules
on the collecting surface, through which the emitted charged particles
must pass wiilvdegrade the energy of the particles. The effect on B
particles is small except when the build-up of clusters occurs over a
long period of time as is the case for long-lived activities. However,
the effect on the energy of emitted o particles is much more serious even
ﬁhen the build-up of clusters is only limited to a few minutes. It is
hoped. a heated collecting surface can be used in. these casés to break up
the cluster molecules as they are deposited on the collecting surface,
such as R. D. Macfarlane uses in his recoil time-of-flight spectromefer

[MaR73].
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II. m. Aqueous Chemistry On-Line

The hope that "wet" chemistry could be performed on-line with the
HeJRT system arose from the observation that the efficiency of the
HeJRT system when depositing activities on paper tape did not start
to fall off until the pfessure in the detectdr chamber (box where
activities transported through the sys;embare deposited on some col-
lecting surface and counted) was raised to above 20-30 torr (see
Section II.n. 'Detector Assembly Pressure vs. Efficlency". This was
important because the vapor pressure of water at 20°C is 17.5 torr.
Accordingly, it would be possible to do aqueous chemistry under these
conditions (collecting chamber pressure >20 torr) and not have the
solutions boiling off.

The first attempt at chemistry was an on-line attempt in the search

for 6%Ge. The apparatus for this run is shown in Fijure 32. The
activitieé were generated using a 3He beam on a natural Zn foil and
were transpofted through a polyethylene capillary to the detector
chamber. The detector chamber was pumped so as to maintain a pres-
sure 220 torr. The exit of the capillary was directed at an orifice
in a sealed container partially filled with concentrated HCl. It
was hoped that the activities attached to molecular cluéters would
enter the HCl container through the orifice and bécome trapﬁed in
the acid solution. There the Ge activities would form the volatile
chloride GeCly and be pumped off to a cold trap, where they could
be counted. This first attempt was unsuécessfuliprimarily_Because
of inefficiencies remaining in the HeJRT system at that time, poor

alignment between the capillary and orifice to the acid container,
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and a very small effective target thickneés. The 6%4Ge search was
SubseQuently successfﬁlly carried out [RoR72] using esséntially tﬁis
chemistry, but a pneumatic target system [KoK73] ("rabbit") éYstém
was employed ingtea& of the HeJRT systen, |

The first successful chemistr& followed the discovery that not
only is it possible to trap activities flowing up the capillary in
aqueous solution by merely bubbling the helium flow from the capillary
through the solution, but also that the ylelds remained essentially
as good even if the "low pressure" end of the capillary and the aqueous
solution were at atmospheric pressure. In a series of runms comparing
the amounts of activity trapped in solution under various pressures
to that collected on paper tape under Sl torr pressure it was observed
that between 1/2 and 2/3 of the activity could be collected in the
aqueous solutions. The amount of activity trapped was 1argely’inde—
pendent of the pressure over the solution (the pressure gradient aéroés
the total system was held constant at about 2 atm). The amount of
activity trapped was also found to be independent of the acid concen-
tratioﬁ of the trapping solution (important if chemistry‘is to be
performed). Ve also felt that much of the activity lost might have
been rétained by generating smaller bubbles (with correspohdingly
higher surface to volume ratios) to provide for more contact between
the gas contained in the bubbles and the solution.

If one accepts the role of clusters to be that deséribed in

Section II, £.'fCluster Molecules", then it does not’necéésarily follow
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that if one can trap activities in solution it will be possible to-
perform conventional chemistry with these activities. If the ther-
malized recoils become a part of the cluster molecules at some point
during the transport process, then it would not be possible to perform
chemistry characteristic of the recoil unless the recoil is successfully
freed of the cluster molecule. Thé reason for this is simply that the
recoil is present ohly as a very small component (about a part per
million) in the recoil -cluster - combination. Accordingly if the
recoil remains attached to the cluster after they are trapped in a
solution one would expect the combination to follow chemistry charac-
teristic. of the cluster and not of the recoil. It is observed that
cluster molecule deposits are soluble in water; however, it still does
not necessarily follow that it will be possible to succéssfully perform
chemistry with the recoils. If the recoil is deeply- imbedded in the
cluster molecule and if the individual cluster molecules maintain their
integrity in dissolving,then the recoil would not be freed from the
cluster in the dissolution process.

The first attempt at performing chemistry on activities trans-
ported by the HeJRT system and trapped in aqueous solution at atmos—
pheric pressure was successful. This was the geparation of Cu and Zn
activities using ion-exchange techniques. A natural Zn target was
bombarded with 30-MeV protons. The principal activiiies generated
were (33 sec) 63Ga and (24 min) 6%u, from the ,2n) and (p,on)

reactions on 5%Zn. The activities were transported through the HeJRT
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system and trapped in a‘2N~HC1_solution by simply letting the helium
flow from the capillary bubble through a small beaker of acid under
atmospheric pressure. Activities were collected for about 25 min.
During the 25 mipv éollecting time and a short addi:ional time béfore
the activities were loaded on the ion-exchange column, essentially all
the 63Ga decayed to (38 min) 63Zn. The column was loaded with

Dowex 1-x8 in the chloride form. The column was subsequently eluted
with an additional small amount of 2§ HCI, then the column and the
eluant were each counted for ébbut ib,min; using a 4.6% Ge(Li) de-~
tector. The spectra recorded are shown in Figure 33. It appears the
_separation was rather clean in that there is no evidence of either Zﬁ
1111né appearing in the spectrum of the eluted sample and only a small
amount of Cu was not completely eluted from the column as evidenced gy
the weak appearance of the 1333-keV line in the spectrum from the
column.

The observation that straightfofward chemistry chafacteristic

of the recoil is successful with activities transported with tﬁe HeJRT
system suggests ﬁhat somehow the recoil has been freed from the
recoll-cluster combination. A discussion of. possible mechanisms for
freeing the recoil from the:clusterrmoleCule would not be profitable:
at this time as more inférmation is needed from experiments not yet
_perfof&éd. Also unknown at this point was the time required for the
;pfdéesé of freeing the recoils from the clusters. This time was
"~ obviously less than the 5 to 10 minutes that elapsed between the end

of the collection of activities in the experiment described above and
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Spectra recorded in our first successful attempt at performing
aqueous chemistry with the HeJRT system.
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the passage of these activitiesbthrough the ion—exchahée colupn. If
it were much longer than this it would not have been possible to have
so clean a chemical separation. Zinc activities still trapped 1n
cluster molecules would have passed through the column, resulting in
Zn lines being present in the spectrum of tthe eluted sample.

The next attempt at performing'chemistry on activities transported
by the HeJRT system was an attempt at performing chemistry on-line with
the HeJRT system. It was a separation of Ga from both Cu and Zn
activities using ion-exchange techniques. As in the previous attempt,
a natural zinc target was bombarded with 30-MeV protons, producing
primarily the same (33 sec) ©3Ga aqd (24 min) 80Cu activities. Also
present was some 637Zn from the partial decay of 63Ga and from a (p,pn)
reaction on %4Zn. However, time was not allowed in this run for the
63Ga to decay appreciably to 53Zn. The flow from the capillary of
the HeJRT target assembly entered directly intq the chemical system
(see Figure 34), and was mixed with a flow of 8§ HCl (with carrier)
pumped from a container of acid. Tﬁe mixing took place in a small
chamber and was quite turbulent because of the large volume of helium
flowing from the target assembly (340 standard cm3/sec). The mixture
of helium and acid moved rapidly to the tep of an ion-exchange column,
again because of the large volume of helium flowing. Here the acid
solution was allowed to enter the - column while'the escaping helium,
presumably still carrying some activities, was pumped away. Theiion-

exchange column was loaded with Dowex 1-x8 in the chloride form; a
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rather large mesh (50f100) waé used to dééreaée the hold-up time of

the column. The acid solution was drawn through the column and pumped
to a shielded container, and a 4.6% Ge(Li) detector was uggd to record

the y-ray spectra of activities on the column.

To serve as a cOmpafison'a run was made where the activities were
collected on moving paper tapé under vacuum. The tape speed was such
that the activities on the tépe spent about 1 min before the Ge(L1)
detector. Two short sections of the spectra recorded in this experi-
ment are shown in Figure 35 along with a comparison of the results.
Further cdmparisons with a previous run made by G. C. Giesler [GiC71]
using the "rabbit" system are also included in the figure. The rela-
tive intensity of the 60Cu to the 63Ga.peaks in the chémistry run are
down by a factor of 6 over those in the published rabbit run and by
a factor of 5 over those in the paper tape run. The 63zZn relative
to the 63Ga peaks in the chemistry run are down by a factor of more
than 2 over those in the rabbit run. Further, the data acquisition
rate was up by a factor of about 2 for the chemistry run over the
rabbit run. The possibility that the improvement in the 53¢a to
60Cu and 63Zn ratios was just a half-1ife effect is eliminated by the
increased presence of (2.6 min) 5*Ga and (15 min) 65Ga peaks at 1387-
and 1354-keV, respecfively,in the chemistry spectrum. |

This experiment provides an,improved upper limit of the time
necessary to free recoils from molecular clusters in aqueous solution.

The time elapsing between the mixing of the helium and acid flow, and
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the acid solution leaving the ion-exchange column %aa of the order of

1 second. Accotdingly, the upper limit on the time necessary to separate
recoil and cluster should be set at ebout 1l second in this case. A
check of the eluant from the column should have been made to eee if

eny Ga activities were present; if no Ga activities were present the
upper time limit of 1 second wouldbbe definite. However, from the data
rate observed it is certain that at least e lafge fraction of the re-
coils had been separated from clusters in this 1 seeond eiapsed time.

We are currently preparing to perform a series of experiments that
will attempt to set a definite upper limit on the time necessary to
separate recoils from clusters and also to demonstrate further the
usefulness of tﬁis technique by performing separations on successively
shorter-lived activities. There is some hope this series will cul-
minate in the separation of (182 msec) %0s¢ from other products.

It is clear that much of the detail of the mechanism allowing
conventional chemistry with HeJRT transported activities is not
presently understood. The point of the preceding discussion is
just that it is possible to do this type of chemistry with the HeJRT
system. It might be further pointed out that there may be additional
applications, beyond just rapid nuclear chemical separations, result-
ing from the observation that relatively simple "wet" chemistry, on-
line with the HeJRT system, is possible. One additional application
of this technique could be to supply chemically active radioisotopes,
in times 1 second, that are carrier and parent free, for use in studying

biological or other chemical systems.
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IL n__Gas Phase Separations

To date there has been‘no aftempé to use this HeJRT system for
separations involving the seléctive generation of géseous products
for the purpose of achieving separations of reaction products in
differing physical states. There are two»projeétsvpresently under
consideration that would.make use of this technique in this laboratory.
They are the search for SNi and measuring the B end points of °S5Ni
andls“Ge. It is hoped these projects can be accomplished by generat-
ing the activities as nickel carbonyl and as monogermane, by replacing
the heliuﬁ with carbon monoxide aﬁd hydrogen, respectively, In gen-
eral, the method of separation would be to run the jet system in such
a manner that its tranmsport efficiency is very low for non-gaseous
products. This is in contrast with the normal operation of the jet
system, in which non-gaseous (as well as gaseous) recoils are bound
to clusters to achieve high efficiencies for their transport through
the system. The jet system would be run without using cluster generat-
ing impurities in the gas supplies and possibly sources of turbulence
could also be placed in the capillary. Since these actions do not
decrease the efficiency for transporting products normally in the
gaseous state, a separation of gaseous and npnfgasgous products would
be achieved. If the deéired actiyity is fhe only one forming a gaseous
prodﬁct under the conditions being used, the separation should be
complete. If more than one gaseoué prqduct is formed it would be

necessary to use some other property such as boiling point or decom-~
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position point to separate the activities further after they exit the

capillary. For a further discussion of _this type of separation, see

K. Bachmann's artigle in Proceedings of the International Conference

on Electromagnetic Isotope Separations and the Techniques of Their

Applications (1970), p. 126 [BMBW-FB 70-28].
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'II,fo; Elasma Chemistry

For the purposes»of this discussion plasma chemistry. is takén
to mean chemistry OCcurfing between thermalized recoils and cluster
molecules in tﬁe plasma in the target assembly for the purpose of
achieving chemical separations. There is some evidence separations.of
this nature can be accomplished. If this does become a reality, it
will extend the realm of ultra-fast chemistry beyond those elements
that easily form gaseous products in the HeJRT system. The difficulty
of collecting or trapping gaseous products would be eliminated, since
virtually any surface could be used. for collecting the activities.
This type of chemical separation would also be fully compatible
with either method: of on-line mass separation (identification) dis-
cussed in this thesis.

The possibility of being able to perform plasma chemistry arises
from a consideration of the mechanism through which the recoil becomes
a part of the cluster molecule. It seems likely that the cluster
molecules are formed as impurities present in the helium condense
out of the plasma in the target assembly (ﬁhere "condense out" ié not
clearly defined and can be taken to be polymerization, nucleation, etc;
see Section II ¢ "Cluster Molecules"). If during the procesé of con-
densation, the thermal recoil, pgcause of its physical presence in
the region of condensation, becomes trapped in the cluster molecule,
then plasma chemistry will not be possible. If on the other hand, the

thermal recoil becomes bound to some chemically active site on the
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cluster molecule during or after the condensation process, the pos-—
sibility of controlling the nature of these chemically active sites
and.thereby possibly achieving a separation of chemically differing
recoils can be~con§idered. That is to say, if it is possible to
control the types of recoils that become attached to clusters, a
separation of the recoils will be accomplished as a result of the very.
poor transport efficiency of the HeJRT system for those recoils not
attached to clusters.

The "chemically active site" hypothesis is’supported by the
results of two experiments. The first supporting experiment was the
series of total efficiency runs made for the HeJRT system. Efficien-
cies were determined for Zn, Cu, and Co recoils and were found to be
50%, 75%, and 90%, respectively (see Section II.h. "Total System Ef-
ficiency Determination" for the details of this determination).
Physically these three recoils are quite similar to one another
(atomic radius, polarizability, ionization potentials, étc.). iThus,
it is difficult to explain the different efficiencies observed unless
somehow their chemical natures are also considered, and this implies
some sort of chemical bonding between recoil and clusterg.- The second
supporting experiment was a series of runs in which the impurities .
fed into the helium were changed and the transport efficienﬁies.féf
a pair of activities provided from the same target were monitored.

