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SEPARATION AND ASSIGNMENT OF RADIOACTIVE ISOTOPES
- Maynmard Cornelius Michel
Radiation Laboratory and Department of Chemistry
University of California, Berkeley, California

July 2, 1953

ABSTRACT }

A time-of-flight mass spectrometer of the'type first developed by
W, E, Glenn has been constructed for use as a separator for radio-
active isotopes produced in cyclotron irradiations. This high trans-
mission instrument allows sufficient mass separated activity to be
collected to assign»thé mass numbers of such nuclides directly, in
addition to providing pure samples of the given isotopes for the study
of their decay properties.

Mass assigrments and separatioﬁs have been made on the following

isotopes, some of which are reported here for the first time:

Isotope Half-life
125 44 + 1 min
Csl27 - 6.2 + 0.1 hrs

Csl38 30 min

T1%98 1.8 hrs

T1199 5,3 + 0.2 hrs

lego ’504 ¥ 0.2 hrs

T1 28 + 1 hrs

TH166 58 T 1 hrs

\Yb}gg 32 days

’I‘m166 29 + 0.5 hrs

Tm167 7.7 hrs

Tm 6 9.6 days

Er160 30 + 0.5 hrs

Erl6l . 3.5 + 0.2 hrs




SEPARATION AND ASSIGNMENT OF RADIOACTIVE ISOTOPES
Maynard Cornelius Michel . :
"Radiation Laboratory and Department of Chemistry"
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- l;_.INTﬁéDUCTION

In research on the propertles of an art1f1c1ally produced radlo—
' actlve nucllde, 1t is qulte 1mportant to be certaln of the ass1gnment
to a deflnlte mass number and chemlcal elemento_ Standard chemlcal
procedures, if they can be applled w1th1n the tlme llmlt 1mposed by
v‘.the half-llfe, are suff1c1ent to establish the chemlcal identlty, but
.less dlrect means are- usually applled to the mass ass1gnment° The
most common of these are the method of cross bombardments and the
‘ tudy of the reactlon yleld as a functlon of the energy of the bom—
bardlng part1cle° f | | - -

| These methods have been qulte con31stent and are often adequate
but theV sometimes are laborious or 1mp0331ble to perform and 1nter—
vpreto- And at best they offer an 1nd1rect approach° B
| The dlrect mass spectrographic as31gnment of mass numbers to
radloactlve nuclldes has been rather common in the case of thev
naturally occurrdng act1v1t1es and in the case of the uranlum»£1351on
.products, both cases 1n whlch welghable amounts of the 1sotope are
avallableo_ In the case of the neutron deflclent'isotopes, usually
_ formed by charged particle bombardments, one cannot normally produce

such quantltieso |

' Three methods hare been usedvto make direct mass spectrographlc

assignmentso Thelr success depends on the amount of material which

wlym



can be made (usually a function of the half-life) and on the chemical
properties of the element.

| The most general method is the detection.of ions of the isotope.
in question by current measuring devices, just as in the case of the
stable isotopes. This method is not often used except for those
activities produced in large quantities by neutron capture reactions.

The second ﬁethod, gomewhat similar to that applied in the
present work, is the use of high voltage electromagnetic separators,
again only of use in the cases VWhere iarge amounts of the isotope are
available. The exception toAthis restriction is the case.of elements
which have gaseous compounds which are readily prepared. For these‘
elements a gaseous arc source can be used which has a relatively high
ionization efficiency for the many elements suitable fof this source.
Much work of this type hgs been done on the rare gases by workers such
as Bergstrom‘.1

The thifd\ﬁéthod is one used first by Hayden and Inghraﬁ for mass
assignments of the uranium fission products°2’3 Since this method is
also used in this reseaQEh in a pfeliminary survey of the rare earth
isotopes, it will be described in some detail.

A conventional mass spectrograph,. usually of the Nier type, is
used with a low energy spread ion source which is capable of producing
ions from solid compounds of the element in question. The ion spectrum
is collected on a photographic plate where small amounts of the stable
isotopes of the same element leave a line image of the source slit at
the proper mass positions énd therefore establish the mass scale.

Usually the radioactive atoms which are collected will be in small
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"enough concentration to leave no direct image, but they will often
make an exposure on'standing merely from the radioactiVityo More
commonly, a second photognaphic piaﬁe, called a transfer plate, is
'nlaoed faoe_to faoe'with the maeter plafe and exposed for a period of
time depending on the'nalfmlife of the actinityo ‘Development of this
: plate;Will non.snowfimages only'whene the radicactive atoms. were
¢ollected on the'onivinal platea. It is quite'obﬁious that successive
,‘exposures can glve some 1nd1catlon of the half=lifea This is.often
1mportant 1f more than one active 1sotope exists ‘in the same sample.
Development of the original plate now establishes the mass scale, not
* known prev1ously because of the dlfflculty of reprodu01ng the magnetlc
fleld and other varlables determlning the masso--Thlsrmethod is of
general usefulness and'ln‘thezoase'where 1arge amounfe of»activity
are ava11ab1e9 the decay can be, followed dlrectly on. a Geiger counter,
'usually by mountlng a counter behlnd a slit whlch can be’ passed over
the photographic'plateé. Aotual separatlon of the active isotope from
v the plate is‘not aiwaye pnactieal since the mass soale is established
by thls master plate, which therefore must not be mntilated badly.
Thls is not a Nery serlous llmltatlon, but a more direct physical
_separatlon is. demrableo In addltlon, the transmlssion of a conven-
,tlonal magnetlc mass Speotrograph does not often excend 2 percent of
the ions formed and it is often not poss1ble to make sufflclent
activity to make mass a331gnments by this method, eepe01ally when -
rather large losses are taken in formlng ions from the compounds of .

- the element belng 1nvest1gatedo



For this reason, any gain in ion transmission is of great impor-
tance iﬁ extending the sensitivity of this general method of making
mass aséignments,.which is by far the most practical one yet devised
for the limited quantities of the neutron-deficient isotopes usually
made in cyclotron bombardments.

Qf the other types of mass spectrometer known, only one, that
first proposed by W, E. Glenn, was chosen as offering the best hope of
reasonably good resolution at high masses combined with an increased
transmission for ions.* The first machine of this type was built by
Dr, Glenn in 1951 and was demonstrated fé possess these desirable
features. This research was undertaken to construct an instrument of
this type, similar to the original design of Dr. Glenﬁ, for use in
separating usable amounts of relatively short-lived isotopes in order
to assign their mass numbers and also to yield relatively pure samples
for the study of their decay properties. The second section of this
thesis describes the general feaéures of thié type of machine, and in
particular the properties of the instrument constructed and used by
the author, while the third sectioﬁ demonstrates the separation and
assignment work which has been done on a selected group of isotopes in

order to demonstrate its utility.

