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ABSTRACT 

• 

Radioacti~ zirconium isotopes of mass number < 90 have been 

prepared by bombardment of niobium with 100 Mev protonso These isotopes 

and their deca! products have been extensively studied.in the beta ray 

spectrometer_~¢ by radiochemical methodso zr87 is shown to be a 

94 ± 6 minute !j!.Ctivity emitting positrons of 2 olO ! 0 o02 Mev energy and

decaying into yS7mo Accompanying its 14 hour decay into y87, y87m has a 
-· 

complex gamma ray spectrum o _ .The most prominent conversion electrons cor-
, 

·.respond to a Oo389 ! Oo004 Mev garnrna-rayo yS7 decays by orbital electron 

capture into sr87m which isotope decays by emission of a Oo394 ~ Oo004 

Mev gamma-ray with a 2o80 ! Oo03 hour/half-life into stable sr87o zr86 
' 

is a 17 ± 2 hour orbital electron capturing isot~pe decaying intoY86 
·-- -

which in turn disintegrates into stable Sr$6 with a half-life of 14o6 
- -

! Oo2 hours ~ the emission of positronso This positron spectrum is 

complex, with two components of approximately equal intensi~yo The energies 

are lo80 ± Oo02 and lel9 ± Oo02 Mevo The-Ia~~er appears to have a forbidden 

F~'rmi-Kurie plot corresponding to first forbidden transition with a spin 

change of two units and a change of parityo 
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The energy of the zr89 positron is redetermined as Oo910 ± 

0 o010 ·Mev_, Conversion electrons corresponding to previously unreported 

gamma=rays of energy Oo027~ Oo396, Oo917 and lo27 Mev are observedo 

:Preliminary evidence for zr88 is presented which indicates that this 

isotope decays by the capture of orbital'electrons with a half=life of 
. a 

the order of months into/105 day y88o Conversion electrons of Oo406 

Mev gamma=ray- are prom~nent i.n the decay of zr88 o 

INTRODUCTION 

A number of the lighter neutron~eficient isotopes of zirconium 

have been prepa~ed by bombarding high purity niobium metal with 100 Mev 

protons in the 184=inch synchrocylotrono The lightest molybdenum and 

niobium isotopes produced by (p3 xn) and (p,pxn) nuclear reactions decay 

quickly by orbital electron capture or positron emiss~on to isotopes of 

zirconiumo In addition.!> zirconium isotopes are produc~d directly by 

spallation reactions of the type Nb93(p2>2pxn)zr(93o This is a convenient 

method of preparation of radioactive isotopes of zirconium of mass number 

89 or less~ free of interferenc.e from higher mass· zirconium activitieso 

The mass numbers of the stable isotopes of zirconium are 90, 9l 21 92~ 94, 

and 96 so that the isotopes to be discussed all lie on the neutron deficient 

side of stabilityo 

During the course of extensive radiochemicai and spectrometer 

s'tudies of the zirconium activities thus. prepared and on their decay. products.11 

we have assembled information on the decay of zr89, Zr88s zr87~ and zr86o 

Much of this information is new, part of it is to be compared with the 
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previous work of others, vdth which it does not always agree ... After a 

description of the chemical procedures employed, the detailed studies 

on each isotope are presented separately. 

CHEMICAL SEPARATIONS 

Thin strips of spectrographically pure niobium metal were 

bombarded for periods of from 5 to 20 minutes with 100 Mev protons in 

the 184-inch cyclotron. . Such bombardments produced tV 109 disintegra-

tions .rer minute of total zirconium activity. Numerous bombardments 

were carried out in the course of the research. 

The niobium target .foils were dissolved immediately by dropping 

them into a mi::il.-ture of concentrated HN03 and concentrated HF. Ten 

milligrams of lanthanum as lanthanmn nitrate was added with stirring to 

precipitate LaF"'-o All the zirconium activities in solution were co
;; 

preci1Jitated vdth the LaF 
3 

and cleanly separated from the niobium; a 

separation which has been studied by Be.lloul and by ·Gest, Bl;lrges and 

D • ' 2 aVleSo The co-separation is believed to be due to the surface 

d t · f .., F·· - 2 • I F a sorp lOn o ur 6 lOn on ,a 
3

• The taF3 precipitate ~s contacted 

with strong KOH to meta the size the fluoride to the hydroxide compound. 