In fhis experiment a natural aluminum target (100% 27A1) was bombarded

with 30-MeV protons to produce (2.1 sec) 26si and (12 sec) 23Mg from
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@s2) and (p,an) reactions, respectively. “Spectra of the pi‘oducts
were recorded when the primary impurity in the helium was 1) Benzene
vapor, 2) cqmpréssed air and water vapor, and 3) when the level of
impurities was very low. The concentration of benzene vapor used
was roughly 0.01% to 0.1%. The. concentration of compressed air

used was roughly 5% and the water fépor was added By passing the
helium tﬁrough a gas washing bottle. Each time an impurity change
was made the target agsembly was pumped out and refilled two or three
times with helium doped with a different impurity. However, when

the main component of the impurities was changed from run to run it
should be presumed that a small (and possibily significant) amount

of the impurities from the previous run remained in the target as-
sembly. This was particularly true in the runs where pure helium
was used; here the transport efficiency did not drop neariy so

much as it would have if no impurities had remained. The results

of this experiment are shown in Figure 36. It isg quite apparent that
the absolute efficiencies of the HeJRT system for transporting dif-
ferent activities is depeﬁdent on the type of impurities in the helium.
Magnesium is transporfed best when. benzene vapor is used, while sili-
con is transported best when compressed air plus water vapor is used
(the ratio of Si to Mg activities transported changes by nearly'402
on changing these types of impurities used to produce cluster mole-v
cules). An attempt to somehow . explain away the change in effiéiency
for Si (by assuming the fofmation of a silane preferentially when

one type of impurity is used) does nothing to explain away the change

in efficiency for Mg. Since the activities were made at the same
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time, under the same conditions, from the same target, the efficiehcy
changes cannot be explained awvay as.a half-life effect or as a reflec-
tion of any changes (other than the source of cluster generating
components) in tﬂe HeJRT system during the experiment.

Aécordingly, from the observation that total transport efficien-~
cies are dependént on both the chemical nature of the recoil and the
source of impurities for the clustef ﬁolecule (i.e., the chemical nature
of the cluster molecule), it seems likely that plasma chemistry (as
defined at the start of this section) can be achieved. Thefe remains
one last consideration that may help to make clean plasma chemistry
a reality. That is the possibility of generating cluster moleculés
off-line and feeding those molecular clusters into a system using pure
helium (see Section II. f. "Cluster Molecules"). This may help because
it may allow generation of more exotic molecular cluster out of compo-
nents (impurities) or under conditions that would be detrimental to

the successful operation of the HeJRT system.
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'APPENDIX II



Rabbit: Pneumatic Target Transport System

The pneumatic target transport system was developed to aid in the
study of moderately short~;ived radioisotopes (t;/; 21 sec) and to make
generally moré efficient use of Cyclotron time. The system provides
rapid transit of targets from a low background area into the cyclotron
.beam for irradiation.” The target carrier ("rabbit") is stopped at the
ends of its path with an air cushion and can Be oriented with respect
to the cyclotron_beam at the in terminal or with respect to external
detectors at the out terminal. During irradiations the rabbit is
cooled by conduction and by an air flow directed over the target. The
initial system provided rabbit transport over a distance of about 100
ft in 2 seconds. However, with increased use of in-beam or pulsed-beam

[1]

techniques and the He-Thermalizer-jet transport system[Z] to study
short-lived species, it was no longer necessary to have rabbit transit
times this short. Accordingly, the rabbit out terminal was moved to
a more convenient location and the rabbit transit line was increased
slightly. The present system covers a distance of about 200 ft in 5
sec. The sysfem is illﬁstrated in Fig. I. |

The rabbit (shown in Fig. II) is propelled through thin walled
cellulose acétate or polyvinyl chloride tubing by about 3 psi géuge

pressure on one side and a partial vacuum created with a commercial

vacuum cleaner on the other side. This is quite sufficient to propel

[1] See Michigan State University Nuclear Chemistry Annual Report, 1970,
C00-1779-49, p. 257 and p. 264. Also J. N. Black's Ph.D. Thesis,
Michigan State University (1971). ' :

[2] See K; L. Kosanke's Ph.D. Thesis, Michigan State University (1972)
for discussion of He-thermalizer jet-transport technique or Michigan
State University Nuclear Chemistry Annual Report, 1970, C0O0-~1779-49,
p. 247.

bl
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B) Test

or small tar,.ts.

)f system. C) Special rabbit used f

rabbit with target mounted on frame.

»B,C (from left to right) A) Standar-”
rabbit used when initially setti:

A

Figure 2
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even heavily loaded rabbits through the system. The rabbit system
is essentially a closed system, so that any lost radioactivé material
is transported through the system and will end up in the vacuum
cleaner, Whergvet possible, cellulose acetate tubing was used in
constructing the transport line bécause it is transparent and this
aids in the location of lost materials in the line (broken rabbits,
nuts and bolts,'improperly attached targets and absorbers). Those
Places were cellulose acetate tubing was not used are in the curved
sections of the line. Here it was found that polyvinyl chldtide waé
necessary to make satisfactory bends. The best bends were‘made by heating
the PVC tubing in a large oven (¥100°C for 5-10 min.) while applying
a slight gas pressure internally to keep the tubing from collapsing.
The hot tubing was then bent around a form of the proper curvature.
We found that bends <1l ft radius could be made in this way; howéver,
most of the bends used in the system ate of a 6' radius. The tubing
was mounted in standard 9" electrical wire race-way (Fig. III). Each
major.section was Joined with unions that allow easy removal of the
vsection should that become necessary. The line supplying vacuum to the
in and oyt terminals of the rabbit system was made to the same specifica—
‘tions as the rabbit 1ine, so that it could be used as a second rabbit
1ine with only slight modification if an expansion of the system is
ever desired. -

The mechanism for orienting and cooling the rabbit is illustrated
in Fig. iV. The orientation process is started using two jets of air
directed_at the rgbbit, The first, directed up from the bottom, lifts

the rabbit slightly from the surface on which it is resting. The second
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is directed at a 'pelton"  type wheel mounted in the base of the rabbit
and causes the rabbit to rotate. [The wheel has teetﬁ only pert way
around so that when the rabbit is properly otiented the air jet no longer
tends to rotate the rabbit (see Fig.IIj]. Rotation of the rabbit is
stopped when alignment occurs between a fixed electromagnet mounted

in the rabbit terminal and a permanent magnet mounted in the rabbit.
Orientation is usually accurate to within 5°; During short bombard-
ments cooling is achieved by conduetion between the Al rabbit frame and

a water cooled Al plate on which the rabbit rests. For longer bombard-
ments one also has the option of increasing the cooling by passing air
over the rabbit. A series of holes in the rabbit tends to direct the
air flow over the target.

The air cushion that stops the rabbit at the end of its path is
initiated when the rabbit passes a sensor mounted along the rabbit line.
A coil around the rabbit pipe is located about 8 feet from the end of
the rabbit line and senses passage of the fabbit mégnet. The resulting
current pulse is used to close the valve on the line supplying the partial
vacuum to the rabbit (see Fig. I and VI. Accordingly there is a build-
up of pressure in front of the rabbit causing it to be stopped and lowered
gently into its final position.

Some of the rabbit configurations used are shown in Fig. 11,

Fig. Ila shows the standard rabbit 1oaded with a target. An absorber
package'can be added'to this rabbit if necessary. Another eeries of
rabbits was made with the centtal region not'machined.outg providing
.150 in of Al absorber. Further, by'drilling a small hole in the central

»150 in Aluminum plate and mounting a tatget in that hole the beam current

)



.

-
=

PERMANENT MAGNET

v ’,/"""'

Figure 4-A  Rabbit orientation mechanism.
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Figure 4-B  Target cooling mechanism. Consisting of direct air cooling and cooling
through contact of rabbit frame with a cooled plate.
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passing through the target can be monitored (in some cases it was
necessary to increase the thickness of the central plate to insure the
stoppage of the cyclotron beam not passing through the farget. Also
these rabbits,ha;e been used to provide mounting for special target
holders. One of these special target holders is shbwn in Fig. Iic and
in exploded view in Fig. IId. This one was principally used to prepare
targets of powdered sepafated isotope materials. On several occasions
foll targets were mounted in front of the separated isotope target. In
one instance a collection of three different foil targets of appropriate
thickness were irradiated simultaneously with a powdered separdated
isotope target. More recently, a similar unit with O—fing seals was
used to prepare 13N without the !3N being carried off with thermal
decomposition products of the carbonate target. Also shown in Fig.
ITb is the spring loaded rabbit used to test the system.

Fig. V shows the in and out rabbit terminals. Separation of the
rabbit system and the cyclotron vacuum is provided by a 0.001 in
Havar window. A remotely controlled absorber system was designed td-
be placed between the Havar window and the rabbit, but waS'pever con-A
structed. To aid in thé’study of short-lived activities, the but terﬁinal
was equipped with a .050 in plastic window to allow counting of targets
without removing the rabbit from thé terminal. Iﬁ conjunction.with this
mode of operation the "rabbit“éontrolef" haé a built~-in sequencer that |
automatically brings thé rabbit to the out términal after the beam is
shut off, orients the raﬁbit in the terminal, and subsequéntly'routes
data into as many as four ADb'é.

A collection of schematics and machine drawings is pfovided in

i
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Figure 5-A  Rabbit ” terminal located cyclotron beam line.
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Figure 5-B  Rabbit "out" terminal located in a low background area about 200 feet
from the "in"” terminal.
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Fig. VI.

The ufility of the system is perhaps best demonstrated by the fact
that from the time of its completion, all targets prepared for off-line

study in this lab have been prepared using the rabbit system.
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The Decay of 205pi

I. Preamble

As a part of a continuing study: of neutron-deficient nuclei in the
Pb region, results’ are presented on the states in the Zgng123 nucleus
as populatedrbf the primarily electron capture (g) decay of 15.3-d

2g331122. Our group became interested in looking at the neutron-

deficient Pb region in detail [DoR70, CrJ68, GuI70, JoW73]

when some anomalies were noticed for nuclei
in the region. With these nuclei lying so close to the doubly-magic
zgng126 nucleus they should be spherical, and collective modes of
excitation should occur at higher energies than in most nuclei. Accord-
ingiy, the low-lying states should be directly amerable to single-particle
or few-particle shell model calculations. However, by the time 205Pb is
rgached these simple calculations for the low-lying levels yield less
than satisfactory results. Further, the collective effects, as evidenced
by»the locatipn of the first 2+ state corresponding to a quadrupole
vibration in the even-even light lead isotopes, are somewhat less than
straightford. It would be expected that the quadrupole vibration in
2082b ﬁould occur quite high and then drop down as one proceeds to lighter
nuclei that are less rigid. However, the position of this state in 206Pb,

204Pb, and 202

Pb deviates from the predicted trend and aré at 0.80-,
6.90-, and 0,96 ﬁeV, respectifel?, Thus it was felt that improved experi-
menfal resuits for this entire region could be a great hglp in improving
the nucleaf theory of this and similar regions.

Whilévthe decay of 20531 had been studied extensively in this past
[ScM56, PrAS8, S:RS8, ALD60, StR60, VeS60, PeC61, HeC61,VeS64, BeK6h

M1A67, RuT71; Al1C71) it was felt that this study was justified considering -
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the improvement in experimental techniques employed as well as the depth

to which this study was condiucted.



c3

II. Source Preparation

A.  Sources:

Initial ZOSBi sources were prepared by bombarding natural Pb foils

04. v 206 207 208

(.52 2%, 23.67 2%py, 22.67 2%7p1, 52.37 208ph) with 36.-Mey protons from

the Miehigan state University’Sector—Focused Cyclotron to induce the 208Pb
Qp,4n) Bi reaction. Initial activities of the target foils ranged up to
200 R/h. The targets were aged from 6 to 10 weeks to optimize the 15.3 d°

%84 with respect to the 11.2 h 281, the 6.2 d 2%51, and the 30 y 29751

205Bi activity was chemieally gseparated from the targets

Before counting, the
using more dr‘iess standard chemistry [VeS63]. The targets were dissolved

in a minimal amount of ¥ HNO3 and the bulk of the Pb precipitated as a
chloride. After addition of ferric ion to the decanted supernate, the Bi
activity was coprecipitated several times by the addition of first a minimal
amount of 6§ HC1 and then an excess of 6N NaOH. The precipitate was then
washed with water and taken up in 9¥ HCl. The ferric ion was extracted with
isopropyl ethef, leaving the Bi activity in the aqueoﬁs phase which was

then taken to dryness. The Bi activity was taken up with 8V HCl and loaded
‘on a column of Dowex 1x8 anion exchange resin where it was washed with 8F¥ HC1
and 0.1¥ HCL. The Bi activity was either counted while adhered to tﬁe column
or was eluted frqm the column usingvo.SN HNOB. |

205 ' 206

Other Bi sources were prepared by bombarding mass-separated Pb

206

(97;22% Pb obtained from Oak Ridge National Laboratory) with 19-MeV pro-

206 Pb(p,Zn)2 5Bi reaction. Also, one 205Bi source was

203, 205 )

tons to induce the

prepared by bombarding natural T1 as'TlNO (29 5% T1 and 70. 5%

with 37-MeV alphas to induce the 205 Tl(a 4n) Bi reaction.» These sources

were aged several days before study and were reexamined after several weeks.
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B. e Sources

"Mass-free sources were prepared for study of the N and 0 conver-
'sion of a 2,3-keV transition in ‘the decay of 20511; Needless to say,
~the sources necessary to make this study profitable had to be of superior
quality. In addition to the ZOSBi sources, 206Bi_sources were also pre-.
pared for a comparison of the general Auger background for the conver-
sion,

While som2 sources were prepared using materisl from bombardment of

205 206

natural lead foils, our best Bi and Bi sources were prepared using

separated 130tope targets. 19-MeV protons were used to induce the

206 Pb(p,Zn) Bi reaction and 25-MeV protons were used to induce the

205 Pb(p,3n) Bi reaction. The activity of the separated isotope targets
were usually from 3 to 10 R/h on contact.

The chemistry used in retrieving source material from the cyclotron
‘targets was ordinary bqt required extraordinary cleanliness and purity of
reagents. In the case ef the separated ieotope targets, the raw source
‘material was dissolved in a minimgm of 6N HN03, thep the bulk of the lead
was precipitated by aedition Qf red fuming HN03. The decantate was dried
tten»taken up in 8¥ HCIL. ‘This was loeded on a column of 50-100 mesh
. Dowex 128‘anion—exchange resin. Large mesh resin was used in order that
-a small quartz teat—ehaped plqg could be used in place of glass wool to
hold thevresin iﬁ the coiummbwithout loss of resin. The column was pre-
vieuely washed at»ell coneentrations of each acid to be used. The column

was then eluted using O 1¥ HC1 and 0.01¥ HNQ,. The bismuth activity was

37

eluted from the column using 0. SN HNO,, Only that fraction of the eluant

3
.with the highest specific activity was collected. Typically we could get

20 to 25% of the.ectivity in 51 ml plus a second sample containing 20 to
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30%Z of the activity in s 2 ml.
All glassware, or more aécurately»"quafE2ware", had been previously

washed 1n‘a solution of:

60% aistilled water,
35% HNO3 (analytical grade),
5% HF (analytical grade), and
0.2%Z alconox.
Following the washing, the quartzware was leached for several days in con-
ductivity water (deionized, distilled, doubly deionised, distilled water).
All acids used were "Ultrex" grade supplied in borosilicate ampoules under
an atmosphere of argon. ''Ultrex" grade acids were supplied by J. T. Baker
Chemical Co., Phillipsburg, N.J. We found the quality of these acids to
surpass that which could readily be made in our lab. The 8V HCl was pre-
pared by a dilution of the Ultrex HC1l with conductivity water, then passing
it through a qusrtz ion-exchange column of washed Dowex 1x8 resin. The
0.1¥ HC1 was prepared by dilution of the "colummed" 8V HC1l, then passing
it again through a column washed at 8V and‘O.IN. In the preparation of
the dilute solutions of HN03, we found it advantageéus to clean up the con-
ductivity water further by passing it through the ion—éxchange column when
in the chloride form.