I, THE TIME-OF-FLIGHT SEPARATOR
A, Principle of Operation ‘
The instrument is somewhat similar to the isotron® of Smythe and
‘ Wilson, but is designed for low accelerating voltages and has consid-

erably better resolution.
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A olock diagram of the apparatus is shown in Fig, 1 where‘the
upper part of the figure is a:schematic representetion of the analyzer
tube. ‘. |

P031t1ve ions of the 1sotopes present in the sample are formed at
A and accelerated through the de fleld between the p01nt A and the first
l bunchlng gr;d Glo’ P01nt_A, all the plates B, and.Gl, are at an
.’additlonal fediofreqﬁency poteofiel wifﬁ e.sawtooth ﬁaVe form shown
at the 1nput to Glo This meaﬁs fhat betﬁeeo.Gl and'G2 the ions receive
an additlonal acceleratlon varylng 11nearly with tlme and at a
repetltlon rate of 2 2 megacycleso Th1s sawtooth voltage can be
adgusted;t0’such_an,ampl;tudevthatllons of'the des;red mass will arrive
at'the7poinf G3-in buﬁches;]ohe‘pefiodiof fhe‘redioffequency field
apart in tlme, prov1ded the dlstance G2=G3 is large enough to make
the- tran51t tlme long compared W1th the radlofrequency perlod° This
doan eas1ly-be-seen slnce 1ons;errlv1ng late in a.cycle receive
additiohal.acceleraodon,.enasling themlto_overfake lons which have
ﬁessed between Gl‘and G2 earlier ln the oycle; ‘The conditions for
bunching are sufflelently non=critlca1 that not only the desired mass
but adgacent masses within several mass. unlts will be well bunched, the
degree of bunchlng decrea31ng rapldly beyond 10 mass units on either
'sldez uptll"those,lons.of mass far from the de31red_mass are not «
bunched at alléL;To:heef the requirements for'good~bunohing.with
.reasonablevfadiofrequenoy,voltages; the presenf'meohine, like the
original oﬁe of WoonsGlenn, opefetes such that, the transit time is

40 times the radiofrequency period.
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Fig. 1. Block disgram of time—of-flight separator.
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Now that bunches of ions near the mass desired are arriving at G3,
it will‘be noted-that the,time‘of arrival within a given cycle will be
,.proportional to the square root of the mass of the 1on.-'This achievesA

‘a separatlon 1n space depending on mass numbero ‘As 1nd1cated.in S

Fig° 1, G5 is placed at a potential (variable) about 150 volts above
o the max1mum value of the acceleratlng potential plus the bunchlng |
,'voltage,v Thus no ions w1ll be passed through G5 unless they acquire
<.add1tlonal energy greater than 150 volts above thelr prev1ous energyo
This is accomplished in the gating grld c1rcu1t as 1ons pass between
G3 and G4° In this region, 001n01dent w1th the arrival of the de~

sired bunch of 1ons a sharp.negative pulse of 350 volts amplitude is
applied for about O Ol microseconda‘ These ions which have been
',acce]erated by this pulse can now pass through G5 and will strike any
xconductor near ground potential w1th roughly the full acceleratlng
energy° Other 1ons, not rece1v1ng the extra pulse (which comes only
;once per radiofrequency cycle) are repelled down the tube by G5 and
-, are eventually dlscharged on the tube wallso |
Actually, rather than adJustlng the t1me=of=flight it is much :
'easier to malntain the tran31t time and frequency constant and select
'the mass. whlch is. collected by varying the acceleratlng voltage and
bunchlng amplitude. - This does not change the pr1n01ple of operation

and considerablj S1mplifies the calibration.j =

| iiBt Choice of Tube Parameters
“The fundamental choice which has been made in the two tubes

TR . . bbullt to date is the lengthrof the analyzer tube (actually the distance
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from G2 to G3) which has been chosen as about 27 inches. As men-
tioned before, the transit time has been chosen to be about 40 times
the radiofreqguency period in érder to simplify the bunching require-
ments. The other parameters are fixed by these choices and the re-
quirement that the accelerating voltages used be in a reasonable
range, sufficiently high that the thermal energy spread of the ions
be negligible for the desired masses, and not so high as to cause

" . trouble from insulation problems and difficulty of bﬁnchingo The

“final choice of parameters is shown below for the second tube-

constructed. -
Length of tube (L) 27,36 inches
Transit time (t) : 18.2 . microseconds
Repetition frequency  (f) 2,20 megacycles
Accelerating voltage per : ~  7.48 volts/mass unit

mass unit (V/m)

The actual values of L aﬁd t and therefore of V/m need not be
known accurately9 since the instrument can easily be calibrated with
‘a single known mass. Approximate values must be known only to be sure
that one is operating such that the transit time is near the required
value (collection is on the 40th cycle after the bunch leavesvthe

source rather than the 39th cycle).

C. Operating properties
1. Mass Scale and Resolution.~-With this system of operation, the

accelerating voltage is directly proportional to mass (V/m is constant)
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and therefore the overlap of adjacent masses is independent of mass
(the resolving power (M/AM) increases as the mass increases). This
independence of r3301ution from mass is a decided advantage when
- working w1th relatlvely heavy masses as is. often the case in the work
for which thls mechlne is :Lntended° In fact, the amount of overlap
does increase with decreasing maSs number when one goes below about
mass. 70 because the 1n1t1a1 energy spread of the ions from the source
vbecomes an 1ncrea31ngly important factor in the fesolutlon spread.
For this reaSon, the present instrument has been built to operate only
in the region of'mass‘from 65 to 270,

The overlap(of one mass on the adjacent mass is less than 1 per-
cent of the peak intensity, Tnie is shown in Figf'é which is a nlot
. of the beam curren£ due to Cs¥33 as a function of mass (or accelerat-

ing voltage)..

2. Harnonicsoe=it can now be seen that at any given time, 40
different bunches of ions, each of the proper mass (and all other
nearby masses), are traﬁeling down the analyzer tube. The gating
pulse which allows the ions in any partlcular ‘bunch to be collected
is the fortleth pulse arriving after these ions left the bunchlng
grldso For thls reasons it is 1mportant that adgacent unde81red
masses be well bunched or they would not be discriminated against com-
pletely, since it is possible for an ion of transit time 39/40 or
41/40 etc. of the proper transit‘time to be collected just as well as
one of the prcper‘fine;' And’ofncouree,'a smeil rumber of eny non-

bunched ions (e.g., much lower mass impurities) will always get
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Fig. 2., Plot of ion current vs. mass number for mass 133.



through, being discriminated against only by the ratio of the width of
the gate pulse to the length of the radiofrequency period. This pre-
sents a major difficulty in using this machine for isotope ratios,
since impurities of such things as alkali metals of ﬁidely different
mass from the desired sample will contribute a generél%background
current which may fluctuate and obscure small peaks. Any praétical
"method of eliminating these harmonics yet suggested reduces the trans-
mission to appfoximately that of the conventional maés spectrometer,
It will be noted that for the collection of radioactive samples
of isotopes of a single element, these harﬁonics will be no serious
disadvantage, provided the range of masses present:in'the sample is
smaller than the distance in mass'ﬁnits to the nearest harmonic from
" the highest or lowest mass presents This distance één'be quite simply
calculated and,lfor example, near mass 160, the_effective masé spread
- of the nearest harmonics i§ about 8 mass units 6n either side _
(actually 7.9 mass units bélow and 8,1 mass units above 160). Thus if
- all isotopes in the sample are known-fo be withiﬁ 6 ér 7 méss units of
each other, there will be no possibility of collecting one on a har-=
monic of its mass. In addition, the nearesﬁvﬁérmonic will only
accidentall& fall on an integrallmass number and would be éeverely
discriminated sgainst because of the rather sharp resolution. All the
‘ Qork in this thesis, as well as élmosﬁ all similar mass assingﬁent work
will not be limited by this'featuré, since the spread of masses of the
Same elementvin‘a given bombardment is seldom over 6. In addition, one
always has an ideé of the relative amounts of each active isotope

present and therefore the relative amounts which should be collected,
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as well as an approximate idea of the mass range involved. Of course
stable atoms of an impurity collected at the same time are of no

congequence in the assignment of active isoctopes.

3o Isotope Collection.——For the purpose of collection of active
isotopes, the ions‘which have been selected according to a desired
mass number are discharged on a platimum counting plate introduced
in the collection end at ground potential. The majority of ions formed.
from the ion sources used are of the type M' and MO+, which are non-
volatile when dischargéd and remain as a thin uniform covering on the
metal surface exposed to the beam, For calibration and checking the
operation, stgble ion beams can be observed by measuring the current
produced by these ions when striking the collector, as in a conven-

* tional mass spectrometer.