1 N. Ballou, National Nuclear Energy Series, Plutoni~m Project 

Record, Vol. 9B, itRadiochemical Studies: The Fission Products, n Paper 

Noo 824.,4 (McGraw-Hill Book Co., Inc.,, New York, N. Ye, to be pl.lblished 1951). 

2 H o Gest, W., Ho Burges, and T. H, Davies, U. S. Atomic Energy 

Commission Declassified Document, AECD 2560 (April 18, 1949). 
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Then the hydroxide-was ~issolved in 2M HCl04 o In order to scavenge out 

any traces of niobium·which might remain, 1llanganese dioxide was precipi

tated from the resulting solution by adding in turn Mn++ and KMn0
4

o 

The zirconium was extracted from the HOlo
4 

solution by contacting 

it intimately for 15 minutes with an equal volume of a Oo~ solution of 

a=thenoyltrifluoroacetone (hereinafter referred to -as TTA) in benzeneo 

Aluminum nitrate was added to the aqueous phase to complex any traces of 

fluoride ion which might remain from the metathesis step·· since fluoride 

ion interferes with the TTA extractiono The work of Connick and McVey3 

and of-Huffman and Beaufait4 was used as a guide in this purification 

stepo The zirconium -TTA complex in benzene solutionwas thoroughly scrubbed 

of possible ~races of extraneous activities by contact with 2,M HCl04 wast 

solutiono Then the benzene solution was diluted lO=fold and contacted 
, 

with one tenth its volume of concentrated HCl to effect the return of the 

zirconium to an aqueous medium., 

This zircon tum fraction was quite pure both c~emically and 

radioactively, but to be absolutely certain of its purity it was subjected 

to an additional purification step~ capable in itself of effecting excel-

lent decontamination from most othe~ elementso The HCl solution was slowly 

passed through a short column (2cm x 4 mm) of Dowex =1 anion exchange resin* 

* Manufactured by .Dow Chemical Company, Midland, Michigan; purchased 
from Microchemical Specialties Company, Berkeley, California 

3 Ro Eo Connick and Wo Ho McVey, Jo Amo Cherne Soco 71, 3182 (1949)e -- ' 

4 Eo Ho Huffman and Lo Jo Beaufait, Jo Amo Chemo Soco 71, 3179 (1949) o 
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which had been pre-equilibrated with concentrated HClo Unpublished research 

results of this laborato~5 have shown that from solutions lOM or higher 

in HCl concentration, negatively charged chloride complex ions of zirconium 

adsorb strongly on Dowex anion resin. From solutions of concentration less 

than 6! t?ey do not adsorbo Niobium forms even stronger complexes but the 

other elements whi.ch could possibly be present are not adsorbed,. Hence 

by passing the· concentrated HCl solution through the resin column· and 

rinsing it well with more concentrated HCl solution, the zirconium was 

quantitatively and cleanly adsorbed., The zirconiUm could be immediately 

desorbed by passing a 4! HCl solution through the column. In some experi-

ments the zirconium activity was left on the column and periodically 

milked of its yttrium daughter activity by rinsing the column with 10-12! 

HCl at the proper timeo The zirconium was retained quantitatively and 

the yttrium quantitatively removed by this step. 

This isolation procedure has several advantages over some pre'vious 

methods commonly used for radiochemical isolation of zirconium such as 

co=nrecipitation on barium fluozirconate.. A principal ohe is that the 

zirconium is isolated in a carrier free state .. 

ZIRCONIUM 87 

The decay scheme which best fits our information for zr87 is 

presented in Figo 1, while the detailed chemical and physical evidence 

on which it is based is presented below. The y 87m, Y87, and sr87m isotopes 

were observed many years ago by DuBridge and Marshall,6 who measured the 

5 D. Ao Orth and Ko Street, Jr~, preliminary report on unpublished work, 

University of California Radiation Laboratory Memorandum MB-IP-451 (1/27/50). 