Spectrometer sources, 0.5 mm by 12 mm on 0.5-mil aluminum, were pre-
pared by vacuum evaporation. Liquid source material was loaded and dryed
on‘a tungsten boat that had been flashed for several seconds in ?acuum.

Initial attempts using carbon and tantalum boats were unsuccessful
in preparing high quality sources (carbon boat, resulted in production of
thick sources; tantalum boat, essentially all the source material hung

up on the boat). A tantalum boat lined with platinum did seem to work
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satisfactorily. After bringing the boat up to‘a,temperature just below the
point»whére significant amounts of bismuth activity wouldvstaft to come off,
é series of sources was prepared. As many as five_sou;ces were prepa;gd
from one loading of the boat, collecting fractions of activity coming off
from one loading of the boat, collecting fractions of activity coming off at
» slightly higher tewmperatures for longer times. Of the ofdet‘of 907 of ;hev
source material was removed from the boat, with 25 to 40% passing through
the mask. We generally found that the second or third source gave us the
most favorable combination of activity and resolution. In an attempt to
improve the background due partly to backscattering of higher energy electrons -
we made some sourca2s on 150'ug/cm2 aluminum leaf. The improvement was mini-

mal and thought not to be worth the effort.



¢7

III. Experimental Results

A. y-Ray Singles Spectra _

Energies and inﬁensities.of the 20531 Y rays were determined ﬁsing
several different'detector systems. Initial work employed a 7-cc f;yg—
sided trapezoidalfGe(Li) detector. Figure 1 shows a y spectrumlcolieéted
'with this detector in 90 hours and has a resolution of 2.7 keV for the 703
keV transition. More recent y spectra concentrating on smaller portions
of the spectrum have been collected with two five-sided trapezoidal Ge(Li0
detectors having photopeak efficiencies of 2.5% and 3.6% relative té a
3X3-in NaI(Tl) detector at 1.332 MeV. Typical resolutions for these detec-
tors were 2.3~ and 2.1-keV FWHM at 1.332 MeV. Detector systems employed
room-temperature FET preamplifiers,klow noise RC linear amplifiers with pole
zero compensation coupled to a Nuclear Data 2200 analyzer or to Northern
ADC's interfaced to a PDP-9 or a Sigma-7 Computer.

Energies of the prominent vy rays were measured in a series of runs

by counting the 20531 sources simultaneously with collections of energy

standards listed iﬁ Table I chosen to bracket the 2OSBi transition being
looked at. The centroids of the photopeaks were determined with a. live-
display computer program which used the upper two-thirds of the photopeak
after subtracting out the background. The background was determined for
each peak by making a least-squares fit of selectediﬂqihts on both sides
of the phofopeak to an ntﬁ-degree (up to n = 5) polynomial. The centroids
of the calibra;ion peaks were used to define a quadfatié caiibration

curve from which the energies of the prominent 20531 péaks_were calculated.
The energies of the weaker 20531 Y rays were then determingd in a similar

fashion By uéing the energies of the prominent Y rays as secondary standards.

HoWevér, in many instances it was necessary to strip‘mulfiplét'peaks.
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" TABLE I

B1205 Primary Energy Calibration

Primary Standards . ' Secondary Standards (in Bi“V°)
Isotope Energy Ref. - Energy .
Tal82 100,104,002 (a,b)* ‘

_ : © 115.178+.05
Co37 121.97 .05 c ,
Co>7 . 136.33 +,04 c
Tal82 152.435%.003 (a,b)
~ Tal82 156.387+.003 a
celd?d . 165.852+.010 4
Tal82 179.393+.004  (a,b)
Tal82 229.322+,008 (a,b)
261.045%,02t
Hg203 279.191+.008 - 4 .
: 283.840*,02t
Ir!92 295.938+.009 d
Irl92 308.429+.010 d
Irid2 316.486+.010 4 .
349,557+,03
Aulo8 411.795£.009 e
' 549,834+, 04
. 579.801t,05
T1208 (Th¢'') 583.139+.023 ¢
csld? 661.61 +.04 (f,8)
: 703.402% .06
Co°6 846.78 +.06 (g,k,1)
Y88  898.03 +.04 (g,h,1,3)
- ' , 910.823%,07
' ‘ , 987.545%,06
Cob0 1173.23 $0.4 £
’ . 1189.962+,08
Co56 1238.30 .05 (g,k,1) :
'Na22 1274.55 +.04 (h,1i,3,m)
Co®0 1332.50 *.03 g
s 1 S o 1351.56 +.22
Co56  1360.25 .05 (g,k,1)
1614.515+,16
Y88 1836.13 .04 (g,h,1,3) : . '
~ 1861.908+,12
: 1903.455%,10
Co°6 2015.37 +.06 (g,k,1)
Co56 2034.93 +.06 (g,k,1)
' 2565.192+,12
Co>6 2598.58 +.06 (g,k,1) :
' 2606. 754+ .14

T1208(The'') 2614.47 +.10 £
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't A composite peak of 260.56 and 262.89 or of 282.26 and 284.22.

.

C.

( ) Corresponds to the average of the values reported in references.

Average of U. Gruber, R. Koch, B. P, Maier, and 0. W. B. Schult, Z.
Naturforsch..ZOa, 929 (1965).

E. J. Seppi, E. Henrikson, F. Boehm and J. W. M. Dumond, Nucl. Instr.
Methods 16, 17 (1962).

J. B. Marion, Gamma-Ray Calibration Stanﬁards, Univ. of Maryland Tech.
Report 653 (1957).

J. B. Marion, Gamma-Ray Calibration Energies, Univ. of Maryland Tech.
Report 656 (1968).

G. Murray, R. T. Graham, and J. S. Geiger, Nucl. Phys. 45, 177 (1963).
G. Murray, R. T. Graham, and J. S. Geiger, Nucl. Bhys._gg, 353’(1965).

R. Gunnink, R. A. Meyer, J. B. Niday and R. P. Anderson, Nucl. Instr.
Methods 65, 26 (1968).

W. W. Black and R. L. Heath, Nucl. Phys. A90, 650 (1967).

A. V. Ramayya, J. H. Hamilton, S. M. Brahmavar and J. J. Pinajian, Physics
Letters 24B, 49 (1967). ‘ '

J. Legrand, J. P. Boulanger and J. P. Brethon, Nucl. Phys. A107, 177 (1968).
M. E. Phelps, D. G. Sarantites and W. G. Winn, Nucl. Phys. to be published.

R. A. Meyer and D. Camp, private communication, Lawrence Radiation Labbratory,
‘Livermore, California (1970). -

D. H. White and D. J. Groves, Nucl. Phys. A91, 453 (1967).
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Initially this stripping was done by Ban& using composites of known singlet
peaks lying close to the peaks in question. More recently this stripping
has been computer assisted [ROJ69],ﬂfittihg with Gaussin péaks with
exponential taile.generated by characterizing near by singlet peaks.

Gamma’intensities wére‘determined using experimentally determined
efficiency curves for each detector. The efficiency curves were determined
using sources that emit several y rays whose relative intensities have bgen
well established. The points so thained were’then fitted to an equation
of the form, log (efficiency) = A +Blogk + C’(logE')2 + D(logE)3, where
A, B, C, and D are empirical constants and F is the energy in keV [DoR70]

Energy and intensity results as well aé a survey of the results repprted
by other investigators are listed in Table II. Uncertainties 1isted»fqr‘
the y energies are based on the uncertainties in the primary and secondary
energy standards, the heights of the peaks above backgrdunds, in some
ingtances the necessity of péak stripping, and the repfoducibility of ;ﬁé"
calculated energies from many spectra. In general these reported.uncer¥;3
tainties are quite generous. Uncertainties listed for our y intensities;
are :he larger ofveither'lO% of'inténsity or the maximum deviatidn of
measurement; for particglarly weak peaks or peaks that have been stripped;
considerably laréervuncertainties are listed and repre#ent our cénfidence
in'the data. | |

Several of the y's require additional comment inithét the centroi&s
of several‘@ultiplét peaks were too close‘to be stripped accurately.
Energies fqr the 1001.6-, 1001.8, 1003.1—keV triplet ard the 1013.7-, 1014.4-keV
doublet wére.determined'frqm their positions in the decay scﬁemef Their
inténsiﬁies were determined.using a éombiﬁation of first estimating the

,telafive contributions necessary to reproduce the energy of the multiplet,
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TABLE II ) | )

Comparative Gamms Energies and Intensities

Gamma Energy Gamms Intensity

~ 580.02+.05

16.67+1.7

This work® Ref RyT71 Ref.Ve§63" This work Ref,RuT71 Ref¥eS63
2.328+.007"
26.22+,01
45.43+.08
90.03+02 ‘
115.184.05 115,16 +.13 115.14+03  0.2k+03 0.23+.0k
[122.9] (122,47 4. 08)¢ 122.86+.11 0.02%,01 0.05+.01
[128.7] (129.7h4 +.13) 128.69+.19 0.03+.01 0.03+.01
(1k7.8] (147.32+.09) ~ 0,01l%,01 0.08+.01
[149.6] (149,51 +.2h) ¢ 0.01+.01 0.02+.01
[154.6] (157.27 +.22) 157.28+.03 0.01+.01 0.04+.01
[164.8] (165.11 +.20) 0.03+.01 0.05%,02
185.11+.15 185.27+.12 185.09+.04 0.29+.03 0.28+.05 T
205.85+.20 205.84 +,27 205.79+.0k 0.09+.02 0.10%,02
221.17+.20 221.02+.13 221.16+.05 0.08+.02 0.09%.02
236.07+.10 236.00+.05 236.02+.03 0.18+.05 0.17+.05
237.16+.05 < 0.03 .
248.91+.28 < 0.02
260.56+ .0k 260.51+.05 260.53+.03 3.41+.55 3.10%. 46 5.741.5
262.89+.08 262.82+.07 262.86+.03 1.16+.12 1.19%,21 e
282.26+.08 282.26+.10 282.30+.03 1.34%+.35 1.15+.12 6.041.0
284,22+ .04 284.124+.10 284.23+.03 4.ohs, = 4.80+,15 S
[296.4] , , 297.17+.32 0.02+.01_
- 310.37+.10 310.37+.07 310.43+.03 0.26+,08°% 0.27+.05
{313.g?+.15 313.05+.09 313.00+.06 0.18+.05 0.18+.03
313.6. T i
349.56+.03 349.55+.05 349.63+.04  1,55%,16 1.48%.17 2.7+0.7
354.60+.06 <0.05 0.08+,.01 A
361.50+.08 361.60+.11 .361.56+.05 . 0.16%.03 0.18+,04 o
S 421.83+.06 < 0.05 ' -.35+0.2
[476.4]8 o < 0.05 :
[L88.2] (488.35+.18) 0.08%.05 0.19+.06
493.65+.08 493, 70+.0k 493.83+.05 1.12+.11 0.98+,1k 5+1
498.64+.10 (498.8k4+.15) 498.82+.08 0.53+.10 0.55%.13
511.39+.18 511.43+.07 511.70%.05 3.30+.33 3.2ht.34 6.3+1.5
549,83+.0L 549.86+.03 550.09+.09 8.78+.87 8.88+.92)
[553.6] (553.72+.28) ; 0.6+0.3 0.39+.11
561.64+,12 (561.26+.20) 561.Th+.19 0.12+,03 0.20+.06 39.045
570.93+.08 570.58+.04 ' 570.73+.05 ~ 12.92#1.3 13.2+1.5 | T
574.01+.18 573.87+.0k 574.09+.08 1.87+.25 1.73%.37
576.37 +.18 576.21+.15 576.294+.17 - 0.73+.20 - 1.08+.13
579.80+.05 579.78+.03 16.
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609.08 (609.78¢ .20) | 0.11£.05 0.36¢ .09
626.71+.08 626.72¢ .04 626.96x .09 1.81+.18 1.78 .20 6.018.
o 634.39t.22  <0.1 .
645,76+ .10 646,07 .07 , 0.25+..0L 0.20+.0k
661.30+.158 | 0.10¢.05
688.53+.10 688.60t.11 688.71+.10 0.64+,06 0.63+.09
703.40%.06 703. k0t . 0h 703.36+.04 =100.00 -  -100.00 =100.00
- T10.76:.06  <0.5 = :
[712.7] : 712.65t.49  0.09+.05 -
T17.k41t,10 T17.35¢,11 TIT.M9:.12 0.91+.15 0.77+.17
720.55¢.15 T20.75+.23 720.53t.16 0.33+.10 0.37.10
723.55%.12 T23.6T¢+.12 723.50+.18 0.52+.10 0.53:.11
729.46t.15 729.68+ .23 729. 46+ .14 0.17+.06 0.26+.19
ThH5.06%,12 Thk .88+ .08 Thh.9T+.13 2.03+.25 2.33:.28 13.003
759.07+.,12 = 759.12+,06 759.02+,07 3.81+.40 3.73: .42 T
761.37£.12 T61. 47+ .10 T61.23+.09 2.21+ .40 2.1T+.32
770.93%.15 0.15+.03
772.10+.32 0.11+.03
780.90+.15 780.84¢.09 780.79+.08 1.77+.13 1.56+.31
787.89£.12 T87.76%.13 _ 0.32+.10 0.36+.06
795.59+.10 795.69+.,08 795.59+.08 0.36+.05 0.43:.1h
800.81*.15 (800.92+,14): 0.62+.10 0.42+.08
806.92t.12 806.43+.05 806.12+.20 0.55+.10 0.53+.16
813.84+,10 813.81+.06 813.78+.09 1.52+.15 1.h494.25
828.19¢+,12 - 828,21+.13 828.10+.10 0.98+.15 0.96+.1k4
[831.1] . 0.12+.05
84T.5T+.20 ' 0.0kt .02 }
852.768£.15 852.78¢.26 , 0.16+.05 0.23:+.05
860.10+,10 860.10+.10 859.93+.14 1.40+.15 1.40+.31 } 5.5:2.
871.78%.10 871.86+.10 871.96+.06 1.30+.13 1.32+.19 e
[87h.4] : _ 0.0T+.0k4
- 890.04t,10 890.09%. Ok 889.95+.05 2.22+.22 2.06+.2k4
894, 50,10 894.65+.04 89k.88+.08 1.79+.18 2.70+.35
901.84+.12 901.78+.15 : 0.45+.05 0.42+.08
910.82+,07 910.8k4+,05 910.93+.08 5.47+.55 5.25 .57 10.642.
: 913.36+.61 < 25
921, Tht.15 (922.03+.17) : 0.19+.03 0.204+.0k4
931.67+,15 931.25+.69 0.15+.0k 0.18+.02
950.70+.10 950.76+.08 1.211.12 1.28+.15
971.35+.10 971.h49+,15 " 971.90+.0T 0.90+.09 0.91:+.19
978.03%.12 978.51+.35 0.234+.06 0.12+.03
987.54+,06 987.56+,04 987.75£.07  54.6145.5 53.35+5.5 63. +3
1001.68 o , 0.83+.208
1001.88 1001.90+.05 1002.36+.09 0.70+.258 1.79+.26
1003.18 ~ | | .~ 0.50%,158
1013.78 | 1013.8 0.23:.2
: + 3.31#.50 3.10 .h2