In actual operafion, only one mass can be collected at a given
time, tﬁe others being repelled back down the tube. It is often a
great time-saver to be able to collect several isotopes during one
run and fqr this purpose the instrument has been equipped to switch
automatically the accelerating voltage, the sawtooth bunching voltage
and associated circuits, successively among 4 different mass numbers
which can be pre-set to any desired values within 20 mass units of
each other., A single switching cycle is complete within 15 seconds
but the relative amounts of time for which each mass is collected are
continuously variable from zero tb 100 percent. Of course, the
collection of more than one isotope from the same sample can only be

done at the sacrifice of the total yield of each isotope, but it is
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often justifiable to take this loss for the convenience gained. In the
collector assembly there ére arranged 4 separate collector plates which
are simultaneously switched by the selector mechanism so that the same
isotope is always collected on the same plate. During the.part of the
cycle that each plate is not being used to coliect ions,.it is placed
at a positive potehtial sufficiently high to prevent collection of any
jons which can be formed in the‘machineo -For equal collectién times
the activity'obéerved, corréctéd for the half-life and counting
efficiency, can_yield a rough“isotope ratio. This serves as a check
on the distribuﬁioﬁ.of isotopes in a given sample whi¢h may be known

from other considerations.

4o Transmission.--The primary advantage of this machine over con-
ventibﬁal mass specﬁfometers is its unusually high transmission for
ions. As stated before, a conventional machine rarely exceeds 2 per-
cént, while the present time-of-flight separator is operating between
15 and 20 percent, as.well as can be measured.

The transmission is here defined'as the fraction of ions formed
at the source which are eventually collected at the proper mgés
position. The primary sources of transmission loss are the lack of
transparency of the grids, the lack of focusing in the source and
incompiete bunching. The grids are each about 89 percent transparent
and therefore account for a decrease of transmission to about 60 per-
cent., In addition, the'gating and bunching circuits have been
determined'to have a transmission of not greater than 75 percent.

Experiments with sburce focusing have shown that a small increase in
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transmission can be gained because at present not all the ioné formed
by the source pass tﬁrough the bunching gridsoi However, the present
linear field gradienf is considerably simpler to use when the radio-
frequency voltagé must also be applied to the same electrodés and the
gain to be achieved in transmission has not been considered worth-
while. It is believedcthat the use of finer grid wires, which has
been attempted only recently, and other refinements such as source
focusing can raiée the total transmission to about 40 percent, but
higher values will not be easily realized. \

Measurements of the transmission referred to involve measurements
of the ion currents to various parts of the machine while a steady
beam of a single isotope is being accelerated. The reliability of
these measurements is dependent on the number of secondary electrons
emitted by the pbsitive idns at the various surfaces. In addition,
‘the measurement of total ion emission from the soufce is not easily:
made ﬁnder conditions identical with the'operatizhg.situationo For
this reason the measured‘value depends on the assumptions made about
the accuracy with which the total emission is measured. The actual
transmission is given as;a range of 15 to 20 percent, but no more
precise value can be stated.

Upon the completion of %he second analyzer tube it became
desirable to check the total transmission of this tube féf an active
sample. The obvious choipe is a long-lived cesium isotope, since it

would require the least tracer material for the experiment. Because

137

of the availability, Cs was chosen. This transmission check

duplicated the actual operating procedure, except that there was no
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necessity to wbrk quickly and a better job.was done, A fewisamplés,
each of about 20,000 c¢/m of Cs137 were run from'the thermal ion source
as sulfate samples without added carrier. The collected material was
counted under the same conditions as the original sample, the collec~
tion efficiency for cesium being the fraction of the activevatoms
recovered at'mass'l37o The various runs were not in good agreement,
since it has been foupd that the total efficiency depends upon
severa; factors such as purity, rate of heating the sample, etc.

In all, the various runs were in disagreement by aboﬁt a factor of
three, the better runs giving about 5 percent efficiency, or one atom
in every 20 placed on the source being collected at the correct mass
number; This is still felt tp be a lower limit and is therefore in
fairly good agreement with the measured transmission for ions,
provided one assumes an ionization efficiency for cesium of about
25-~50 percent, a vaiue which is not in conflict with other observa-
tions., Since the estimated value of the total efficiency for cesium
for a Nier type spectrograph is about 1/4 to 1/2 percent, this

illustrates the rather high transmission of the present machine.

i
¥

5, Cslibration and Stability.--~The 3 determining variables for
the mass calibration in this instrument are the length of the tube,
the accelerating voltage and.the radiofrequency. The latter two can
be held constant quite easily and the accelerating voltage is easily

measured to a high degree of accuracy, so that the instrument should .

bekself-calibrating. In practice the length of the tube need not be
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measured but one can.calibrate with any known mass, by use of an
element of known isotopic constitution. An approximmte knowledge of
the tube parameters will then allow operation on the proper transit
time, The bunching voltage will also be linearly related to.the‘
accelerating voltage and is in fact automatically controlled by the
high voltage supply after being adjusted for the calibrating mass,
It has been found that the mass scale is not quite linear but
deviates by 0.05 mass units over a range of 75 or 100 mass units,
This does not sound serious, but it can reduce the transmission
considerably and is.corrected for in actual practice by a calibration
check of the machine before each run, with the stable isotopes of the
element being used. In fact in those cases where a small amount of
carrier has been added to the active sample, it 1s possible to
calibrate at intervals during the actual collectién. This is done as
& precaution to insure correct operation, but it has not been found
to be.indiSpénsable, except with the original tube for a reaéon»to be
discussed. |

The stability of calibration is quite good in general but on
occasion a slight drift will be seen over periods of several days.
During a period of a few hours the change in calibration is never
detectible. Shifts of as much as 0.05 mass unit have been observed
over periods of a week, so that routine recalibration is carried out
before. each run. This stability is quite satisfactory and,‘of course,
is.necessary in a machine which must be run without internal calibra-

tion for many samples., , -/
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6. Tube Charglnga=m0ne of the most annoying problems in the
construction of the original analyzer tube was that for total beam
currents above about lO“11 amperes the reflected ions repelled by
the repeller grid‘(GS)'would collect on'insulating spotsIOn the wall
of the tube and bUlld up sufflclent charge to deflect the beam and

therefore lengthen the t1me=of—f11ghto The observed effect would be

a shift 1n callbratlon such that the de51red mass always came at a
?iif‘ﬁ o A hlgher acceleratlon voltage° The magnltude of this effect was a -
function of the beam current in the tube, which depended not only on
the si7e of the sample ien beam, but also on the ion beam due to
. 1mpur1t1es of sodlum and other alkalls, whlch are almost always
present and because of the hlgher 1onlzat10n eff1c1ency, can
_\eas11y account for a much hlgher beam than the Sampleo The effect
eon the callbratlon is variable and qulte appreciable, amountlng to‘
"} aVl" - as much as. 1/2 mass unit if care is not taken to keep the maximum |
-'beam current below a reasonable llmito, In v1ew of the resolutlon
curve in Fig. 2 thls k1nd of a shlft if mlnlmlzed by careful
Operatlon, w1ll not 1nva11date the mass ass1gnment but w1ll serlously
‘11m1t the total fractlon of the materlal collectedo.
| Several methods of correctlng this. dlfflculty were trled
'llncludlng the 1nsert10n of charge neutrallzlng fllaments in the drift
vtube, These electronfemlttlng fllaments did‘correct the effect for
low beam eurfénté*And‘thefefore raised the'limiting'beam'current‘some-
what but the problem was st111 present and the. technlcal nuisance of
replac1ng the fllaments, or hav1ng them burn out durlng operatlon, was

_alwayS'presento-
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The obvious solutlon to the problem was to replace the tube with
a 1arger diameter tube with pOllShed walls having no oxide coatlng.
This takes advantage of the reduction in the coulomb force exerted on
.the beam by any charge on the walls, ‘The original brass tube was
2 1/2 inches in diameter° The final selector tube was of polished
stainless steel 4 inches in diameter and, as expected, the charglng
effect completely dlsappeared° It is now p0351ble to use any slze
beam up to about one microampere with no calibration shift. It is
belleved that even hlgher currents can be accommodated but present
ion sources are limited in thelr emission to this region.