6 Lo Ao DuBridge and J. Marshall, Phys. ReVo 2_§, 7 (1940) o 

... 
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decay constants and established the genetic relationship of sr87m to y87c 

They did not establish experimentally the rel~tionship of y87 to y87m but . 

suggested it correctlyo During the course of our investigation a report on 

zr87 appeared by Robertson, Scott and Woolo7 These authors prepared zr87 

by helium ion bombardment of separated strontium isotopes and reported it to 

be a 2o0 ~ Ool hour activity decaying by the emission of 2o0 ! Ool Mev positrons 

and ~ emission of x-rays and gamma-rayso 

Half-Life of zr87 

The decay curve. of the zirconium fraction followed through no 

absorber with an ordinary Geiger counter starting at a time about lo5 

hours after bom1)ardment appears as in Figo 2a Inspection of the curve 

indicates a ,prominent activity with a half-life of about 90 minutes but a 

i-eliable resolution of the curve is difficult because of the complexity of ~. 

the mixtureo The growth and decay of yttrium and strontium daughter activities 
. ' . . 8 86 ' 

is superimposed on the straight decay of 78 hour Zr 9; 17 h'our Zr , and 

94 minute zr87o The nature and energies of the radiations involved did not 

allow a simplification of the resolution by following the decay through 

properly selected absorberso The half-life of zr87 was measu~ed by placing a 

sample in a high resolution beta ray spectrometer and following the decay of 

positrons of a specific energy in the high energy regiono* Other positron 

*We wish to thank Co r:Browne, Jro for assistance in this experimento 

-' 
7 Bo Eo Robertson, Wo Eo 1Scott, and Mo Lo Pool, 1Physo Revo 1.£., 1649 (1949) o 

1· 
I 
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activity was present (principally 0.910 Mev zr89)bUt by choosing an energy beyond 

the zr89 positron endpoint, the interference from it and from other causes 

was reduced to a minimumo A typical decay cur¥e is shown in Fig. 3. The 

points shown have .-been corrected for the normal counter background of 38 

counts per minute.. As the result of several determinations we. obtain a value 

of 94 !' 6 minutes for the ha:lf-life., Our value is somewhat shorter than the 

120 :?;_. 6 minute value found by Robertson et al. 7 

8? Energy of Zr Positron 

The positron spectrum of the zirconium fraction was run within 

a few hours afte:f bombardment at. a. time .when zr87 was the predominant positron 

activity, the r~tio of zr87 to zr89 being 4 to lo A carrier-free sample 

was mounted on a thin tygon film (( 30 ~g/cm2) -o~to which an extremely thin 

film of gold had been evaporated ig ~e It was then possib~e to ground the 

source to the frame of the spectrometer by means of the aluminum holder and 

avoid source charging effects., 

The 25cm radius of curvature beta ray spectrometer used in these 

investigations is of the double-focusing type proposed by Svartholm and 

Siegbahn8 and by Shull and Derinisono9 The focusing angle is~ or 

approximately 255 degrees, and the inhomogeneous field varie.s approximately 

as 1/~ c For a resolution of 1.3 percent, the theoretical transmission 

is about 1 percent; in practice the machine is usually baffled down, which 

reduces the transmission considerably. 

8 N.Svartholm and K. Siegbahn, Arkive Mato Astron. Fysik. 33!, No. 21 (1946); 

see also A. Hedgr~m, Ko Siegbam, and N. Svartholm, Proc. Phys. Soc. 63A, 960 (1950). 

9 F. Shull ~nd D. Dennison, Phys. Rev. 71, 681 (1947) and zg, 256 (1947). 
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The spectrometer was calibrated with the conversion line10 

of cs137 and thE:l. calibration was checked by. determining the energy of 

the 1'32 beta particle o + A value of LE:85 - 0.01 Mev was obtained in 
t 

excellent agreement with recent values of otherso11 Our resolution 

was usually lo5 percent with resolution defined for a monoenergetic 

electron as the full half-width of the electron line in momentum units 

divided by the momentum of the line and expres,f?ed in percent. Our electron 

detector was a Geig?r tube filled to a regulated pressure of 8o8 em with 
\ 

a 10 percent ethylene, 90 percent argon mix.ture o The tube window was 

a grid = supported form:var film of approximately 30 Jlg per cm2 thickness. 