101k.48 101k, 22+,07 101k.254.09
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1037.h4 1:5
1040.1 %.5
1043.68+

1060.65+.25
1065.81+.25
1072.30+.10
1107.50%.20

1189.96+.08
1199.76%.12
1208.66+.10
1216.34%,20
1264,51+,25
1275.96+.25
1283.68+.25
1351,56+.22
1439.27+.25
1499.71+. k4o
1501.79+.35
1521.60+.25
1549.60+.35
1551.71+.25
1563.29+,25
1577.35+.25
1592.9+1.0

161k.52+,16
1619.38+.20
[1633.5)%

1764 . 46%.16

1775.96¢.16
1818.22+.20

1861.91+,12
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aUnce’rtainties in ehergies,were assigned on the basis of uncertainties in meésuring
20584 secondary standard peaks (see Table I) with consideration to the complexity

of the spectral region and inten

are quite generous.

sity of the peak being looked at, and in general



el

bRef VeS63»~ these aie electron energies.

Uncertainty in intensities are the- larger of either 10% of . Antensity or,
maximum deviation of measurement; for particularly weak peaks or peaks
in a complex spectral region considerably larger uncertainties are used
and represent the confidence we have in the data..

205

dr y. represents possible Bi transitions included for completeness of

table. .
) represents peaks seen only once in ref. VeS63.
fListed,witH unassignéd posgible 20581 trgnsitions in ref. VeS63.
3ee text. for explgnation.

hSee section III.E. of this. report.
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then ccmpgring'this pfoposed multiplet shape with the experimental shape.

On the basis of the coincidence and sum—coincidence (see Section 111, H )

study. of the multiplet at ~311 keV it has not been possible to determine
conclusively whether it is a doublet or a triplet containing an additional
weak transition at 313.6 keV, It_has?beentreported as a 310.37-, 313.06-

keV doublet; if it is indeed a t;iplet there would nee& to be a eiight
change in the reported energy andvintenSity for the 313.06-keV transition.

The energy of the 609.0-keV transition could not be determined accurately
because of an interfering lab background; however, coincidence work definitely

confim its belonging to the decay of 2C°Bi. Similarly, the 661.30-keV

transition, initially thought to be 137

shown to be a transition from 205

Cs in the lab background, has been
Bi by coincidence studies. The 476.4~
and 1633.5-keV transitions were identified only from coincidence work and

only pogsible maxima for the intensities are reported.
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B. Coincidence Spectra

In that the more prominent y's have already been rather definitely
assigned by previous investigators, this investigation of 205Bi did not
begin with anti- and integral coincidence experiments in an attempt to
identify transitions to the ground state.  However, we do include our results
for these eXperiments at the end of this section as a confirmation for some
of the assignments in our proposed decay scheme. |

The primary thrust of our coincidence study has been the collecting
of two sets of "megachannel" Ge(Li)-Ge(Li)v[DoRGS] coincidence data. With
the megachannel system 4096~-channel X 4096-channel 2-dimensional coinci-
dence spectra were recorded by computer on magnetic tape as individual
coincidence events. The run collecting the most coincidence events
(>3.5 million events collected over a period of three days) with the best
resolution was made using the 3.6 and 2.5% detectors placed *75° to each
other., A graded lead absorber was placed between the detectors to prevent
Compton cross-talk between the detectors. The source material was placed
off the end of the absorber in such a way that the count rates of the two
detectors were equal. The resolving time was 50 nsec.

Subsequent to collecting the coincidence events, the tapes were played
back having set groups of gates to be scanned on each pass. In addition
to generating spectra by setting gates on peaks backgrounds adjacent to _
peaks and normalized peak to background difference spectra could be
generated Accordingly, by using these three different types of coincidence
spectra it was readily possible to make coincidence assignments. Further
vin that the coincidence information was easily retrieved numerous gates
could be set on different portions of multiplet peaks to establish gpecific

coincidences. More than 300 different gates were set on 95 areas of
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interest. These areas are indicated in Figure 2 of the’x*and’y integral
coincidence displays. The areas are identified by their approximate energy
(usually the energy of a transition) and a code to indicate which of the
three types of spectra were generated. However, the number of each type
generated with slightly different parameters is not indicated. A rather
complete collection of the spectra generated are shown in Figure 3 and are
discussed in Sections TVand.V.‘ A summary of the’coincidence data is listed
in Table III.

As a bonus from having our coincidence experiments recorded on magnetic
tape as individual event pairs we were able to use a sum-coincidence tech-
nique[GeG71] to help resolve some remaining ambiguities and add confirmation
of some aspects of the proposed decay scheme. These sum coincidence spectra
were generated by having the computer add the addresses of the event pair
(with the requirement that either y>x or x>y, this being necessary because
the gains of the detector systems were not matched) then outputting only these
évents falling in sum gates previously set. The any-sum spectrum for y>x and
some of the more interesting gated sum spectra are shown in Figure 4. Before
discussing the application of these spectra to determire our decay scheme
in Section nlthere are a couple of things to be noted about them., First,
it is possible to create false peaks generated from the underlying Compton
background but these are distinguishable from true sum peaks by their broad-
ness and generally poor shapes. The width of these false peaks is a function
of the width of the gate set in the sum—coincidence spectrum . Secondly,
even though few distinct peaks are evident in the any—sum spectrum, quite
interesting sum spectra can be generated from gating on what is apparently
'only, background . | -

The any coincidence results were obtained by analyzing the y-axis display
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Table III‘g Shmmarygqf«y-y+CoincidencejResults ofﬂzosBiiDecay?

Gate Peak Coincidence Peaks

115 282-4(P), 499(P)*, 511(D), 951(P), 988(P),
I533(D) — \

185 282-4(P), 574-6(D), 813(P), 1014(D), 1044(P)#

206 511(P), 860(P)

221 ~ 350(P), 104u4(P)

236-7 See possible %360 and 703 peaks

261-3 350(D), 499(D), 550(D), 571(D), 626(P)*
781(D), .‘ﬁﬁ?ﬁ§(DST“T6“u(‘T‘fT‘09(P) 1352(D),
1557(5)

282-4 115(P), 185(D), 310-3(P), 350(P), 511(D),
550(D), 571(D). 626(P), 703(D), 75“‘§TT')
860(P), 1107(F), 1522¢h), TET0(P)

310-3 261-3(P), 494(P), 703(P), 1209(P)

350 221(D), 261-3(D), 499(P), 562(P), 570(P)*
§89(D), I51(P), 1002-3(D), TOB3(D), 1265(D)

361 (See possible 310-13, 921, 978, 10u43 peaks)

e 745(D) , 1351(P)*

498 1261-3(D), 282~ u(P) 988(P)*, 1014(P)

‘ ZposleIy see 1717)

511 115(D), 206(P), 282-4(P), 703(P), 988(D)
TI071D)

550 261-2(D), 282-4(D), ~376(P), 759-61(D)
7§ITﬁTT’§9ETﬁT?‘§7i(P),rlouu(BY_

562 261~3(P)*, 350(D), 703(P)

571 >185(D) 261-3(D), 282-4(D), 350(P), 759-61(D)
781(P), BIL(DIW, 95I(DY, T1043(D) —

574-6 185(D), 261- 3(P)*, 350(D), 689(D), 81u(P)

T0IG(P ) 1200(D) (p0851bly 1717)
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Gate Peak o - | Coinéidence Peaks
580 o 894(D), 971(D) |
609 o . (See definite 796 and see possible 511, 627 -
o 1043 peaks) . e B
627 | 282-4(P), 703(P), 951(P), 988(D)
647 ' (See possible 703, 910-3, 932, 988 peaks)
661 . 703(P), 860(P) |
689 350(D), 574-6(D), 860(P)*
703 | 282-4(D), 310~3(P), 511(D), 796(P), 860(P)

872(D), 890(DY, 911(D), 1002=3(PY, 1072(DY
T5G9(D) , 1818(p), 1862(DY, T90L(H; ———

717 | 282-4(P), 703(P), 860(D), 902(D), 988(D)
720-3 (See possible 828-31, 860, 1044, 1209 peaks)
729 745(P), 104L(P)*
745 494(D), 729(P), 807(P)
759-61  282-4(D), 550(P), 571(P), 813(D), 853(P)

: 1002-3(P), 101GL(D)
771 | .ézs(P), 1209(P)*
781 261-3(D), 550(D), 571(D), 626 (P)*, 1209(P)
788 o 646(P), 988(P) | | |
796 | 115(P), eb9<D), 703(P), 1209(P)*
801  1209(P)*, 1784(P)
807 745 (P) , | |
814 . 185(D), 75§;61(D),k1200(P)*
828-31 | fSee probable 571, 720-3, 910-3, 1208, 1521

and see possible 511, 759-61, 987, 1043 peaks)
853 NV710(P), 759-61(P)
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Gate Peak - : : : . Coincidence Péaks’v
860 '. | 205(P):‘282-ﬁ(P)3 661(P), 703(P), 717(D)
872 703(D), 988(P)*, 1209(p)#
880 , | Only coincidenée observed is with 803 from
206B5 S
890 703(D), 83u4(P), 97i(P),'988(P)*
894 ~ 185(P), 282-4(p), 350(P)*, 550(D), 580(D)
759-61(P), 890(D), 104u4(P), T209(p)F——
902 . 717(P), 1002-3(D), 1209(p)*
911 703(D), 951(P)
922 . 1044 (D)
932 B47(D), 420(P)
951 261-3(P), 350(D), 571(D), 626(D), 703(P)
. 720-3(p), STI(D), 988(PY, I0GETP), 1352(D)
1614(D)
971 350(P)*, 550(D), 580(D), 1776(P)*
978 361(P), 988(P)
988 : 115(P), 511(D), 626(D), 646(P), 717(D)

788(P), BI3(P), B60(DY, 872(P)*,”902(P)
I5I(PY, I066(P), T577(D) I6Ta(D)

1002-3 261-3(D), 350(D), 703(P), 759-61(P), 860(D)

' 302(D)Y
1014  185-(P), 261-3(P), 498(P), 574-6(P), 759-61(D)
1031 872(P) |
1037-40 574-6(P) |
Louy 185(P)*, 550(D), 571(D), 720-3(P), 894(P)

322(P), 951(PY, 1209(D), 15521D); 1563(P)
1061 (See possible 350, 49y, 511, §71 peaks)
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Gafe Peak | B U | Coihcidehcewﬁégké”"
1066 fkj'511(P5; 988(P)
1072 o 703(D) ,
1107 . 511(D), 988(D)
1190  282-4(P)*, 361(P)
1200 | 574-6(D)
1209 © 185(P), 282-4(P), 310-3(P), 703(P), 801(P)*
1044(D) D
1216 “680(P), 988(D)
1265  350(D)
1352 261-3(D)
1499-502 115(P), 261-3(D), 988(P)*
1522 282-4(P), 703(P), 1043(D)
154952 ~ 310-3(D), 703(P)
1563 1044 (D)
1577 988(D)
1593 (no significant peaks)
1615 - (no significant peaks)
1619 © 282-4(D), 703(P), 988(D)
1633 | . (See a possible 932 peak)
1717 (See a possible 574-6 peak)
1764 o sou(P)
1776 ’ 476 (P)
1818 S 703(P)
1862 = . -703(D)
1904 703(D)

NOTES ON TABLE:

Energies are rounded off to nearest keV.

(D) corresponds to seeing a definite coincidence.