Durlng the time the second tube was under constructlon,‘sone of
the work reported in thls thesis was done with the flrst tube. At
thls tlme it was necessary to be very careful to control the max1mum
beam in the tube by monitoring constantly,_ In addltlon, the total
yleld of separated materlal was usually much less than w1th the
second tube, due to the quick drop 1n transm1531on if the callbratlon
shlfted even sllghtly off the resolutlon peako Nevertheless, con31d—

A

erable work was done with thls tube and will be reported in
' 125

al

section ITII. Tt is 1nterest1ng to compare the work with Cs which

was done in both tubes, the orlglnal tube yielding separated samples
of lOOO to 1200 c¢/m from a sample of the size that gave 18 OOO c/m in
the new analyzer tube. However, the total transmission for ions when
prOperly callbrated was the same for the two tubes within a factor of
tWOo Most of the work done w1th the original tube has been verlfled

by being run on the new separator also.
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D, Comparison with Conventional Mass Spectrometers
- The primary edvantage of this machine over the conventional
spectrometer is the increased transmlssion for ions, This has been
discussed in detail previously,, This transmission has been obtained
with SOme_sacrifice in resolution'elthough the resolution is ' still
quite sufficient for most purp'osés, '

There ereoother advantages”bullt into this particular instrument

of a type which‘mahe‘work with Very short-lived isotopes more-
convenient 'prinarily involving.the ebility to change samplequuiékly
and to operate at relatlvely high pressures because of the short tube
and the low. acceleratlng voltages. ‘For shortallved isotopes the
semple-can_be inserted and the collection begun wlthinlS-lO»minuteso
i The direct.separation feature, so that one can‘follow the decay
.and determlne other radlatlon prOpertles more convenlently, is alsov
qu1te useful although not a Spe01flc property ‘of th1s machlne. The
‘advance knowledge of the mass scale is a valuable feature, 31nce most
?other 1nstruments rely on establishlng the mass scale from the sample
‘ itself. The ut;llty of,thls_feature 1s:ev1dent,‘for example, in
'runningdertifioiel elements where no stable isotopes exist. .

On the dehit,side only oneiisot0pe can he collected'et,e time;
v'resultlng in a loss in transm1881on or 1nefflclent use of all the
1sotopes present depending on whlch is sacrlflcedo For most of the
work to which this machine can be applied, this iS‘not often a serious
limitation,_although‘the combinetion of this and a conventional
machine for a prellminary survey (as was done .in the later workv

reported in this thesis) makes for greater convenience when several

isotopes of unknown mass number are produced in the same bombardment.
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As has been demonstrated, the problem of harmonics ié of little
significance although it must be carried in mind during any work. It
is a calculable and reproducible effect which can easily be recognized
and évoided except in unusual cases.

There is one serious problem which has arisen in the'separation
of the isotopes of many elements. Bécause of the geométrical simpli-~
city 6f the separator tube which makes the high ion transmission
possible, theitransmission for neutral particles is also high. Thus,
if:the collector plate is placed in the direct beam,lneutral particles
vap;rized from the sample can collect on it also. In the case of
inefficientlj ionizing elements, the number of neutral particlés‘

" emitted ffom £he thermal ion source is much higher than the number.of
ions., For this féason the éoilection plates‘are'placed éwéy from the
beam axis and arranged so that the ion beam is deflected 90 degrees to
reach them, whiie neutral particies, not Being deflécted; are cbllected
on the coldtwalis. Tﬁﬁen s0 i£ has been noted that sufficient neutral
pértiéles are scatteréd to thé colléctioh plates tobgive a background_
of the unseparatéd activity on each mass separated plate. It was
found impossible to reduce the amount of the vaporized activity.in‘the
present tube below a certain limit, depending on the element and chem-
icai:composifion, but re-design of the collector could reduce thié
;éource of background to a negligible amount, without serious reduction
vof ion transmission. With the elements which ionize at high tempera-
ture, this background material can be quite high but never interferes
with the assigmment of the proper activity to the correct'mass. A

check of this vaporized activity is made in each run by leaving one
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- collection plate connected to a high positive voltage at all times so
that only neutral particles can be collected, Careful checks indicate
that the_four.plétes‘receive the same amount of this background:
material to within"lo or 15 percent and thérefore'the single back=
grbﬁnd plate is évgood’ihdipation of the amount ofvvaporized activity
being collected by a1l the sample plates.

In the case_of separating an isotope in low.abupdance from one
in high yield,_this can be a serious problem and mﬁst be eliminated

or minimized_before muach work of this type can be done.,

E., Ion Sources
In the céurSe'éf'this work one is limited in the amount of the
g active]isbtbpes that can be maaeo For this'reasén, the increased
transmissidn of‘phis)maghine ﬁas been very valua‘t;le° Any further
inérease_in totai'efficiency must come, in the méin; from an improve-
. ment iﬁfthe ionization efficiency.of the materiai,‘which will require
improved ioﬂ sources. As can'be'seen from the iéw accelerating
voitages, the ions tovﬁe‘used in this machine must not have a distri-
bution of energies from the source alone of greafer than.O,l volt, if
that high. This puts a severe limiﬁation on the types of ion source
that can be uséd° In most of the'wofk reported in section III of
this fheéis the simple thermal ioﬁ source cdmmoniy used in isotope
ratio méés specirometeré was usedo6 This source is often highly
inefficient, but its simplicity is a definite advantage for relatively
short ha1f=1ifé isotopes. In this source, a compound of the element

to be studied (usually one which converts to the oxide on heating) is
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evaporated on a thin tungsten ribbon and this ribbon is heated elec-

trically in the source region to produce positive thermal ions with
8 low spread in energy. The efficiency of this sourbe is highly
sensitive to both element and chemical form, being most efficient for
the oxides of metals in general. For a given element the ionization
efficiency (the‘fraction of atoms placed on the source which are
ionized) is a strong fUnction_of the expérimental conditions of
p&fity, etco, but the efficiencies for different elements range from

-8

values approaching unity for rubidium, to 107 for some transition
metals like molybdenum., Fortunately many elements are in the region
of efficiency greater than 10~> which makes separation work with a
few million disintegrations per minute quite précticala

A modified bémbafdmenf source iﬁ which'the solid sample is
vaporized into an electron stream in a relatively‘field free region
has been used with some improvementvih yield. It is capable of con-
‘siderable improvement and will undoubtedly be of use in the case of
elements which are extremely inefficient on the thermal source. Its
complexity has resulted in no general use beihg made of this source
in the present work on shortelivéd isotopes., . :

A third type of ion source which has been used is-designed'to
avoid the ineffiéiency associated with a thermal ion source when used
at high temperatures. ‘A'SOurce somewhat like this was first used in
1951 by Mr. F. L. Reynolds of this laboratory, but the present source
is a modification of a multiple filament source suggested and used by
Inghram(,_"7 A drawing of this source is shown in Fig. 3 ﬁhere the
standard tﬁngsfen ribbon filaments are shown as A;B, and C. The
filament B is the ionization filament while both A and C are sémple
mounting filaments. In operation all three filaments are at the same
potential as the mounting plate except for the low voltage alternat-
ing current passed through them for heating;