The magnet.power supply was electronically regulated to better than Oel 

· percent. 

The Fermi-Kurie plot of the zr87 -z:r89 mixture was resolvable 

into the 2 olO :!: 0.02 Mev component of zr87 and the 0 o 910 ! 0.010 Mev 

coinponent of.zr89 and no otherso The portion.of the plot beyond the 

zr89 end point is sh9wn in Fig. 4o Our value agrees with the value 

obtained by Robertson et alo 7 by aluminum absorption measu,rement·s within 

their experimental ~rroro 

An examination of the electron spectrum showed no prominent con-

.version electrons which could be assigned to zr87, nor could evidence 

be·fo~nd for zr87 gamma-radiation by lead absorption measurements on the 

freshly purified zirconium, but we are not able to set very low limits on the 

possible presence of unconverted gamma radiation. ·Robertson et a1.7 found 

lO Lo M. Langer and RoD. Moffatt, Phys. Revo 78, 74 (1950). 

11 Lo M. Langer and Ho Co Price, Jr., Fhys. Revo 1£, 641 (1949) o 
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gamma-rays of Os35 and G.65 Mev energy and x-radiation accompanying the 
87 

decay of Zr ·• 

Identification of Decay Products of zr87 

If an yttrium fraction is milked from the purified zirconium by 

the HCl-anion exchange method outlined above within two or . three hcurs after 

the bombardment, 'the yttrium fraction is nearly 100 percent YS?m with a 

nearly undetectable trace of Y86 and y88 • If the decay of this activity is 

followed with a thin window Geiger tube using no absorber, the resulting 

decay curve is as shown by the experimental points in Fig. 5o What ~s 

represented by this curve is principally the decay of 14 hour y87m and the 

growth and decay of the conversion electrons 
· 87m 

of the 2.80 hour Sr grand-

daughter. The contribution to the counting rate of the gamma-radiation of 

y87m a'nd Sr87m and of the x-radiation of 80 hour Y87 is relatively small. 

Shown on Fig. 5 is a theoretical curve drawn for tl::~e case of a 14 hour 

parent decaying to an 80 hour daughter with undetectable radiation and a 2.80 

hour granddaughter whose radiation is detected with the sa.me efficiency as 

that of its grandparent., It is seen that the experimental points follow 

the theoretical curve except for a leveling off on a line 18 percent below 

the theoretical curveo This difference may be attributed to a'difference 

in the conversion coefficients of, the 0.389 Mev gamma-ray of.y87m and the 

Oc394 Mev gamma-ray of Sr87m, the latter being slightly lowero 

Convincing auxiliary proof the.t the decay chain is as represented 

by Fig o 1 was obtained by establishing that the gro:vrth and decay of the 

sr87m nuclide occurred quantitatively as indicated. A pure sample of yB7m 

,. 

\i 
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was·prepared as described in the last experiment and at intervals of many 

hours the sr87m, which was in transient equilibrium with it, was isolated 

and measured with a Geiger countero 

The chemical procedure was the following., One milligram of yttrium 

and of strontium were added to the y87m solution in 1 ml of dilute HCl., Then 

0.5 ml of a solution of 8=hydroxy quinoline (660 mg dissolved in 50 m1 

acetone and diluted to 200 ml with water) was addedo Yttrium 8~hydroxy quinolinate 

was precipitated by adding concentrated NH
4

0H dropwise until the precipitate 

.Just failed to redissolveo After the precipitate was heated in boiling water. 

five minutes, centrifuged and separated, it was redissolved in dilute HCl 

a.nd set aside until the time of the next milking., To the original supernate 

four drops of saturated sodium oxalate solutionwere add~d, followed by one 

drop of dilute ammonia to precipitate strontium oxalateo This precipitate 

was· evaporated on a platinum disc and countedo In several cases the decay of 

t:he'strontium sample activity was followed to establish the identify of the 

·activity., All counts were taken on the same counter using identical conditions 

and the counts were extrapolated back to the time of separation from yttriumo 

This chemical procedure is based on one given by DuBridge and Marshallo6 

Ten milkings were carried out on three separate sampleso The 

results for one sample ~re shown in Fig. 6o The crosses are the experi-

mental pointso The line is the theoretical growth and decay curve for a 2.80 

hour.granddaughter of an initially pure 14 hour parent when the daughter 

half=1ife .. is 80 hmi:r:so It is ,CO!lcluded that the genetic relationships 

are corr~ctly stated in Figo 1. 