(P) corresponds to seeing a probable coincidence (note further
that peaks with strong singles intensities are generally
listed as probable). '
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(*) corresponds to seeing a coincidence that is inconsistent
- with the proposed decay scheme. In many cases it is
possible to explain the presence of these peaks.
(__) coincidence peaks that are underlined correspond to gates
~ that see the present gate peak as a coincident peak.
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side of our megachahﬁel coincidence experiment. ‘Our énti-éoiﬂcidence
experiment used the 2.5% Ge(Li) detector in anti-coincidence mode with a
3"x3" NaI(Tli detector and a 8"X8" NaI(T1) split annular detector. The
source was placed between the 2.5% Ge(Li) detector and the 3"X3" NaI(Tl)
detector, both inside the 8"X8" NaI(T1) annulus. The results of these runs
are listed in Table IV and theix primary use was to confirm assignments made

in our decay scheme,

On the basis of these coincidehce results we have definitely placed 80 .
transitions in our first confidence decay scheme (Figure [8]). Also, less
conclusive coincidence data helped place 14 of the 27 additional transitions

included in our second con fidence decay scheme (Figure [9]).
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TABLE‘IV

Gamma Anticoincidence and Any coincidence Intensities -

Energy : i Intensity o : - - Intensity - = . . Intensity -
(keV) ' " Singles Anticoinc. Any Coinc.
115.2 0.24 | —— , 1.05
122.9 ~0.02 | —_— 0.22
185.1 B 0.29 - —— ' A
205.8. | 0.09 | ——— | 0.34
221.2 ' 0.08 — 0.27
236.1 0.18 a _— 0.44
260.6 3.41 1.59 8.45
262.9 1.16 0.60 . 2.75
282.3 1.34 0.42 3.94
284.2 4,94 2.51 11.20
310.4 : 0.26 0.16 0.73
313.1 0.18 0.08
349.6 1.55 0.60 4.76
361.5 0.16 0.12 0.31
488.4 0.08 0.08 —
493.6 1.12 0.60 2.59
498.6 0.53 0.20 A
511.4 : 3.30 1.74 12.75
549.8 8.78 5.17 19.41
© 561.6 . 0.12 _— 0.89
570.9 12,92 A . A
574.0 1.87 0.81 6.54
576.5 0.73 '
579.8 16.67 20.07 6.06
£ 609.0 0.11 0.10 0.90
626.7 , 1.81 1.06 3.90
645.8 0.25 0.12 O 0.99
661.3 0.10 —— o 1.04
688.5 - 0.64 0.18 _ 2.22
703.4 100.00 100.00  100.00

717.4 0.91 0.42 ©2.73
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Intensity

Energy Intensity Intensity
(keV) Singles Anticoinc. "Any Coinc.
720.6 10.33 0.23 A
723.6 0.52 0.31 1.46
729.5 0.17 0.11 0.39
745.1 2.03 1.33 3.05
759.1 3.81 2.08 8.81
761.4 2.21 1.13 6.00
770.9 0.15 0.05 0.14
780.9 1.77 10.51 6.58
787.9 0.32 0.36 1.27
795.6 0.36 0.08 2.32
800.8 0.62 0.50 ——
806.9 0.55 0.42 1.73
813.8 1.52 0.72 3.72
828.2 0.98 1.05 1.46
847.6 0.04 0.11 —
852.8 0.16 0.22 S
860.1 1.40 0.47 5.85
871.8 1.30 1 0.66 4.45
890.0 2.22 1.11 4.84
894.5 1.79 0.78 A
901.8 0.45 0.20 0.99
910.8 5.47 2.67 11.60
921.7 0.19 ——— —
931.7 0.15 0.06 0.98 -
950.7 1.21 0.56 4.71
971.4 0.90 0.33 2.83
978.0 0.23 A 0.70
987.5 54.61 72.27 .29.19
1001.6 0.83 ]
1001.8 0.70 0.67 6.16
1003.1 0.50 ) b
1013.7 0.23 ’ | ]
1014.4 3.31 J 2-09 _7'07
1031.2 0.16 ———- WA
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Enérgy

Intensity.

Intensity Intensity Y
(keV) Singles Anticoinc. Any Coinc.
1037.4 0.49 — 1.56
1043.7 25.30 11.83 54.16
1060.6 0.24 A A
1065.8 0.34 A A
1072.3 1.00 0.50 2.37
1107.5 0.33 0.14 1.62
1190.0 7.94 9.43 1.65
1199.8 0.65 0.27  1.42
1208.7 1.82 1.03 3.84
1216.3 0.29 0.22 0.54
1264.5 0.86 0.39 1.53
1351.6 3.50 1.95 6.85
1439.3 0.44 0.33 —_—
1499.7 0.56 0.55 Y
1501.8 0.75 0.57 | 1.69
1521.6 0.73 0.35 1.41
1549.6 1.05 0.35 )
1551.7 3.02 4.46 2.99
1563.3 0.72 0.45 ) 1.67
1577.4 0.50 0.45 1.54
1592.9 0.41 0.58 _—
1614.5 7.92 10.33 2.20
1619.4 1.05 0.98 2.54
1764.5 121.2 141.26 19.76
1776.0 14.24 16.58 2.03
1818.2 0.20 0.12 0.81
1861.9 23.44 13.12 42.31
1903.5 9.30 5.25 16.33
1966.0 0.04 B B
2565.2 0.18 B B
2606, 8 0.10 B B

A = Unresolved from an interferring peak
B = Cut off end of spectra
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C. Conversion Coefficients
Conversion coefficlents were determined for those cases where
electron data has been reported. Where possible, conversion intensities

205131[5’@156, StR58,

were taken from R. Stockendal's most recent studies of
StR60, BeK64], however; conversion intensities were taken from other
investigations[JoW71, FrA58, AlC70j when they were not reported by -
Stockendal. When there was serious disagreement between reported values,
both were listed and used to calculate conversion coefficients. Conversion
electron intensities were normalized to produce correct conversion co-
efficients for the (1/2+ to 13/2+) 579.8-, (5/27 to 1/27) 759.1~, and
(9/27 to 5/27) 987.5-keV transitions assuming these to be pure E2's.
These transitions were chosen in preference to assuming the (7/2  to 5/27)
703.4-keV transition to be a pure E2 because even a slight Ml admixture
" would shift the conversion coefficient considerably. Theoreticai con-
version coefficients of Hager and Seltzer[HaR68] were used for transi-
tions below 1600 keV (the upper limit of their tables), Above 1600 keV
theoreticalvconversion coefficients of Sliv and Band[SiK65] were nsed.
Table V contains the transition data for 205Bi along with multipolarity
assignments we propose-for these transitions where both photon and elec-
tron intensities,were available. Transition intensities are suggested
for all transitions included in our first confidence decay scheme. These
intensities inclnde en estimate of unreported X-, L-, and M- electron
intensities, Figure 5 ghows the experimental conversion coefficients
superimposed over curvesvprepared from the theoreticai conversion
coefficients of Hager and Seltzer or Silv and Band,

In all cases except for the 310.4-, 1614.5, 1754.5-, 1776.0-,

2565, 2—, and 2606.8-keV transitions, conversion coefficients falling near



TABLE V - 20584 Trangition Data

)

Ganma ) Multipolarity Aseigrment’ Transition
Transition Intensity Electrpn Intenaity' Internal Conversion Relations is" 4 Others Intensity®
Energy (keV) I7°35100. Line/intensity (ref.) ayi K:L and L[ ratiosP work® Ref. Assign. (Ref) (Iy + I,
+1. : :
2,328f — Nu/s.a-&.n’.ff- =3 By /¥ =070 B2 - g2t 11.45¢0.718
+1. — —— e . —_—
Ny /6.8%3:8 .
26.22" ——- L/17.121.0t =5 Ly/Lyy/by,1#1.6/0.08/1.0 M2 —— w2t 37.352.0
L;4/0.52t0.23 S ET — —-
Lypp/10.660.7 — — e —— —
h . 1 - L . 1
90.03 = L,/0.17:0.03 8 LyfLyy/L11#2.0/0.7/1.0 Bl .11 4.76£1.3
L;,/0.0620.02 — — e ——— —
Ly11/0.09:0.02 — —- — —— —
115.18 0.240.03  X/0.93:0.09% 3.940.65 K/L. /L. ~4.6/1.0/0.1 m M mi 1.4580.11
£,/0.20:0.03 ——— — e — R
L;,/0.02:0.01 — — - —— —
185.11 0.2910.03  X/0.46:0.05% 1.640.2; K/ »5.8 % M M, et 0.95:0.07
£,/0.08:0.02 —— — e . ——-
205.85 0.0920.02 —— — — e — 0.21:0.05
221.17 0.0830.02  X/0.0580.0179 0.7210.28; X/L; >5.8 n NLEZ  —mew 0.1510.(
Ly/+<0.01 — — - -—— |
236.07 0.1820.05  X/0.09:0.027 0.50:0.19; — ML(+E2) M1,E3  —— 0.310.07
237.16" — X/0.01:0.003 —_— —_— — —
260.56 3.4120.55  X/1.84:0.17% 0.5420.10; K/L_=5.5 M. ML mi 5.78:0.58
L,/0.33:0.03 — ' —_— — —— —-
262,89 1.16£0.12  X/0.33:0.061 0.46:0.06; K/L =5.3 m M m! - 1.84:0.14
L,/0.10£0.02 —— — eem — —
282,26 1.3420.35 * £/0.58:0.06% 0.43:0.12; — M M m* 1.9740.36
X/0.38:0.041 0.28:0,07; — (M1482) - — (1.7610. 36)
286.22 4.9420.55  X/2.18:0,22% 0.4420.07; — M m m* 7.2940.59
X/1.33:0.13! 0.27£0.04; —~ M452) e — (6.39:0.57)
310.37 0.26£0.08  X/0.050:0.012% 0.1940.07; K/Ly, /L., 2.8/3.9/1.0 3 53 g3l 0.440.09
L/1,/9.070£0.007 —— — e —— —
L/y1,10.018+0.004 — v— e - ——
313.06 0.18:0.05  X/0,056:0.0121 0.31:0.11; — M M m,nt 0.24:0.05
349,56 1.5580.16  X/0.34:0,03F 0.2240.03; — M1 M not El, E2 1.9620.16 -
X/0.49:0.069 0.32:0.05; K/L=6.4 m — mim? (2.1340.17)
L/0.0760.006 — — - —— —
493,68 1.1240.11  /0.13:0.01% 0.11:0,02; - Mm m not B1, B2%  1.26:0.11
498.64 0.53:20.10  X/0.054:0,005% 0.1020.02 M — m? 0.60£0.10
511.39° 3.3020.33  X/0.25:5.033 0.076+0.011; — ML M i) in* 3.59£0.33
X/0.18¢3.02} 0.05520.008; — ME2) - — (3.50£0.33)



349.83

561.64

570.93

574.01

576.37

579.80

626.71

688.53

703.40

717.41

720.55

729.46

745.06

759.07

761.37

780.90

795.59

800.81

€06.92

813.84

8s2.78

360.10

871,78

890.04

894.50

901.84

910.82

921.74

950.70

971.35

. 987,54

1001.6
© 1001.8

8.78+0.87

0.12:0.03

12,92#1.3

1.87+0.25
0.7310.20
16.67+1.7

1.81+0.18

0.6410.06

=100.00

0.91:0,15
0.33:0.10
0.174£0.06

2.0320.25

3.8120.40
2.21:0.40
1.77:0.18
0.3610.05

0.6210.10

0.55:0,10
1.5210,15
0.1610.05
1.4010.15
1.30£0.13
$2.22:0.22
>1.79:o.1s
0.45£0.05
5.47:0.55
0.19:0.03
1.2110.12
0.90+0.09

54.61:5.5

0.83:0. 20\
0.70+0,25

X/0.073:0.007%
£/0.091:0.0129

¥/0.8830, 091

X/1.02:0.10
X/0.100. 023
k/=0.2810.03%>2

£/0.0970.010%
X/0.67720.008)

X/0.01210.0013

X/1.15:0.12
L70.2610.02%

K/0.023£0.005)

X/0.917:0.0029
X/0.02410.0023

X/20.03620.0047 8

X/0.023t0, 0027

———

X/0.09610, 009"

X/20.3120.03%**

X/30.2440.,041+8

x/o.ozn:o.oozj}'

0.0084£0.0012; —

0.0104£0.0017; —

0.068:0.010; —
0.079£0.011; —

0.05410.13; —

0.017£0,002;

0.05460.008;
0.043£0.006;

|

1

0.019£0.002;

0.012£0.001; K/Lw4.2

0.025+0.006;

f

0.0084t0.0014; —
0.012£0.002; —

0.009£0.002; ~—

0.00100.002; —

0.018:0.002; —

0.005920.0008; —
0.004410.0006; —

0.016+0.005"; ~

B
(F1,E7)

1)

E2

(ML+72)
E2441

E2

M14E2

——

ML(+E2)

E2
(82)

Ml |a,es
M

M

E2

Bl
ni

md,mn

g2d g%

m?

g2d 52K g8

£t

£2d g2* 0

52,519,520

8.8610.88
(8.8810,88)

0.13:0.03

13.9441.3
(14.09+1.3)

1.98:0.23
0.77:0.20
16.9211.7

1.92:0.18
(1.90£0,18)

0.650.06

101.5

0.93:0.15
0.34%0.10
0.1840.06

2.05%0.25
(2.06%0.25)

3.85%0.40
2.23:0.40
1.7920.18
0.37£0.05
0.62:0.10
0.5620.10
1.55+0.15
0.16:0.05
1.4040.15
1.34£0.13
2,2310,22
1.sizo.1s
0.4510.05
5.58:0.55
0.19:0.03
1.21:0.12
0.92:0.09

54.9625.5

(54.885.5)