The principle of operatibn is that ions are formed at the.surface

of filament B by contact of neutral particles evaporated from the
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Fig. 3. Multiple filament ion source.
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sample filaments. This type of source has been used successfully
with the relatively poor thermal emitters, but it seems to be of much
less value for relativély efficient thermal ionizers. Presumably, the
advantage of this source lies in improving the efficiency of those
elements whose ion—=emitting compounds must be raised to such a high
temperature for emission that vaporization as neutral particles is
very much more prob;ble than ionization, and quite rapid. The
multiple filament arrangement allows a very high temperature (and
therefore a higher probability of ionization) to be used in the
ionization region while +the rate of wvaporization of the sample into
this region is controlled by a much lower temperature. For elements
where the thermal'ionizatioﬁ efficiency is already high, not much is
gained by this method, the sméll solid angle subtended by the hot
filament becoming increasingly important, In fact, the ion yield may
actually decrease below that for a conventional thermal source. This
has been found %o be the case for cesium. Even so, this source was
of great value in the case of erbium, which is sufficiently poor as a
thermal emitter that the multiple filaﬁent source adds to the yield

significantly.

IIT, SEPARATIONS AND MASS ASSIGNMENTS
A, Cesium Isotopes
The first element chosen fornisotope separation work was cesium,
the choice being governed somewhat by the remarkably high ionization
efficiency of that element from a thermal ion source. At the samé

time, Mr, Hirdaya Mathur of this laboratory was interested in the
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lighter neutron deficient xenon and cesium isotopes and had already
found evidence of a new cesium activity in this region. It was decided
to look for this isotope directly_on‘the time~of=flight'separator in
order to establish its mass number and correct half-=life,

N The cesium fraction was chemically separated from targets of
Cals which had been bombarded with 100 Mev helium ions. Since IR’
is the only stable iodine isotope, the (a,xn) reactions are expected
to produce all the neutron deficient cesium isotopes below mass 131.
The gross decay of the cesium fraction showed periods of about
30 hours, 5.5 hours, and 45 minutes, the latter being the new activity.
cs129 ang 03127 were préviously assigned mass spectrographically to

the 31 hour and 5.5 hour periods8

and the new activity was tentatively
'vassigned to mass 125 on the basis of its half-=life and its absence in
bombardments at less than 50 Mev.

The chemical separation was made by dissolving.the target material
in water, carrying the cesium on silicotungstic acid precipitated from
13 M HC1, and redissolving this precipitate in water. This solution
was passed through a short column packed with Dowex 50 cation exchange
resin, which adsorbs only the cesium. The column was carefully washed
with water and the cesium eluted with a 1little 13 M HCl. This was
evaporated with a small amount of sulfuric acid and eventually placed
on the tungsten filament of the standard thermal ion source. \This
separation gave a high yield of cesium activity relatively free of
other alkali metal salts. Such impurities would have been undesirable

even in small quantities, since the original separator tube was quite

. Ssensitive to large ion beams as explained in section II,
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05125.-—Several_collectgon runs were made on Cslzsz(formed along
with cs®7 and cs¥?9 in the bpmbardmént of iodine with helium ions),

a typical example being summarized below:

Mass number Collection Initial

time (sec.) “activity ¢/m
130 | L 49
126 A ' 32
125 | 7 %4
Bg. " - 15

. 'This collection was made to collect three masses during the:same
run, by switching alternately from one to another of the mass numbers
by means of the cycling device mentioned in section II. A fourth

. collection plate was kept at a potential such that only neutral atoms

w.; could be collected on it and the activity on this plate is labeled Bg.

The column labeled collection time indicates the total time each mass
-number was collected during the 15 second cycle.of-the switching
mechanism. The activity in column three is the initial countihg rate
of the sample plate, immediately after the run, in a chlorine-argon
filled Geiger counter at about 10 percent geometry. This counting
information applies to all the work reported in this thesis, -

All three sample plates decayed r;pidly and with approximately
the same half-life indicating that most of the activity on the mass
130 and mass 126 plates was vaporized neutral material of about the

same composition as the gross sample; The discrepancy between these
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plates and the background plate was a little disturbing and several
checks were made on the reproducibility of the amount of vaporized
material on each plate, These experiments indicated that the plates
were not in identically symmetrical positions with respect to the axis
of the tube. This was corrected and steps were taken to reduce the
relative amount of vapériied material in subsequent runs, eSpecially
in the second.tube where the collection plates were placed farther
from the tube axis.

125 was

Also, in this run the efficiency of collection of the Cs
not as high as had béen expected, although this can be accéunted for
by a small calibration shift due to electrostatic charging of the
tube walls. Several other collections were in.agreemént with this
assignment.

125 was

After completing the second separator tube, a sample of Cs
collected from a similar bombardment in which the initial activity of
03125 was 18,000 ¢/m with a background due to neutral atoms of less
.than 15 ¢/m. This sample was probably better than 99,9 percent pure
and was used to study the gamma ray spectrum free from contamination
by the other cesium isotopes, an experiment which is extremely diffi-
cult to do by any other method.

On the baéis of the various separated samples, the half-life of
s1?? has been directly determined as 44 + 1 minutes. This is in
agreement with the 45 mimite half-lifé obtained from a careful
resolution of the gross decay. C3125 was observed to decay with
emission of a positron of maximum energy 2.05 Mev and an associated
gamma. ray of 0,115 Mev.9 Details of the radiation characteristics will

be reported elsewhere.
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03130

and Cslzgoa—Cesiuml3o has been reported as a product in
low energy'helium ion bombardments of iodine. It decays by emission
of a positron with a 30 minute half=life°8 This half-1ife offered
some obstacle to direct assignment by means of a conventional mass
spectrometer, but with the time-of-flight machine it was felt that
the experiment was reasonable. Only the first separator tube was
available at the time the experiment was undertaken and consequently
the yields of separated material were quite low. Large samples of
Cal, were bombarded with helium ions of approximately 23 Mev energy
and the cesium fraction chemically separated and run in the time-of-

flight separator. A typical example of these runs is shown in the

following table.

Mass number Collection Initial
time (sec.) activity c/m
131 5 2
130 o 5 130 9
129 | 5 1
Bg. - 2

The mass 130 plate decayed with approximately a 32 minute half-
life while the mass 129 plate had a decay which was in reasonable

1299 considering

agreement with the reported 31 hour half-life for Cs
the small amount of activity collected. This isotope had previously
been assigned with a Nier type mass spectrograph, and no further work

was done on it.
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0s1R7.—_On several occasiong, samples of relatively pure 08127
- Were desired for study of the gamma rays emitted in its:decay'and for
a direct determination of the half-life. The sample was chemically
separated as described befpfe from a target of Cals bombarded with

-75-100 Mev helium ions. This bombardment also produces Cslzs,-Csl30,

129° The first ﬂwo decay out quickly, but considerable amounts

and Cs
of the latter are always present. One run was made in which three

isétopes were collected. This run is summarized beélow.

Mass number Collection . Initial
' time (sec.) activity c/m
130 5 9.5
129 5 28
127 , 5 498
Bgo - ‘ . 9
127

Since the Cs is (activit§=wise) the most abundant isotope in
the mixture; the sepafated sample of this isotope was quite pure.