. . 
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In one of the strontium separations ·discussed in the last· section 

an active sample was carefully rerJ::pified from any trace of yttrium activity 

and its decay followed down to background in a chlorine filled Geiger tube. 

From the resulting curve shown in Figo 7, a half-life of 2o8o·:!: 0.03 is 

datermined in excellent agreement :with the recent results of Mann and Axelo12 

Parent Daughter Relationshios of zr87 - y87m 

This relationship was established in an experiment which also 

served to measure the half-life of zr86. Three hours after bombardment a 

purified zirconium fraction was adsorbed on a short Dowex-1 resin column from 

concentrated RCl solutiono A constant slow flow of pure qoncentrated HCl was 

maintained through the columno Under the conditions used no detectable amount 

of zirconium activity stripped 9ff the column while the yttrium daughter 

activity appeared in the elutriant solution as soon as it was formedo : The 

amount of yttrium activity appearing in a definite period of time was determined 

at frequent intervals by counting the activity under standardized conditions. 

The samples were counted within a half-hour of the time the yttri)J111 was formedo 

Tn the early samples the predominant activity was 14 hour Y87m identified by 

the conversion electron of the Oo389 Mev gamma ray and by. its half-life, but 

as its 94 minute parent zr87 disapp'eared, the percentage of 14.6 hour y86, 

identified by its positron radiation, steadily ros~o This gave rise to the 

two component curve seen in Fig. 8 where the initial counts of yttrium activity 

collected in a standardized time interval are plotted against timeo This curve ·• 

12 . 8 ( ) Lo Go Mann and Po Axel, 1Physo Revo _Q, 759 1950 • 
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may be resolved into a 16o8 hour component representing Zr86, which we round 

off to i7 !2 hours, and an 85 :m1nute component representing zr87 within the 

· rather large error of the experimento 

Th·e Radiations of y87m, y87 and sr87m 

Weightless samples of y87m freshly isolated from the· zr87 parent 

were mounted ori thin tygon films (< 30 p.g/cm2) and examined in the spectra-

metero · The·most prominent radiations were the conversion electrons (See 

Figo 9) of the Oo389 Mev gamma rayo The energy was determined b,r extrapolating 
I 

the leading edge of the 1 ine o The K/L ratio was 8 o3 ! 0 o 5o Both the K/L 

ratio and the half.;.life suggest electric 25 pole radiatioJ:to 

Mann and Axel12 report the much lower value of Oo374.Mev for this 

gamma ray'o Furthermore~ they state that in only 50 percent of its disintegra

tions does Y87m decay by isomeric transition to y87, while in half the dis

integrations, Y87m decays to sr87m directlye They place their Oo374 Mev 

gamma=ray in this l~tter transitionQ We find it difficult to fit our experi= 

mental results to this decay schemeo 

Robertson et alol3 report that 14 hour yB?m decays by positron 

emission and hot by isomeric transition to y8? and state that Y87m and y87 

decay independently to sr87mo From the evidence given in the present paper 

this clearly cannot be the case o J?ossibly what Robertson and co-workers were 

measuring was the l4o6hour yttrium activity which we have assigned to y86 

(see oelow), which in their bombardments would have appeared through the sr84 

(a,pn}Y86 reactiono 

As the y87m conversion electrons decay out, the conversion electrons 

of the sr87m granddaughter grow in as shown by the plots in Figo lOo 

13 Bo Eo Robertson, Wo Eo Scott, and Mo Lo 1Pool, Physo Revo J!l, 318 (1950) o 
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Figs o 9 and 10 represent the same sample examined approxima. tely 3 hours, 

2B hours, and 45 hours after preparation of a pu're yB7m sample. The 

SrB7m gamma-ray energy is 0 o394 ± 0.004 Mevo The K/L ratio is 7 .. 2 

which, within our eXperimental error, is in 'agreement with Mann and Axel'sl2 

· S7m value,6o9o The K-line of the $r gamma-ray falls between the K and L 

lines of the yB7m gamma-ray~ 
' -·. 