0.84:0.20
0.7110.25



1003.1

1013.7
1014.4
1043.68

1065.81
1072.30
1107.50

1189.96

1199.76
1208.66
1216.34
1264,51

1351.56

1499.71
1501.79
1521.60

1549.60
1551.71

1563.29
1577.35
1592.9

1614.52
1619.38
1764.46
1775.96
1818.22

1861.91

1903.46
1966.01

2565.19

2606.75

ciOZ ,

0.5010.15

0.23:0.20
3.31:0.50
25.30:2.5

0.3420.04
1.00:0.10
0.3310.03

7.9710.79

0.65:0,06
1.82:0.18
0.2940,04
0.8610.09

3.50£0.35

0.56:0.14) °
0.75%0.20
0.73t0.07

1.05%0.11)P
3.02:0.30

0.7240,12
0.5040,05
0.4140.10
7.9240.79
1.0510;11
121.2¢32,
14,2414
0.20%0.02

23.8442.3

9.30%0,93
0.0410.01

0.1810,04

0.10£0.02

k/0.02410.003"
L4/0.00610.001

k/0:038:0.004™
L£4/0.005£0.001

%/0.32:0.03%
£/0.25:0.031

———

X/0.087:0. 0097
X/0.07420.,007%
1/0.0740.002

X/0.010:0.0019
£/0.00180.0004

——

X/0.005+0. 0013

—— P
x/o.ooszo.ooﬂ]
X/0.03¢10. 0047

K
X/0.39£0.04
x/0.04610.05%

X/0.015¢0,002%

1/0.0017£0.,00047

X/0.005£0,001*

o

X/0.00033:0,0001%

K/0.00018£0.0001%

0.105:0.089; K/L1-4.3

0.011+0.002; x/r,l-7. 7

0.01310.002;—
0.01010.002; —

-———

0.011£0.002; —
0.0093£0,0013; x/r=4.4

0.0029:0.0004; X/L=5.6

0.0040,002

0.00210,001; -

———

——

0.004510.006; —

0.003210.0005; —
0.003210,0005; —

0.006420.0009; X/L=8.8

0.0005440.00013; —

——

0.0018+0.0008; —

0.0018+0.0012; —

M4

NL(+£2)

M

M1+E2)

N1 (B2,
E2)0

E2(M1,
B3)0

E3,M2,

nc

E3M2,

¢

—- 0.51:0.15
A 0.26:0.20
E1® p% 3. 3510.56
md n* 25.67:2.5
——- (25.5912.5)
‘ —— 0. 5616.04
—— 1.01£0.10 -
— 0.33:0.03
M, M3,520  (8.0420.79)
m 8.03:0.79
—— 0.65+0.06
—— 1.8540,20
U~ 0.29:0.04
—— 0.870.09
g2 3.51%0.35
£t 0.56:0.14
nt 0.75:0.20
— 0.73%0.07
— "1.0610,12
— 3.03:0,30
— 0.72:0.12
——— 0.50+0,05
— 0.4110.10
— . 7.9610.79
J— 1,05$0.11
2}, n* 121.612.
m* 14.2941.4
—— 0.20£0.02
nl,n* 23.4622.3
n* 9.30£0,93
— 0.04£0.01
— 0.18+0.06

—— 0.10£0.02
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Footnotes to Table Ve

a Electron intensities are normalized to give correct conversion coefficients
for a collection of definite F2 transitions (579.8-, 759.1- and 987.5-keV
transitions) (see text). Where possible, values have been chosen from
R. Stockendal's most recent work; if there is a disagreement with other
reported results, all are listed. ’

Error limits for the K/L ratios should be inferred from electron uncertain-
ties.

In all cases except for the 310.4-, 1614.5-, 1764.5-, 1776.0-, 2565.2-

~and 2606.8-keV transitions conversion, coefficients falling near those for
E3 transition are reported as M1+E2, a more likely situation and is consis-
tent with our decay scheme. See text for discussion of 310.4~, 1614.5-,
1614.5~, 1764.5~, 1776.0-, 2565.2- and 2606.8-keV multipolarity assignments.

Ref. RupT71.
Transition intensities include unseen L and M conversion intensities. In
cases where multipolarity assignments were not made, electron intensities

were estimated using multipolarities inferred from the decay scheme.

Ref. JohW71.

Transition intensity determined by the sum of the 260.6-, 574.0- and 759.1-keV
transition intensities.

Energy value taken from VegS63.
Ref. StoR60.

J Ref. SchM56. Electron-intensity unEErtainties not given by author. We
have assigned uncertainties of *10%.

Ref. StoR58. Electron intensity uncertainties not given by author. We
have assigned uncertainties of *10%.

Ref. FriA58.. Electron intensity uncertainties not given by author. We
have assigned uncertainties of +10%.

Electron intensities for 1001.6~ and 1001.8-keV doublet apparently reported
as singlet at 1002.7-keV. ’

‘Ref. BerK64.

‘Reported electron intensity for 1501.8-keV transition probably incorporates
the 1499.7-keV transition.

Reported electron intensity for 1551.7-keV trgnsition_probably incorporates -
the 1549.7-keV transition and the most consistent assignment is F1 and E2 for
the 1549.7- ané 1551.7-keV transitions, respectively,

9 Ref. Al1C71.
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those for E3 transitions are reported as M1+E2, a more likely situation

and consistent with the proposed decay scheme. On the basis of conversion
ratios the 310.4-keV transition haé been. conclusively shown to Be an E3
transition[StR60). The 1614.5-, 1764.5-, and 1776.0-keV transitions fall
where M1 and E3 conversion coefficients are nearly equal. While it is not
possible to rule out an E3 assignments, our assignment of M1 is more likely
and consistent with our prepared decay scheme. Near 2600 keV the conversion
coefficients for M1, M2, 52, and E3 all lie quite close and uncertainties for
the 2565.2- and 2606.8-keV transitions are quite larée; On the basis of
ourlcalculated logft's for the feeding to these levels, only the M1
possibility can be eliminated.

Electron intensities for three high-energy multiplets were apparently
reported as singlets. If we assume that the electron intensity for the
1001.6- and 1001.8-keV doublet was reported as a singlet and treat the y:
intensity similarly, the conversion coefficient is that for an M1 transi-
tion. ’It is more likely and consistent with the decay scheme that there
are both Ml transitions than that they are a combination' of M2 and E2 or
M3 and Z1 transitions. If the 1003.1—keV Y intensity is included, the situa-
tion 1s less cleaf cut but then an assignment of M1+E2 seems most likely
for the collection. If the electron intensity reported for the 1501.8-keV
transition includes that'for the 1499.7-keV transition, then assignments
of M1 and E2 respectively seem likely and are consistent with their place-
ment in our decay scheme. However, a completely safe assignment would be
M1, E2, E3 for both transitions. Similarly for the 1549.6- and 1551.7-keV
transition the only combinatioﬁ of assignments consistent with the y intensi-
ties 18 £F1 and £2 respectively.

In all cases where conversion ratios were aVailable, they were considered

in making multipolarity assignments.
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D. % B Feedings and Logf’t15 Values

Total B feediﬁg percentages were determined for those levels involved
in our first éonfidénce decay scheme (Fig. 8)‘using transition intensities
listed in Table V. These transition intensities include experimental X and
L conversion intensities where available and estimates of unseen X, [, and
M conversion intensities where reportéd experimental values are incomplete.
Position feedings to levels in 205Pb were determined experimentally (see
Sgction III.F.), and are reported in Table VII. The electron capture feedings
are reported in Fig; 8 and are just total B feedings minus B+ feedings. |

Beta feeding to the 5/2 ground state would be a second forbidden
decay and would then be quite small. An estimate éf the feeding to the
ground state could have been made using the X x-ray intensity and the X
fluorescence yield; however, the uncertainties involved would make this
estimate meaningless.

| Logft values 1istedbin Fig. 8 were calculated with the assistance

of the computer code "Decay Scheme" [BeD69] which is essentially the equiva-

lent to the use of the graphs found in the Table of Isotopes [LeC67].
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’ *
E. Low Energy Coaversion
The MSU W/E, iron-free, double focusing B-ray spectrometer[VeL64) was
used to record very low energy portions of the electron spectra resulting

20531 and 206Bi

from the decay of. . A post-focusing acceleration technique
was used to extend the useful urge of the spectrometer down to less than

1 keV[VeL64], The energy resolution, which was limited by the source size
and quality, was determined to be 0.3% for the LI line from the 26.22-keV

205Pb. As source thickness became more critical at the lower

transition in
energies, the line width increased to as much as 0.6% at 1 keV with a sub-
stantial tail as weli. The energy calibration and:instrumentél transmission
were monitored throughout the experiments by periodically running over the
LIII—MIVMV’ LIIIﬁMVMV Auger doublet in addition to the LI conversion line
from the 26.22-keV transition.

During the counting periods of three or more half-lives, a number of
passes were made over the low—enetgy region of interest and these were com~
pared for consistency. In the end, all of the data for each source were
corrected for half-life and a pointfby-point weighted average and three-
‘point smoothing were carried out. Ih Fig. 6 a comparison of the 205Bi and
20631 spectra 1s shown. The gross features of these spectra are much what
is expected - a rather intense Auger background with very broad peaks
correspondihgvto many bredicted unreéolved M’Auger lines. Since 206Bi has
ho low—enérgy transitions, its spectrum appears to consist solely of Auger

205

lines; hoﬁever, in the Bi spectrum,the‘NII and ¥ (but not the NI)

III
conversion lines from the 2.33-keV transition are present and quite dis-
cernable. The higher energy conversion lines fall on top of strong Auger

lines and are not unambiguously resolved from them.

* Work conducted in conjunction with Bill J. [JoW71]. .
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Caption to Figure 6:
(Top) The N-conversion spectrum of the 2.328-keV transition in
Zost resulting from the ¢ decay of 20531. The NII and ”III
lines are clearly visible above the M-Auger background and have
. energies of 1,564+0.007 and 1.684+0.007 keV, respectively. The
positions where other coﬁversion linesvwould fall are indicated
in parentheses. The dashedlline represents the experimental
Auger background under the NII and\NIII peaks.
(Bottom) The 206Bi spectrum, which contains no low-energy con-

version electrons 1is shown for comparison. This spectrum was

used to remove the Auger background from the 20531 spectrum.
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To subtract the Auger background the 20631 spectrum was normalized
to the 20531 spectrum and a point-by-point subtracfion carried out. It
should be pointed out that this tacitly assumes that the Auger components
are the same for.the.two’spéctra. This should be a fair approximation,
although Mi and MiII conversion of the 26.22-keV transition in 205Pb does
cause some different M primary vacancy distributions, each in turn cause
slight variations in the Auger spectra. Despite this and the statistical
fluctuations, the NII and NIII lines still stood out clearly. The line
shapes and areas, including low-energy tails, were determined by demanding
that the two lines have identical shapes and that the background (205Bi

-const. X 206

Bi) bave no maxima or minima under the lines.

Bésing the energy calibration on the L; line of the 26.22+0.001 keV
transition{StR60], the energy of the 2.33 keV transition was measured to
be 2.328+0.007 keV. . This compares with 2.33+0.03 keV defermined in the
Yéray study by stripping the 260.6-, 262.9, and the 759.1-761.4 keV doublets
in several spectra with our best resolution.

" A summary of the electron intensity data is given in Table yI, The
fact that the assumed baseline, affecting; especially the low-energy tails,
is more likely to be high than low acéounts for the asymmetrical errors on
the intensity ratios. The measured IVII/NIII ratio of 0.70+0.25 is in
excellent agreement with the prediction of Dragoun, Pauli, and Schmutzler
rDrO69j. These are the first experimental data that have' been available
to test these'prédictions.

The total intensity of the 2.328-keV transition relative to the 703.4~

keV transition can be obtained from the (NII + N L ratio by the

)/
| I 6. 22
following relation:



- ¢clll

Table VI.Conversion-Iﬂtensity Data for the 2,328-keV

Transition in 205pp

This work Othier Theoreticald

experiments
oy fiducial line --- ~2.03x107b
III (22.03x107) .
Np/Np o <5x10™2 - 5.8x10~3b
L - 0.70%0.25 -— 0.74b
L - <5x10~2 _— 1.7x10"2b
/Wy <5x10~2 — 1.5x1072b
Opp/Wyry 0 Present  --- 1.4%0.3x107lc
L — Oppp Present —-- 2.120.4x1071c
) -~ <5%x10~2 —— 1.0x10™2c
Prrp/ir <5x10~2 — 1.5x10™2¢
Mt +0.15
T —— 0. 48_0 05 ———— _———
L126.22 '
‘ d | +0.
22—.—3_2_8__ , 0.59 g 2; — -
L156.22 0.0
e .
£ 0.1050:%%  10.106:0.008f ---
0.112+0.0088
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Footnotes to Table VI:

a

b

Cc

All other conversion coefficients are at'iéésf'égfaétor”6f 3 smaller
than those listed.

Graphical and numerical interpolation of Ref. [Dr069].

Linear extrapolation on log-log paper of Ref. 11 from 10 keV. Errors
represent extrapolation uncertainties. '

(NII+NIII)/LI multiplied by (total conversion)/(NII+NiII) from the

1st column.

I.e., the ratio of the total transition intensities; see text for method
of calculation.

Ref. 2 with 26.22-keV conversion data from Ref. [StR60] and 703.4-keV
conversion data from Ref. [StR59].

Ref. 3 with 26.22-keV conversion data from Ref. [StR60] and 703.4-keV
conversion data from Ref. [StR59].
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‘ v _ L. a
‘2.3 _ Myt %2.328 T26.20 K703,

I L. o o K l1+aq
703.4 126.22 NII + -NIII 703.4 703.4

where the second;, third, and fourth terms on the right have respective
values of 1,24+0, 05 (from the last column of Table VI, 14.9 [StR60], and
0.011:0.001 [StR59] As shown in Table VI, this ratio has a value of
0. 10+8 83, which agrees well with the sum of the intensities of the Y rays
plus conversion electrons of the transitions feeding the 2.328-keV state.
Assuming that the degay scheme is correct, this result then suggests that
the predicted[Dr069] ratio, a /(a + a ), also agrees with experi-
2.328" Yw N

v II III .
- ment,

Only the ”II and ”III conversion lines were measured quantitatively
in this work. There appears to be appreciable intensity at the momenta

corresponding to the 011 and OIiI lines, however, the fluctuations in the

difference cufves mask the much weaker transitions.
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F. B+ Feeding

The B+ feeding was determiﬁed using the 2.5% Ge(Li) detector and an
8X8-in. split NaI(T1) annulus with $10% resolution. The detectors were
set up with the'Ge(Li)~detector just outside the active volume of the
annulus. The source was encapsulated in 10 mils of lead to cause the posi-
trons to annihilate in the central region of the anhu]us; thereby increasing
the B+ feeding detection effeciency by improving the geometry. The céunting'
requirement was a triple coincidence between the halves of the annulus
and the Ge(Li) detector, with the halves of the annulus gated on the
511+45~keV region to detect the 511l-keV annihilation photons at 180° to each
other and the Ge(Li) detector having just a baseline set to discriminate
against x-rays. The resolving times were 50-50-100 nsec. for the hélves
of the annulus and Ge(L1) detectors respectively, which‘led to an overall’
resolving time, 2750 nsec. This resulted in a timing triple chance count
rate of less than one count per 10 minutes. The resuléing self-gated singles
(8GS) and triple coincidence spectra (3-C) are shown in Figure 7.