The decay curve was a straight‘line for over five hélf-lives until
counting statistics bégan to scatter the daté, On the basié of this
and another larger separated sample, the half-life of cs?7 was founa_
ﬁo be 6.2 + 0,1 hours instead of the previous value of 5.5 hours. -
Again the Cs129 plate was followed and gave a half-life of 25-30 hours
(after resolving out the background vaporized material) in essential

agreement with the published value of 31 hours. The gross mixture was

followed over 7 halfuli#es after the lighter isotopes had decayed and
gave a half-life of 32,8 hours for Cs129,
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B, Thallium Isotopes

The bombardment of thick gold targets with 40 Mev helium ions
gives rise to three activities of thallium which have been assigned to .
the mass numbers 198, 199, and 200.2% The reported half-lives are’
1.8, 7, and 27 hours respectively. All fhree decay by electron capture
and the two longer lived isotopes have been studied rather thoroughly
by other workers in an investigation of their radiation properties.

A direct mass assigmment on fhese isotopes was attempted early in
the present work. The chemical separation was designed to separate
the thallium fraction carrier-free from the relatively large amount of
target material with a separétion_féctor of better than ldl since it
was found that small smounts oflgold salts (1 microgram or less) had
quite adwerse effects on the ionization efficiency of thalljum. The
gold targets (10 grams) were dissolved in aqua gggig.énd‘diluted
slightly, the gold being reduced Back to the metal with SOp. It was
found that thislreduction could be made without appreciable carrying
of the activity only if done under conditions where the gold was
precipitated from a hot acid solution with excess chloride ion present.,
Under these conditions the gold is not always completely reduced. The
remaining solution is oxidized with pefsulfate, adjusted to about
6 M in hydrochloric acid, and extracted with ethyl ether, which
removes both the residual gold and the thallium in theif (III) oxida-
tion states. This ether solution is baék extracted into 3 M HC1l and
passed1iuwxgh a5 cm by‘3 mm column packed with Dowex A-2 anion
exchange resin, which adsorbs both the thallium and gold. After

washing out most other contaminants with 0.5 M HC1l followed by water,
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the separation is carried out by reducing Both the gold and thallium
with a saturated solution of S0z in water, the thallium eluting off
the colﬁmn’as.Tl+, and the metallic gold being held up in the body of
" the resin., The desired chemical state for the thermal ion source is
the thallous sulfate, which is the product of this reduction. The
sample, with a few micrograms of carrier is then evaporated on the ion
source filament with a little excess sulfuric acid to insure conver-
sion to the sulfate,

As pfeviously noted, the gross decay can be resolved into three
components, of about 1.8 houfs, 7 hours, and 27 hours. Several
collection runs were made in order to establish the mass numbers of
these activities, but many of these experiments were of no value be-
cause of the sensitivity of the ionization of thallium to small amounts
of impurities° The results of one of the more successful runs with the
'fifst separator tube are given below, ’This_separation was finished
about 10 hours after thé bombardment, at which time the activity due

to the 7 hour and 1.8 hour isotopes is in the ratio of 5 to 1.

Mass number Collection Initial Decay
time (sec.) activity ¢/m period

200 5 . 175 T e
199 5 . 3883 7.3 hrs
198 5 1355 1.5 hrs
‘ 5.2 hrs

Bg. - . - 200 g—
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The observed difference in activity on the background and mass 200
plates can be accounted for by the difference in counting efficiency
of the two different Geiger tubes used for the measurements. This
indicates the absence of any 71290 which is not surprising, since it
would not be expected to be present to the extent of more thaﬁ ZO ¢/m
on the basis of its abundance iﬁ the total sample.

The two periods observed on the mass 198 plate were a little
surprising and it was felt this result might possiblj have been the
result of a partial breakdown of the automatic counting'fecorder used
to folléw tﬁe decay. For this reason itvwas felt necessary to prove
the‘existence of the 5.2 hour iéomef_by a better experimento

The proof of this assigmment was deferred until the second
éepafator tube was completed in order to take advantage of its greater
stability. Then a similar bombgrdment was made in which the thallium
fraction was allowed to decay for about a day after the bombardment,
and the isotépe separation was made about 30 hours after bombardmént.
In this case all the short-lived mass 198 activity should have.
deéayed and only the lﬁnger—lived isomer would be present. The
collection was arranged much as in the previous thallium separation

as follows:

Mass number Collection Initial Period
' time (sec.) activity observed
200 5 . 960 ¢/m 8 hrs
28 hrs
199 5 13,000 ¢/m 7.4 + 0.1 hrs
198 5 2,500 ¢/m 5.3 + 0.1 hrs

Bg. - 89 c¢/m —
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This confirms the 5.3 hour activity at mass 198 which is
believed to be an isomer of T1198, and confirms the assignments of
the other two isotopes. The short period observed on the mass 200
plate is still not explained since one would expect at most only
100-150 c¢/m of the T1199 to be present in this sample even if the
résolutioﬁvis as ppor as a 1 percent overlap at the adjacent mass -

‘number. The observed amount of this short activity at mass 200 was

nearly half the total sample (450 c¢/m). This is felt to be too
much to be due to the resolution overlap and may perhaps be an indi-
cation ofbanother isomer. Unfortunately the experiment necessary to
prove or eliminaté this possibiiity will be quite difficult to per-
form because of the difficulty of making large amounts of leoo free
1 | of T119%, This is not impossible and may be done in the future, At
‘ present, no seridus claim can be-ﬁade for the existence of the short-
lived isomer of masé 200, ,

It will be noted that the half-1ife of T1199 has been shifted to
a longer value than obtained from the resolution of the gross decay.
This is in agreement with fhe obsefﬁation of a 5.3 hour period which
cannbt be resolved but yields an average value of 7.0 for both periods,
In addition there is evidence that the short-lived isomer of T1198 may
have a half-life slightly shorter than 1.8 hours, although the cer-
tainty of this half-1ife, which is based on a much smaller sample, is
less than for the other three periods. |

Since in every case the chemical separation takes considerably
longer than the half-life of the shorter isomer of T1198,‘there would

-be the possibility that the 5.3 hour period is really an isomer of
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Hg198 not previously reported. However, from a consideration of the
relative ionization efficiencies of théllium and mercury,wit is felt
that this possibility is extremely remote. |

While these separated samples were available, the gamma ray spec-
trum of each was determined with a sodium iodide-scintillation spec-
trometer. The gamma rays of 71199 and T1%%C have been observed
previouslyll and are summarized below with the energieé observed with

the mass separated samples.

Isotope Gamma energy ~ Observed
(Mev) gamma energy
(See Ref. 11) (Mev)
- 11200 0.365 0.365
‘ : 0.577 0,578
0.622 0.610
0.829 —
1,210 -
1.360 -
99 o.049 -
0.078 —_—
0.103 ' —
0.157 0.150
0.206 | 0.203
0.245 : 0.240
0.332 0.334

0.454 0.454

The lower energy gamma rays nbfulisted in columﬁ'three for Tl199

were probably not observed because of a high conversion coefficient.