Our valu~ for the srB7m gamma~ray energy may be compared to 

Helmholz 9s14 194l value of Oc3B6 and to Mann and Axel's12 recent value 

of Oo390 Mevo 

yYithin experimental error~ the area under the y87m K-line 

peak'decayed wi~h the proper 14 hour half-life while the sum of the 

areas under all four peaks decayed in a manner similar to the experi

mental points of. Figo 5 thus indicating that the observed conversion 

lines are correctly assignedo 

In addition to these prominent lines, an examination of the 

electron spectrum of freshly prepared yB?m showed six conversion electron 

lines in the region above 1 Mevo 

No detailed study has yet been made of these 

electrons but they decayed with a 14 hour half-lifeo Auger electrons 

were observed but not studiedo No negative beta particles were observed, 

and the totai number of positrons was (OoOOl.times the number of con-
-

version electronso No conversion electrons beyond the Auger region were 

observed for the 80 hour yB7 or the Sr87m except the Sr87m lines already 

discussedo 

14Ao Co Helmholz, 1Phys .. Rev .. .§Q, 422 (1941). 

.. 
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Lead absorption curves were determined on these isotopes to 

obtain evidence supplementary to the spectrometer resultso A lead 

absorption curve on a sample of Y87m is shovm in Fige llo Another curve 

for a sample of YS7 in equil~brium with its daughter'sr87m but nearly free 

of y87m is shown in the same figureo Figure 11. shows that considerable 

hard gamma.:.radiation of energy )·LO Mev accompani~s the decay. of y87m, but 

is not present in the decay of Y87 of sr87m which supports the assignment of 

the group of energetic conversion electrons mentioned above to y87mo The 

gamma ray component of the lower curve is believed to represent the Oo394 

87m Mev gamma ray of Sr o Robertson et alol3 .report conversion electrons of a 

0 o5 Mev gamma=ray of Sr87m ~nd Mann and Axel ~eport that the K-ca:ptur~ decay 

of SO hour y87 is immediately followed by emission of a Oo485 Mev gamma rayo 

We faiied to see these conversion electrons in our spectrometer studies, but 

the conversion coefficient measured by these authors is small enough that we 

could have overlooked themo If this Oo485 Mev'gamma=ray is correctly assigned, 

the absorption curve of Figo 11 represents a 1/1 mixture of a Oe485 and a Oo394 

Mev.gamma rayo 

YTTRIUM 86 

When a purified zirconium fraction was allowed to decay for 24 hours 

after bombardment and then stripped of its yttrimn daughters, no more of the 

mass 87 chain daughters were formedo If a fresh yttrium fraction was then 

separated after a few hours or a day or two, 'considerable positron activity 

was foundo The activity decayed as shovm in Figo 12 with a half=life 
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+ 
of 14.6 ~ 0.2 hours. The small amount of long-lived activity amounting to 

< 0.1 percent of the initial counting rate is yBB. A lead absorption curve 

was determiped, and it was found that a 1.4 Mev gamma ray accompanies the decay 

as shown in Fig. 13. This yttrium activity was identical to an yttriTh~ isotope 

discovered by S. V. Castner15 in bombardments of strontium isotopes and 
I 

assigned by him to mass num~er 86. Castner found through relative yields of 

this nuclide from bombardments of stronti11m isotopes of different isotopic 

enrichments wlth proton beams of differing energies that the most probable 

mass assignment was 86, but this is not certain. 