A second pair of spectra were collected using 22Na as the source with
as nearly as possible the same geometry. The ratio EK/B+ for feeding the

22

+
1274.6-keV transition in ““Na is 1.104, which corresponds to 90.6% B feeding,.

205

The percent B+ feeding to levels in Bi could then be determined using

the relative 3-C/SGS counting ratios.

Transitions showing up in the 20531 triple coincidence run have their ‘
origins as one of the following:‘a transition from a level that is B+ fed,
a transition in a cascade from a level that is B+ fed;,a transition in a
cascade from a transition that pair produces in the central géometry of

the annulus, or a transition in coincidence with transition fallihg into

or summing into the 511-511-keV gates.
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The 1043.7-keV level is fed by 549.8- (8.9% relative intensity) and
570.9-keV (13.9%) transitions which fall in or partially in the 511i45—keV
gates and by 1208.7- (1.8%), 1521.6- (0.73%), and 1563.3-kev "(0;727;)_"

- transitions capable of pair production in thebsource or in the Pb foil

(see decay scheme Fig. 8). The 987.5 keV level is fed by a 511 4-keV (3 6%)
transition and by 1577.4- (0.50%) and 1619. 4-keV (1.12) transitions. While
B feeding is possible for either of these levels (see Table I), it ‘is
apparent the 1043, 7-keV level is fed- extremely weakly if at all (see Fig. 7).
Accordingly, the contributions to the 987.5-keV peak due to coincidences
with a y-ray's falling in the 511-keV gate and due to coincidences with

v's giving rise to pair production should be less than the intensity of

the 1043.7-keV peak in the 3-C spectrum. This sets as a limit that the
987.5-keV peak results from >67% true B+ originated triple coincidences.

The source was chosen to contain a rather large fraction of 207Bi
with its 569.9—1063;4~keV coincidence. It {is not'energetically possibly
to have B+,feeding to the 1633.1-keV metastable level; further, even if
it were, the decay is delayed and could not give rise to true triple coin-
cidences. Thus, the 1063 4-keV transition is weakly present only because
of its coincidence with the 569 6-keV transition'falling partially in the
51145 kev gates. After correcting for intensity, the contribution to the
987.5-keV peak because of the 549 8— and 570.9-keV v's falling partially
in the 511+45-keV gates must be more than the normalized intensity of the
1063.4-keV peak in the 3-C spectrum. This sets as a limit that the 987,5-

keV peak results from <98% true,B+ originated triple coincidences.
| The reportede+ feeding to the 987.5-keV level in Table I is the .average

of the results using the 1imits determined above and has been given a range
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of uncertainty equal to. approximately twice the difference between the
above limits.

It was felt that.our data would only allow placing an upper limit on
the possible B feeding to the 1043.7 kev level. We used thenfull intensity
of the 1043.7-keV peak to set this limit.

The 703.4-keV level is fed by a 284.20keV (7.37) transition from the
987.5-keV level, also by a 1861.9~ (23.52) and a 1903.6~keV (9.3%) transi-
tion, plus others of less censequence" Accordingly, it is necessary to.
correct the 703,4-keV feeding for being part of a cascade from the B+-fed
987.5-keV level and for pair productiqn of the 1861.9- and 1903.6-keV
transitions. Tne correction for feeding from the 987.5-keV level was made
directly and that for the pair production wae made using the 20731 present
in the sample. 1In this instence the presence of the 569.6-keV peak from
'207Bi can only result from its being fed by pair producing 1769.7 keV transi-
tion. Thus, after accounting forvdifferences_inlpair production determined
from double escape peak intensities and detector efficiencies, it was also

possible to correct the 703.4-keV feeding for pair production, see Table VII.
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Table VII. B+ Feeding in the Decay of 205Bi

Energy of Level Predicted eK/B+ +»Z B+ Feeding This Work | Ref. PerC62

703.4 802 > 0.17 0.095%.02 0.058+.01
987.5 ' 3002 > 0.014  0.006+.002

1043.7 ' 5002 0.001 <0.002

a Predicted eK/B+ ratios were determined using graphs reproduced in Table of

Isotopes, Lederer, Hollander, and Perlman, 6th Ed. (1968).

‘4‘&__4»)'
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1v, vDecay Scheme

A, Y Considerations

The peak at ~1002 keV has been considered to be a singlet depopulating
the 1264.7-keV" level in recent investigations. However, this assignment was
not completely consistent with our coincidence results. The 1002-keV gate
did indicate coincidences with the 260.6—262.9-keV doublet and the 349.6-
keV transition (see Table IIIvand Figures 3 and 8), as it should to de-
populate the 1264.7-keV level. The additional coincidences (703.4~, 759.1-
761.4- 860.1-, end 901.8~keV), observed and confirmed by geting on them to
observe a 31002§keV peak, could not be explained without introducing even
more radical inconsistencies. These observed coincidences could be
explained if the =1002-keV peak were indeed a triplet depopulating a new
level at 1705.0 keV and the 1764.5-keV level in addition to the 1265.7-keV
level. As an initial check on this hypothesis, the centroids of the
*1002-keV transition were determined when gating on those peaks in
coincidence with it. These results are listed in Table VIII and can be seen .
to fall into the three groups predicted.’ As‘a further check on the triplet
hypothesis, sum coincidence gates were set at 1265-, 1705~; and 1764-<keV
‘(see Figure 4). 1In each case the ~1002—keV and 263— .703-, or 761-keV
_transitions; respectively, were seen as sum coincidences. Thus, the

1002-keV peak has been conclusively shown to be a triplet with the place-
ments 1ndicated in our first confidence decay scheme (see Fig. 8) The
peak at 2312 keV has previously.been consideredﬂa doublet depopulating
the metastable level at 1013.7 keV and the level et 576.4 keV. Ouril
observed 703.4-keV coincidence evidence snpported‘the'assignnent forbthe'
‘310 4-keV transition depopulating the isomeric level (see Figs. 3 and 8

and TableIII However colncidences with the 1208 7- and 493, 6—keV
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Table VIII. -Centroids for 1002 Peak(é)

1001.6 1002.0 1003.1
860.1 1030.00
703.4 1030.18
901.8 | 1030.24 .
901.8% | 1030.25
262.9 1030.47
349,62 1030.67
349.6 1030.74
761.4 1031.22

a‘Centroids found on‘theix—display axis and normalized for comparison

with the other‘centroids which were found on the y-display axis.
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transition reqnlre an assignment for the 313.1-keV transition as depopula-
ting the 2565.2-keV level. Further, the probable présence of a 262.9-,
260.6-keV coincident.trensitiqn lends support to the assignment for a
313.6-keV transition depopulating the 576.6ékeV level. Applying the same
analysis of centroids and sum~coincidences as to the 1002-keV multiplet,
we could not obtain conclusive evidence that the 312—keV multiplet was
also a triplet. On the basis of the evidence that was collected, a transi-
tion of 313.6-keV depopulating the 576.5-keV'1eve1 was included in the
second confidence decay scheme, (see Fig. 9). |

Doublets at 1500 and 1550 keV were initially observed because of their
broadness. Energies and intensities for these transitions were obtained
by stripping and were confirmed as doublets through a study of our coinci-
dence reeults. Recent investigations [a, b] had assigned the 1500-keV
peak feeding the level at 262.9-keV. The obserned strong coincidence
between the 1500-keV peak‘and the 262.9- and 260.6-keV doublet confirms
this assignment for a 1501.6-keV transition. The additional probable co-
incidence between the 1500-keV peak and the 115.2-keV transition suggests
the further assignment'of a second  component of the 1500-keV peak depopu-
lating the level at 1499.2 keV. From etripping this multiplet peak, the
resulting energies are 1501.8 and 1499.7 keV. This is e fair agreement
for the lSOl.8—keV transition, but the agreement for the 1499.7-keV transi-
tion is something less. There is p0831b1e coincidence evidence for a weak
coincidence between one component of the 1500fkeV peak ‘and the 987.5—keV
transition,iwhich wOuld represent a depopulating of the 2488;0—keV level
by a 1500.5-keV transition and. could be the source of the problem in the
energy determination of the 1499.2-keV transicion. However, it was not

felt that there was enough evidence for this transition and its assignment
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to include it in tﬁe decay scheme or list of observed transitions.
Similarly, recent investigations had assigned the 1550-keV peak as .
feeding the 4msec. level at 1013.7 keV.  This was confirmed by the increase
in its intensity in the aﬁticoincidence experiment and a decrease in the
combined 1551.75, 1549.6-keV transition intensity in the anticoincidence
results from the megachanneljcoincidence.experiment, (see Table IV).  The
1549.6-keV component of the. doublet was assigned on the basis of its
coincidence with the 703.4-keV transition and a member of the 312-keV -
multiplet (statistics were such that’we could not definitely identify the
components of the 312-keV multiplet, see Fig. 3). The only consistent
assignment for the 1549.6-keV transition is from the 2252.4- to the 703.4-
keV levels.

Two additional weak peaks were observed in the low energy tailvof~the
1043.7-keV transition, at 1037.4 and 1040.1 keV. There is weak coincidence
evidence that the 1037.4-keV transition is feeding the level at 576.4 keV
(see Fig. 4 and Table III). However, it was felt that ﬁhe evidence for
this assignment was not conclusive enough for it to be included in our
first confidence decay scheme.

It»was thought that the 5/2° level at 1264.7 might give rise to a
ground state (5/27), first excited state (1/27) doublet .separaf;éd by 2.3 keV
similaf to thé doublet depopulating the 5/2° level at 761.4~keV. A
'search'for the second component of this doublet was complicated by the
preseﬁce of the single-escape peak of the 1776.0-keV transition. It was
only possible to place an upper limit on the,1262.4—kev transition intensity
and that is <0.40%. |

The peak at 1593 keV was checked to see if in addition to the 1592.9-

keV transition feeding the isomerical level at 1013.7 keV, a transition
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- depopulating the 1593.5-keV level could be found.

This search was complicated by‘a 1596—kéV';ransitidn occurring in 2065
and the double-escapé peak ffom a 2614.5-keV trarsition from Z08T1 occurring
in the room Backg?ound. The results of this search are such that to say any
more than that. the 1593.5-keV transition is not a major component of the
1593~keV peak would be présumptuous.

One final multiplet should be considered, that lying at 720-keV. The
717.4-keV transition was assigned depopulating the 1705.0-keV level on the ‘
basis of its definite coincidences with 860.1-, 901.8~, and 989.5-keV transi-
tions, iﬁ addition to probable coincidences with 282.3- or 284.2- and 703.4-
keV transitions (see Figures 3 and 8 and Table I1T), However,vthe coincidence
results for the 720.6- and 723.6-keV members of the group are inconclusive,
giving only possible coincidences with 828.3~ or 831.1-, 860.1-, 1043.7-,
and 1208.7-keV transitions. On the basis of this evidence alone, no assign-
ment could be made with confidence. When examining the 1764—keV sum~
coincidence gate the 720.6- and 1043.7-keV transitions were>observed, thus
indicating the 720.6-keV transition was depOpﬁlatihg the 1764.5-keV level,
(see Figures 4 and 8). On the basis of the possible 723.6- and 828.2-keV
coincidences and thei: energy sum, the 723.6-keV transition was assigned

depopulating the 2565.2-keV level in our second confidence decay scheme.
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205

B. Pb First Confidence Levels

The basic frémework'of the 205

Pb level scheme consisting of levels at
0.0 [5/27], 2.3 [1/2 1, 262.9 [3/27], 576.4 [3/2~ 1, 703.4 [7/2 ], 761.4
[5/271, 987.5 [9/2" 1, 1013.7 [13/2 1, 1043.7 [7/27 ], 1264 7 [5/271,
1499.2 [7/27(9/27)1, 1614.5 [7/2” 1, 1764.5 [7/2 1, 2565. 2 [9/2 ], an&
2606.8 [9/2'] keV has been established in recent invéstigationS[VeS64, VeS71]
and are only reconfirmed by this study with some slightly differing energies
and several changes in spin assignments. Thus, with the exception of men-
tioning the differing spin assignments, these levels will not be discussed
further.

The spin of the 1043.7-keV level was established as 7/2  on the basis
of an Ml tramsition to or from levels at 0.0 [5/27], 761.4 [5/271, 1264.7
[5/271, and 1614.5 [7/27]1 keV and an E1 transition from the level at
1593.5 [9/2 ] keV. We have listed the spin of the 1499.2-keV level as
7/27(9/27). There are M1 transitions to and from levels at 987.5 [9/2 ]
and 1614.5 [7/27] keV respectively, narrowing the spin to 7/2  or 9/2".
A probable M1 transition to the ground state [5/27] then restficts the
spin to 7/2". Furthef; on the basis of its logft of 9.9, a spin assign;
ment of 7/2— seems slightly preferred ovef the 9/2° assignment made in
earlier investigations[VeS64; VeS71] on‘the basis of a theoretically pre-
dicted 9/2" level at about 1600-keV.

Arguments supporting the existence:of and assignmenté for each of tﬁe
remaining first confidence levels at 1575.2 [5/2 . 7/2_, 9/271, 1593 5
[9/2 1, 1705.0 [7/2 9/27}, 1758.8 [9/2 s (11/2 )]. 1776.0 [7/2 ],
1965.7 [7/2'], 2203.7 [11/2 1, 2252.4v[9/2'], 2488;0‘[7/21, 9/2i, 11/2i]; and

2521.6 [7/2%, 9/2%, 11/27] will be presented in detail.
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The 1575.2-keV level was identified by the strong coincidences between
the 871.8- and 703.4-keV transitions and the 813.8~ transition and the
transitions depopulating the 761.4-keV level (See Fig. 3 and Table III).