The values in column two are from observations of the conversion

electrons.
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The separated T1198 sample containing only the 5.3 hour isomer
showed a clean spectrum with a prominent gamma ray at 0.405 Mev and a
less abundant transition at about 0,650 Mev. No evidence of any

199 on this plate,

gamma rays were seen which could be attributed to T1
The higher energy gamms rays of leoo were not searched for be-
cause of time limitations and the low activity of the sample. It is
interesting to note that a careful search in the region below 500 kev
shows no sign of the 71199 gamma rays in this sample of mass 200, This
is more indication that the short period observed on this plate may
not bg due to the overlap of the resolution in the separator.
However any attempt to establish limits on the amount that could have
been observed leads to the conclusion that this is not a conclusive
argument in favor of the mass 200 isomer.
The assignment of the mass 198 isomer illustrates a case in which
separation of isotopes by a method such as used here is able to make

an identification which would be extremely difficult by most ordinary

methods.,

Ce The Rare Earth Elements Ytterbium, Thulium, and Erbium
In the course of the work of Mr., W. E. Nervik on the spallation
‘of tantalum by 340 Mev protons, it became necessary to know a litile
more certainly the mass numbers and decay properties of the neutron
deficient isotopes of the heavy rare earth elements Jutetium, ytterb-
ium, thulium, and erbium, since these account for a considerable part
of the spallation yield. It will be noted from'Figo 4 that few of

the lighter isotopes of these elements were well accounted for. This
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Fig.4, Summary of nreviously cbserved isotones in the unper
rare earth region.-
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is due primarily to the difficulty of achieving a chemical separation
of the rare earths from each other in a sufficiently short time to
allow the study of any half-lives of the order of a few houfs. The
scarcity of bombardment target materials is also a factor in the lack
of data on thegse elements,

Due to the efforts of Mr. Nervik, who collaborated in this work,
a quite satisfactory chemical separation has been developed which
allows separation of the four elements of interest 8 hours after the
bombardment. This is sufficient'to allow the observation of half-lives
as short as 1 hour, although no mass separations were done on isotopes
with half-lives less than 3 hours. | |

The basis of the chemical sepération (which will be published in
detail‘elsewhere) is an ion exchange method. The total rare earth
fra;tion from the bombardment is adsorbed on a small amount of Dowex
4 percent cross-linked cation exchange resin and placed on the top of
a8 40 cm by 1.5 cm column packed with the same resin. Elution of the
saﬁple with pH 3.0 ammonium lactate solution produces the desired
separation. The entire column is heated to 80° ¢ by trichloroethylene
vapor circulating about the column which is thermally insulated by a
vacﬁum jacket.

A typical elution curve is shown in Fig. 5 in which the activity
eluted per unit volume is plotted (upper curve) as a function of the
time of elution, and the element eluted is labeled. The amount of
each element eluted as determined by.optical spectrographic analysis
of stableiisotopes added as carrier is plotted in the lower curve-in

order to verify the assignment‘of each activity peak to a given
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element. The particular bombardment from which this curve was ob-

"~ “tained was one of many in which metallic tantalum was bombarded with

- 340 Mev protons. The upper time scale is in hours after. bombardment
" to give an idea when the various mass separations could be begun,
while the lower time scale indicates the elution time after the beginn-
ing of the column run. Times to the peaks for each elements are
labeled above those peakso-» |

Since the isotopes of these elements produced in the spallation
- of tantalum were of primary interest, this type of bombardment proved
vto be the most practical:methdd of producing the desired isotopes,
since it was demonstrated that sufficient activity could -be produced
by using relatively.thick-targets and bombardment times of 2-3 hours.
Considerable quantities.of adtiVity are needed‘sincexthese.eleﬁents
- are not highly efficient thermal ion-emittérs, erbium being among the
© worst in the entire rare earth series, while lutetium has as yet not
yielded usable results because of the difficulty of ‘producing.-ions
from any -compound tried so far. In addition to the other obstacles,
-the temperatures at which these elements emit ions‘*are sufficiently
high that the vaporization of neutral particles from the ion source
becomes an increasingly important problem which severely limits the
sensitivity of detection of isotopes present in a sample in low yield. -
In general good results were obtained with sulfate samples containing
several micrograms of stable element and lO6 or.lO7 c/m.of-each
isotopes

It was found by observing the gross decay of each separated

element that several new decay periods had been formed, and some
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vpreviously reported isotopes were not immediately apparent. From the
conplexity of theddecay curvesﬂthis latter result was not.surprisingo
‘ »One of the,advantages of thisvmethod of producing the isotopes de-
‘sired was that sufficient activity could be made without having'large
amounts of stable rare earth elements present (eege, as’target
material) and consequently?a faster chemical separation was possible.
The spallation yield for holmium is relatively:low andlno work is
reported for this or lower atomic numbers. |
_fSince‘the region under consideration contained several'new iso-
topes.as uell aszthe-possibility of niS—assignments of previously
observed isotopes, it wvas felt that much time'could be saved by making
a prelimlnary survey of the entire mass spectrum of each element with
a conventlonal Nler type magnetlc deflectlon mass spectrograph° This
‘was planned in order to observe at least the most abundant actlve
1sotopes whlch now that the mass numbers were known, could be ‘collec-
_ ted in the time—of—fllght separator w1th 2 minimum of wasted effort.
The observatlon of the decay of the separated samples furnlshes the
COmplete a331gnment. Of course relatlve half-llves can be obtalned
from the transfer plate technlque and this data was of use in plannlng
the mass separatlonso |
The lower transmission of the conventional mass spectrograph for
ions is partially amended by thevrelativelydhlgh sensitiuity of the
photographic- transfer technidue; especially for eleotron capture
activities; whlch comprise the bulk oé the isotopes under study. In
~addition, the mass separated samples‘from the time-of-flight separator

were counted on a Geiger tube, with quite low counting efficiency for



these activities. These two facts tend to lessen the apparent
difference in sensitivity of the two instruments. A more realistic
use of the increased transmission of the newer instrument.would.have
been made if the maximum counting sensitivity had been used. However,
in view of the problem of the neutral background this was not felt
justified sincevthe Vaporized material sets the real limit of
sensitivity. |

A1l the rare earth elements were uséd in the form of sulfate.
samples on the ion source, The standard thermal ion source was used
on thulium and ytterbium, while a considerable improvement in yield
was obtained in the case of erbium by the use of the modified multiple
filament source described in section III.

1. Ytterbium.--A glance at Fig. 4 will show that ytterbium had
only two previously known isotopes in the neutron deficient region,
Yb166 (62 hoﬁrs), and Yo% (32 days). The gross decay of the
ytterbium fraction f?om the spallation of tantalum shows a complex

decay which can be resolved into components of the following periods:

Half-life . Isotope (probable)
78 min decay TH167
7.7 br growth 100
62 hr decay Yb166
. 169

32 day decay Yb
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The shorter period is a previously ﬁnreporﬂéd isotope which has
been assigned to Yb167 by chemical identification of its decay pro-
duct (Tm®7) vhich has subsequently been assigned directly.

- . A sample of the gross ytterbium fraction was run in the Nier
type mass spectrograph with photographic collection and using the .
photographic transfer technique desceribed in section I, . Traﬁsfer-lines
were obtained at mass 166 and mass 169 at intervals, the relative
intensities varying in a way that is consistent with the assignment of
. the two activities to the 62 hour and 32 day periods respectively.
The same type of samples were run on the time-of=flight
. separator. The results of two.runs are given below (all subse~

quent collections are made for equal times on each mass number)g

Run I
.Mass number ‘Initial activity- - Observed. decay
' c/m
166 - 450 7.4 hr growth
: . o .. 59  hr decay . -
165 100 e
167 100 -
Bg . , 100 N -
Run II
166 1977 7.5 hr growth
58  hr decay
169 681 31 da& decay

Bg. ' 135 --
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The half-lives reported in this and the following work were ob-
tained from the total decay of the mass separated samples by simple
resolutionlof the periods observed. Because of the backgroﬁnd of
vaporized material, each sample was not a straight line, but had more
or less'impurity of the other isbtopes of the same element present in
the original sample. In principle, a straight line decey should
result (except for the growth of a daughter) by subtracting the back-
ground plate activity from that of any sample at various times, In
practice, resolution of the curves is found to be simpler,-but a
careful check is made to see that the resolved activities,.other than
the sample being collected, agree with the amount of background
actually present, due account being taken of the fact that some of the
background material is also the same as‘that of the separated sample.
In this way it is felt that whenever reasonable amouﬁts were separated,
the observed halfflives are a least as good as, and probably better
than those obtained from the resolution of the gross decay curve,.
especially .when the gross decay curve is complex., The one exception
to this is the case of the longest-lived components of each element,

169, vhere large pure samples for half-1ife determinations

such as Yb
can be obtained by allowing the shorter components to decay out.