A ca~rier-free sample of this activity was studied in the spectre-

meter with interesting resultso A Fermi-Kurie plot of the positron spectrum 

corrected for instrumental distortion according to Owen and Primakoff16 

is shown in Fig. 14 •. Two components are present in about equal intensity, 

+ + with .maximum energies of L80 - 0.02 Mev and 1.19 - 0.02 Mev. There are not 

sufficient data on the high energy component to establish any deviation from 

linearity, but the low energy group appears to be forbidden. The comparative 

half=life ,of the low energy positron (ftiV 106) indicates a first forbidden 

transition, while the spectral shape suggests a spin change of two units and 

a change of parity. According to the theory of forbidden spectral?,lB dividing 

the ordinates of the plot of the low energy component in Fig. 14 by a1/2 should 

15 s. v. Castner,. unpublished results .• 

16 G. E. Owen and H o Primakoff, Phys. Rev. J.!z., 1406 (1948) 0 

17 Eo J. Konopinski ·and G. E .. Uh1enbeck; Phys. Rev. f!2, 308 (1941). 

18 E. · J;,---Konopinski, Rev. Mod. Phys • .12, 209 (1943). 
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yield a straight line if the transition is of this typeo The factor a = 

(e2 ~ 1) + (60 - e) 2,~ with e the energy in units of 1m
0
c2» arises from the unique 

energy ~ependence of this transitiono Fig. 14 shows such a corrected plot, 

and it is seen that a straight line does indeed resulto 

The factor c :::: (s2'·1 1) 2 + (10/3) (€:2 - 1) (e - e) 2 + (£ - €)4 
' 0 0 

gave a poor fito Conformity to this factor would have indicated a second for-

bidden transition with a spin change of 3 units and no change in parity. 

Internal conversion lines were sought, but none were seeno However, 

the samples were of comparatively low intensity, and the presence of gamma 

radiation other than the hard lo4 Mev gamma ray cannot be ruled outo 

. ZIRCONIUM 89 

6 19 89 The previously reported ' 78-80 hour nuclide, Zr , was the 

prominent activity in our zirconium fractions when repurified several days 

after bombardmento By this time the other zirconium activities had decayed 

out with the exception of zr88, discussed 'below~ which because of its long 

half-life and inefficiently counted x-radiation contributed only a few percent 

to the total radiation at this timeo A decay curve for such a zirconium 

sample counted in a chlorine filled Geiger tube through no absorber is shown 

in Fig. 15. The long-lived component is Zrss, the 77 hour component is zr89. 

Carrier-free samples of this activity mounted on thin tygon films 

were examined in the spectrometero The zr89 positron energy redetermined 

by a Fermi~·Kurie plot of our data gave a value of 0.910 :! 0.010 Mevo Our 

new value is somewhat lower than the value of 1.07 Mev determined by 

19 R. Overstreet, L. Jo Jacobson, and J. G. Hamilton, as reported in 

Manhattan Project Metallurgical Laboratory Report CH-498 (February 15, 1943). 
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Overstreet, Jacobson and Hamilton16 by aluminum absorption. 

The original communication
6 

on zr89 stated that no gamn~ radiation 

accompanied its decay; however, we observed four groups of conversion electrons. 
· ~anm1a 

The high energy groups corresponding to;energ~es of 0.396! 0.004, 0.917 ± 

0.005 and 1.27 ± 0.01 Mev are shown in Fig. 19. It was established that they 

decayed at the proper rate to be assigned to zr89. In addition K and L . 

. + . 
conversion electrons corresponding to a gamma-ray of 0.027 - 0 .. 001 Mev and Auger 

electrons were observed. It is apparent that the decay scheme of zr89 is 

complex. A lead absorption curve shovm in Fig. 17 corroborated the presence of 

hard gamma radiation and the decay of this radiation through 5 .. 8 grams per 
.I 

cm2 lead absorber plotted on Fig. 15 .followed the zr89 half-life. 