The 703.&— and 761.4—keV levels are firmly established and no additional
strong coincidences were observed in the 813- or 871-keV gates, so a level
at 1575.2-keV is the only consistent possibility. If it is assumed that
the transitions to the 761.4- [5/27] and 703.4-keV [7/27] levels are

either M1, E1, or E2 and the reported logft of 9.8 is indicative of an
allowed or first-forbidden B decay, then the possible spins for the 1575.2-
keV level are 5/2+, 7/21, or 9/2°. This is also consistent with the observa-
tion of a transition from the 2606.8-keV 9/2+ level in a second confidence
decay scheme. As in the case of the 1499.2~keV level, we do not feel
justified in narrowing our spin assignment on the basis of theoretically
predicted levels.

Strong coincidences between the 890.0-keV transition and the 703.4-
and 894.5-keV transition indicates a cascade between these transitions. The
level at 703.4 keV is firmly established; thus the 703.4-keV transition is
the final element of the cascade. Fnrther, a level at 2488.0-keV is indi-
cated by the absence of any additional strong coincidences (this level is
discussed further later in this section). vy intensities for the 890.0-
keV (2.2%) and 894.5—keV (1.8%) transitions suggest an intermediate level
at 1593.5 keV as more probable. This placement is supported by strong
coincidences between the 894,5-keV transition and the 579.8- and 549.8-keV
‘transition, which correspond to transitions between the 1593.5-keV level
.and the well-established levels at 1013.7 and 1043.7 keV. Final confirmation
is added by the observed strong coincidence between the 971.4-keV transition

and the 579.8- and 549.8-kev transitions. Here the 971.4-keV transition is

! ;
oo i
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between the well established level at 2565.2 keV;and the 1593.5-keV
level. The spin assignment for the 1593.5-keV level is determined to

be 9/2 on the basis of an £2 transition to the 1013, 7-keV'[13/2+] level
and an ZFl transition to the 1043, 7-kev [7/27] 1level.

The 1705, 0«keV level was identified on the bases of strong sum
coincidences of the 1001.6+703.4-kev transitions and the 717.4+987 . 5-kev
transitions (see Fig. 4). Confirmation was added by the observation of
strong coincidences between the transitions feeding, 860.1- and 901.8-keV,
and those depopulating the level (see Fig. 3 and 8 and Table 3). The
1001.6-keV 1 transition to the 703.4-keV [7/27] level and the 717.4-kev

1+ 2 transition to the 987.5~keV [9/27] level require that the spin and
parity of ;he 1705.0-keV level be 7/27 or 9427, Consideration of the
other transitions, with no multipolarity assignments, to and from the
1705.0-keV level does not allow a further reduction of the possible
assignments. The log ft value of 11.0 tends to favor the‘7/2-

assignment; however, log ft's can be high for many reasons and high

log ft's are considerably less conclusive than low log ft's. In addition,
the log ft's for 2osBi are all quite high. For these‘reasons, we feel
that no preference between the assignments of 7/2" and 9/2 can be made.

A level at 1758 8 keV is established on the basis of strong
coincidences between the 745.1-keV transition and the 806.9-, 729.5
and 493.0-keV transitions from the well established levels at 2488.0
and 2252.4 keV, respectively (the 2565.2-keV and the levels at
2488.0 and 2252.4 keV are discussed in detailylatef in'thisksection).

The spin assignment for the 1758.8-keV level was made on the basis
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of the 745.1-keV E2 transition to the 1013, 7-keV [13/2+] level. While
the E2 transition does not rule out the possibility of spins 15/2
13/2 s OT 11/2 s. 1t does seem these should have some Ml character.
The log ft of 11,2,eliminate8'17/2+, which would be a 3rd forbidden
B decay to this level, Accordingly, the assignment for this 1evei is
9/2*(11/2+),, This is consistent with the assumption that the 806.9-keV
transition from the 2565.2-keV [7/2%] level 1s M, 1, or m.

The lack of definite coincidences observed for the mo&erately
intense 1776.0-keV [14.3%] transition suggests a level at 1776.0 keV,
This is confirmed by coincidences between the 1199.8-keV transition
and those depopulating the 576.4-keV level, the 1072, 3-keV transition
and the 703.4-keV transition, and the 1014.4-keV transition and those
depopulating the 761.4-keV level. The Ml character of the 1776.0-kev
- transition limits the spin of the 1776.0-keV level to 3/27, 5/27, or 7/2°.
The log ft of 8.8 eliminates all but 7/2° for the spin assignment.

The level at 1965.7 keV was established primarily on Ehe‘basis of
the observed coincidence between the 921.7-keV transition and the
‘1943,7—keV‘transition to the ground state. This wag supported by the
‘observation of a possible coincidence between the 978.0-keV transition
~and the 987 5-keV transition to the ground state in addition to the
presence of a 1966.0-keV transition in the y-singles spectrum. On
the assumption that the 1966.0- and 921.7-keV transitions are M1,

El, or E2, and further that the log ft of 10.4 suggests an allowed

7/21. The lack of any definite coincidences for the moderately intense
1190.0-kev [8.0%]»transition, coupled with the intensity of the transitions
being up in the anticoincidence study and down in the any coincidence

study (see Table 1V), suggests either the 1190. 0-keV transition feeds
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the isomeric level at 1013.7 keV from a level at 2203.7 keV. The
possibility for a level at 2203.7 keV is confirmed by the observation
of coincidences between the 1216.3~ and 987.5-keV ‘transitions. The Ml
character of the 1190.0—keV transition to the'1013 7-keV [13/2 ] level
limits the spin assignment for the 2203. 7-keV. level to 11/2 s 13/2 or
15/2 The final assignment of 11/2 was made on the assumption'that
the 1216.3-keV transition to the'987.5-keV 9/27 level was M, El, or E2.
This assignment is consistent with the observed log ft of 8.5 for this
level.,

Coincidences between the 1549.6-keV transition and the 313.1- and
703.4-keV transitions suggests a cascade from the 2565.2-keV level to
the ground state. The new level was placed at 2252.4 keV on the basis
of the observed coincidences between the 1208.7-kev transition and the
depopulating the 1043.7-keV level, also between the 493.0-keV transition
and those depopulating the 1758.8-keV level. The M1 character of the
493.0-keV transition to the 1758, 8~keV [9/2+(11/2+)] level limits the
spin assignment for the 2252.4-kev level to 7/2+, 9/2+,.11/2+, or (13/2+).
The determination of the probable El1 nature of the 1549.6~keV transition
to the 703.4-keV [7/27] level further limits the spin assignment to
7/2 or 9/2 This is consistent with the observed log ft of 8 7

The level at 2488 0 keV was identified on the basis of observed
coincidence between the 894.5-keV transition and those depopulating .the
le?el at 1593.5 keV and between the 729.5-keV transition and thqse
depopulating the level at 1758.8 keV. Assuming the 894.5- and 729, 5—kev
transition to be M1, F1, or E2 only limits the possible spin of the 2488 0~
keV level to 5/2 , 7/2—3 9/2—, 11/2—, or 13/2 -any of which is consistent

with the determined log ft of 8.2 for this level. The level at 2521.6 keV
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was identified only on the basis of an observed coincidence between the

+1818.2~ and'703.4—keV transitions. ' The assumption that this transition

is M1, E1, or E2 coupled with the log ft of 8.9 only limits the possible
spin of the level to 5/2%, 7/2%, 9/2% or 11/2-.
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C. Secon& Confidence 2OSPb levels

Additional levels at 1633.5 [7/2, 9/27], 1737.2 [9/2%, 11727,
2108.2, 2327.4, and 2421.4 keV are included in a.second confidence deoay
scheme. Transitions included in the second coﬁfidence_deéay scheme
were placed on_thé'basis of weak or inconclusive coincidence informétion
and/or on thg basis of energy sums. These transitions that appear as
dashed lines are most uncertain.

A cascade between the 2565, 2-keV levei and the 987.5-keV levél is
suggested by the presence of the 645.8-keV transition when gatiné on the
931.7- and 987.5-keV transitions (see Figs. 3 and 9 and Table III).

This new level was placed at 1633.5 keV on the basis of a probable
coincidence between the 787.9-keV transition depopulating a level at
2421.4~keV and the 645, 8-keV transition. Further, when a coincidence
gate was set on a possible 1633.5-keV transition, a possible coincidence
with the 645.8-keV transition was observed. On the assumption that

each of the Y's observed are ML, E1, or E2, the»931.7hkeV transition
from the 2565, 2-keV [9/2+] level and the 645.8-keV transitions to the
987.5-keV [9/2 } level 1imit the possible spin’ assignment to 7/2—3 9/2—
or 11/2%, The 1633.5-keV transition to the 5/2  ground state further
limits the possible spin assignment to 7/2t'or 9/2". |

The observation'of ajprobaole coincidence-bétwoen the 122, 9?keV
transition and the 349, 6-kev transition depopulating the 1614.5-keV
level suggest the possibility of ‘a level at 1737 2 kev, Support for
this level is added with the observation of a probable coincidence
between one member of the 720-723-keV doublet and one member'of ;he

282-831-keV doublet. Again, if the assumption is made that the'122.9-keV
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transition to the 1614.5—kev 7/2” ;evel and the 723.6-keV. transition

to the 1013;7—keV 13/2+ level are each Ml, F1, or E2, the possible spin |
assignment is limited to 9/2+ or 11/2°. The level at 2108.2 keV.is
suggeste& on the basis of the probable coincidence between the 609.0-
keV transition and thdse depopulating the 1499.2-keV [7/27, (9/27)]
level, primarily the 795.6-keV transition. It is felt tha£ no
meaningful spin and parity assignment.could be made on the basis of this
one transition,

The level at 2327.4 keV is suggested on the basis of the possible
coincidence between the 361.5-keV transition and the 978.0~keV
transition depopulating the 1965.7-keV level. In addition, two
transitions are added depopulating this level on the basis of energy
differences. The transitions are a 712.7-keV tramsition to the
1614.5-keV [7/27] level and a 1283.7-keV transition to the 1043.7-keV
[7/27] level. It is felt that no meaningful spin and parity assignment
could be madg for this level. |

The level at 2421.4-keV is suggested by the probable coincidence

- between the 789.9-keV transition and the 645,.8-keV transition

depopulating the second GOnfidencelleVel ét 1633.5 keV. On the basis |
of this one transition it is felt that no meaningful assignment for the
spin and parity of this level can be made.

Many additional second confidence transitions between first‘
confidence levels are included in the second confidepce deday scheme.
However, it is possible to narrow further oﬁly one of the gpin
assignments of the existing first confidence ievels. That is for the
1705.0-keV level. The 1128.1-keV transition to a 3/2 state reduces the

spin possibility to 7/2 .
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Because of ‘the tentative nature of many of the second confidence

transitions, percent feedings and log It values were not recalculated

for the levels.
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V. Diééussion

It is»intended that the theoretical discuSSidn'pfééenféd in this

205

paper of the level scheme deduced for <Y°pp be quite 1iﬁited'in’§cope'

and depth. We have recently completed studies of the decay of 204Bi and
2033ivin this laboratory [CrJGBj which will be publiShéd'shortly
and envision a paper following these discussing in motre defail the
theoretical implications of this large‘colleCtidn of work on the
neutron-deficient region. The dischssion that’is’présented here is
limited to those levels lying below about 1500 keV.

The nucleus 205Pb is 3 neutron holes away from fhe doubly-

magic 208Pb nucleus and should be quite rigid with respect to vibra-
tions. Thus, its level scheme should be amenable to explanation
through rather straightforward shell-model calculations. Early
theoretical calculations, such as the semi-quantitative calculations
of Pryce [PrM56] in 1956 attempted to account for the level scheme of
20 5Pb below 2.5 MeV by considering only the various couplings of the

3 neutron holes in the N=5 oscillator shell with an eStiﬁate of the
effects of configuration mixing. Above about 2.5 MeV it should be
possible to excite a proton or neutron to the next higher oscillator
shell and the situation becomes more complicated. Pryce extracted
pérameters for the level spining in zost from those in ZOZBi.‘ The
ordefing_of the neutron levels is,hgl ’f}/z 'Z3/2 3/2,f , and p1/2
“thus the ground state would have the configuration (VP 12 )( f -1

giving rise to the spin and parity of 5/2°. The configurations (vpl/z)-z

-1 31 -1
(0 3/2) R (vpllz) (vf5/2) ,(Vpllz) (vg 5/2) (vp./ ) ", and
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(vp )—z(viZ )_1 can then account for all the observed levels below

3/2 1/2

about 1.5 MeV. However, the energy fit is not very good at all and
even the ordering of all but the . lowest levels does not agree with
experiment.

'Similarly, it is possible to account ‘for ali‘low&lying'observed

205Pb levels observed by simply assuming that paired neutrons couple

to 0 with the remaining single particle/hole coupling to a quadrupole

204

vibration fo the Pb/206Pb core. The center of gravity of the

vibrational levels built on the ground state would be expected to occur
at about 900/800 keV, and would give spins 1/2 7 to 9/2 ; inclusively.
Indeed, when True [TrW61] included weak coupling of the particle to
the collective notion of the core, an improved fit with experiment
was the result,

At first glance the £2 character of the 703, 4-keV (7/27, 5/27) and
761.4-keV (5/275/27) transitions seems to be in support of the vibrational
hature of these states with the transitions corresponding to (vf -l

| 5/2
(2 ) —_ (yf ) -1 +). - However, if these states were different

couplings of the 3-neutron-hole configurations (vp /2)—2 vp ) also
would not be facilitated by an M1 transition. slz

If we consider the collection of states involved to be the
2.3(1/27)5 576. 4(3/2 )s 761.4(5/2" )7, 703.4(7/2 )" and 987.5(9/2_)keV
states, then their center of gravity is 746 keV. This comperes about
equally favorably with the single particle/hole coupled to the AZb/
206Pb core at 899/803 or with the zero-order: energy’ predicted by Pryce |
for the (vp /2)_l(vgs/2)—2 configuration. If it were possible to
measure lifetimes of the E2 transitions involved, it should be possible

to decide on the dominant character of these states. Collective
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enhancement of the E2 ttansitions should result if they result
primarily from coupling tqva vibrafional-state»of the core,
The more recent calculations of Miranda [M1A67] using a potential
with a weak spin dependence and weak non~localities present an

1mpro§ed fitbwith‘the experimentally determined levels. In Figure 10

we present a comparison with our levels.
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- Figure 10. Comparison of experimentally determined levels in ZOSBi with those ,
' theoretically calculated by [PrM56] —> P, [TrW61] —> T and [MiA67] > M
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