‘The failufe to observe any significant activity at mass 165 and
mass 167 merely confirms the belief that these two isotopes are
either not formed in comparable yields or have quite short half-lives.

As mentioned above, there is independent evidence for the assignment

of the 78 minute ytterbium period o Y167,
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2. Thulium isotopes.--The thulium fraction fromithe spallation
of tantalum decays with a complex curve iﬁdicating periods. of”
7.7 hours, 9.6 days, 29 hours, and 85 days, the:latter being- in
extremely small yield. As seen in Fig. 4, the 85 day, 9.6 day, and
168 1, 167

7.7 hour activities have been assigned previously to Tm s, and

Tm166, respectively.

Two runs of the thulium fraction were made in the Nier:type.
instrument with photographic collection. The transfer plates: made at
varying timgs indicated only two active isotopes, at mass numbers 165
and 167. The felative half-lives were such that they could be
assigned to the 29 hour and 9.6 day periods, respectively. No line was
seen at mass 166 although these exposures were made within 12 hours

after the bombardment, so that if Tm166 is not made directly, it would

1,166

-not have had time to form in maximum yield from the Y parent,.
which has a 60 hour half-life. It has been noted from several obser-
vations, such as the low yield of shielded isotopes, that the primary
method of formaﬁion of all‘thé rare earth isotopes seen in these -
bombardments is by decay through the electron capture-positron decay.
chain, from an initial light tantalum or hafnium parent. This helps
explain the low yield immediately after bombardment of such isotopes

166 and Er165.

as Tm
Mass separation experiments were made on the thulium fraction at
several different times after bombardment, the chemical separation

being delayed until just before the mass separation. The result of

two such runs are summarized below,



/8~

I. Chemical Separation 24 Hours
After Bombardment

Mass mumber Initial activity Observed period
c/m '
167 460 9.6 days
166 . | ) . 718 Lo } 8'.0 hrs
‘ _ ' 53 hrs
165 690 29 hrs
Bg. | 280 | —_—

ITI. Chemical Separation immediately
After Bombardment

167 ' 1258 - . 9,2 days
166 - 490 . . 8.0 hrs
‘ 50 hrs
165 _n:ﬂ 1750 jg{" 35;5‘hr;
 Beg. 190 '_; |

The yield of the 7.7 hour thulium relative to the 30 hour
activity was much higher in the case of the separatibn'made a day
 after the bombardment, indicating that much of the yield is from the
decay of 75160, The 50 hour activity at mass 166 is a little disturb-
ing but it could easily be a small amount of Ybl®®, vhich is made in
very high yiéld;_not completely separated by the chemistry. Not every
chemical separation was entirely reproducible, so there is the pbssi;
bility that perhaps as much as 2-3 percent ytterbium might have been

in the cut taken for the thulium fraction. This mueh, coupled with
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the fact that the ionization efficiency for ytterbium may be as much
as five times that of thulium, can explain most of the 50 hour activity
observed, which was less than one third of the total activity at

1166

mass 166. Of course, the yield of in IT is undoubtedly moétly

due to the decay of Yb166

also, the time required for chemical
separation being an appreciable fraction of the half-life of this
activity. |

| The yields of any mass 163 or 161 thulium isotopes are quite low

165)

(less than one fifth of the yield of Tm if present, and have not

been observed as yet,

3 -Erbium.-—Erbium has presented the most difficulties, pri-
marily because of the éxtremely low ionization efficiency with a
thermél ion source. For this reason, the only significant results
have been obtained with the mulfiple filament source described in
section II. Even with this source, the total yield of erbium is
1es§ than with thulium, but of the same ordérvof magnitude.

The gross decay of the erbium fractiqn from the Spallation 6f
tantalum shows decay periods of about 3.5 hours, 29 hours, and a long
decay of about 9 days in very low yield. The two shorter periods are

165

new isotopes and the>10 hour Er is not seen in this gross decay

when chemical separation is made shortly after bombardment. However,
a sample of chemically separated thulium can be milked for erbium to
yield the 10 hour isotope, presumably as the decay product of Tm165.
The. erbium fraction was éun on the Nier type méss spectrograph,

again with photographic collection. The transfer plates showed three
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active lines at mass 165, mass 161, and mass 16C. The chemical separa-
tion here must be very good in order to avoid the possibility of a-
little thulium impurity overshadowing the erbium because of the large
difference in ionization efficiency. It is believed that the line
observed at mass.165 in this case is due primarily to thulium: impurity,
since no significant amount of activity can be collected as mass 165
in the time—of-flight separator under conditions where the chemistry
has been more cafefully performed. In this*case the‘transfer.platés
indicated that the 3.5 hour activity and 29 hour activity could be
assigned to mass 161 and 160, respectively. The line at mass 165 could
be explained by a 29 hour half-life.

A summary of the result of a separation of the erbium isotopes :
made within 12 hours after the bombardment is given below. The sam-

ples were run as the sulfate on the multiple filament source.

~Mass number -~ Initial activity  Observed period
c/m
1160 ’ 491  20.8 rs
161 | 271 - 3.5 hrs
65 45 -
Bg. | _F- | 24". -

The small amount of activity above background in the case of the
mass 165 plate is not inconsistent with the amount of this isotope

which might be present at the time of separation, but no real faith
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can be placed.in such a counting rate., The other isotopes collected
were relatively pure and it is felt that the half-lives are reliable.
A point of some interest is the absence of an initial growth on
the éeparated samples of Tm165, Erléo, and Erlél. -In the casé of the
erbium isotopes, the daﬁghters have half-lives of 22 minutes and
4.6 hours, respectively, so that the séﬁple used in the isotope
separator had reached equilibrium before the mass separation. Thus,
because of the higher efficiency of ioniZation of the daughter, the
separated sample might well contain this daughter in roughly equilibrium
amounts. If not, the mass separations in this case often took 2 or 3
hburs, so that there was time for Ho160 to come to eqﬁilibrium during

the run, while the Ho161 might well not be resolved from the 3.5 hour

165

erbium even if it were present. The case of Tm showing no growth

is more difficult to explain but the primary effect is probably that

165 15 sufficiently low that no

the counting efficiency of the Er
significant growth was seen on the sample which had come part way to

equilibrium during the mass separation itself.

IV. CONCLUSION
The utiiity of the time—of—flight isotope separator has been
demonsﬁrated in the mass assigmment of artificially produced radio-
active isotopes and sufficient quantities of many isotopes can be
collected to allow study of their radiation characteristics. This
has been done with many of the samples collected in the course of the
work done in this thesis, especially with the new isotopes which

usually decay by electron capture. Here the investigation of the
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gamma ray spectrum can be made easily with a scintillation counter and
a pulse height discriminator,

The instrument. has considerably higher transmission for ions than
conventional mass spectrometers, a property of prime importance in .
cases where the amount of active material is quite limited. It has
many other advantages which make it quitéAuseful for relatively short-
lived activities, where other methods of assignment or separation may
also work, but become more difficult. Finally, since it is quite
stable in calibration, it serves as its own'mass standard and
obviates the neéessity for some independent establishment of the mass
scale,

Further exﬁloitation of .the possibilities of the instrument may
well be in the direction of increasing the ultiﬁate sensitivity of
detection by eliminating the present undesirable neutral background
activity. A further increase in ion transmission can probably be
made but any significant improvement in total yield will have to come

from improved low energy spread ion sources for solid samples.
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