ZIRCONIUM 86 

The parent of the 14~6 hour y8? was looked for but no clear cut 

direct evidence for its radiations could be found. This in itself is good 

evidence that zr86 is an orbital electron capturing nuclide. Positron activity 

would have contributed a prominent component to the gross decay shown in Fig. 2 

and in particular would have been seen in the many zirconium samples studied in 

the spectrometer during the course of this worko It seems clear then that this 

isotope decays predominantly by orbital electron capture and that its ineffic

iently counted x-rays are unobserved in the presence of interfering zr89 and 

zr87 activity. Its half-life was determined indirectly in the manner discussed 

above and presented in Fig. 8, namely; by determining the amount of y86 formed 

in the zirconium fraction as a function of time. .. 
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Zirconium fractions repurified months after bombardment still 

retained considerable radioactivity" This activity was found to consist 

-Of x~radiation, gamma=radiation, and conversion electronso The x-rays were -

identified as yttrium x=rays by analyzing them with a proportional counter 

coupled to a nrtilti-channel differential pulse analyzer, a t'echnique described 

by Hanna,· Kirkwood, and Pontecorvo3° The conversion electrons were measured 

in our spectrometer and the gamma ray energy was determined to be Oo406 ± 

o004 Me'irc. The mass assignment of 88 is made on the basis of the isolation 

of the y88 daughter identified by its 105 day half-life and by its x- and 

gamma-radiationo The half-life of zr88 is of the-order of a month., These 

results on zr88 are only preliminaryo 
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FIGURE CAPTIONS 

. 87 Decay Scheme of Zr 

Gross no-absorber decay of radioactivity in zirconium fraction 
starting 1.5 hours after bombardment 

Half-life of zr87 determined by measurin~ decay of monoenergetic 
posi trans of 1 o47 l\lf.'ev in spectrometer 

Fermi-Kurie plot .of high energy part of zr87 positron spectrum 

Decay of an initially pure y87m samp1e., Points and dotted line 
are experimental. Solid curve is the theoretical decay of an 
initially pure 14 hour activity decaying to an 80 hour daughter 
and a 2.8 hour granddaughter when the parent and granddaughter 
activities are assumed to count with equal efficiencies and the 
radiation of the daughter is undetected. 

Growth and decay of sr87m 
Points are experimental. 
2.8 hour granddaughter of 
its 80 hour daughter. 

Half-+ife of Sr87m 

is an initially pure sample of y87m. 
Line is theoretical .curve for growth of 
an initially pure 14 hour activity and 

The rate of formation of yttri urn daughter activity in th.e zir
conium fraction as a function of time, starting three hours 
after bombardment. Resolution of shorter-lived component 
plotted on expanded-time scale in insert. Resolved components 
represent half-lives of zr86 and zr87. 

The conversion electrons of the 0.389 Mev gamma-ray of y87m 

The conversion electron spectrum 28 hours and 46 hours after 
preparation of pure y87m sample showin~ growth of conversion 
electrons of 0.394 Mev grurrma-ray of Sr~7m. 

Lead absorption curve on y87m (no y87 or sr87m present) and on 
an equili bri"tnn mixture of y87 and sr87m (no y87m present) .. 
Samples mounted on platinum 3.6 em from the window of commercial 
chlorine filled amperex Geiger tube, housed in aluminum-lined 
lead shield. 0.94 gms per cm2beryllium absorber immediately 
below ~ndow. Lead absorbers immediately below beryllium. 

Half-life of y8 6 

Lead absorption curve on Y86 o Conditions equivalent to Fig. 11. 
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Fermi-Kurie plot of. positron spectrum of y86 o The plot having 
ordinates (M/r2r)l72 is the unresolved curve after a small / 
instrumental distortion correctiono . The plot. of (M-M' jr2F)1 2 

is the resolv~d low energy group, and the curve with ordinates 
(M-M 7/ar2r)lf2 has been corrected as explained·in the texto 

Decay of zr89 is a sample repurified one week after bombardment 
through no absorber and through 5 0 8 grams per cm2 lead absorbero 
Long-lived background is zr88o 

Conversion electrons of zr89 

Lead absorption curve for zr89
e Sample mounted on platinum was 

5o 2 em away from end window Geiger tube fi 11 ed with argon-alcohol 
mixtureo lo9 grams beryllium absorber immediately below counter 
windowo· Lead absorbers.immediately above sampleo One half-inch 
lead around tubeo Tube and sample unhousedo 
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