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THE REACTIONS OF TANTALUM WITH 5. 7-Bev PROTONS 

James Robb Grover 

Radiation..Laboratory and Department .of Chemistry 
University of California, Berkeley, California 

September 1957 

ABSTRACT 

Tantalum was bombarded with .5.7 -Bev protons in the Bevatron at the 

University of California, Product cross sections were measured, by 

radiochemical techniques, for about 80 radioactive isotopes from mass 

number 7 (beryllium) to mass number 181 (tungsten). The results are 

very different from those found at 0.34 .Bev; the cross sections in the 
mass region A = 7 to 150 have increased by several orders of magnitude 
while those in the mass region A = 160 to 175 have decreased appreciably. 

There is no clear fission peak observab1e The bulk of the observed 

products are neutron-deficient isotopes. On the other hand, these re-

suits are similar to the observations made -by workers at Brookhaven 

National Laboratory in the bombardment of lead with 3-Bev protons The 

experimental data were treated empirically, in order to establish a 

semi-analytic Ttsystematics of cumulative cross sections, for the purpose 

of estimating (1) unmeasured yields and total isobaric cross sections, 

and (2) the course of the isobaric independent yield maxima with respect 

to the beta stability line. The observed distribution of products is 

discussed with respect to the current ideas concerning hIgh-energy 

nuclear reactions. 



TB REACTIONS OF TANTALUM WITH 5 .7-Bev PROTONS 

I. INTRODUCTION 

The investigation of the interactions of nuclei with particles 

having energies of about .Ol Bev o more is becoming an increasingly 

important approach to the problems of nuclear structure. Such studies 

have indicate.d that at these energies the nucleon-nucleon cross sections 

become small .enougji that the bombarding particle no longer interacts 

with the nucleus strictly as if it were an integral unit, but rather 

as if it were a relatively open cluster of individual nucleons, One 

hopes, on this basis )  that as the body of experimental data grows it 

may become possible to infer a more detailed picture of the distribution 

of nucleons within the nucleus than is now possible, or, as the case may 

be., to test the very idea of nucleon "location, ',' For example, the recent 

measurements of (p,pn) cross sections at Bev energies by Markowitz and 

Benioff2  appear.to  require some such factors in their interpretation. 

Early work in this field (prior to 19117) was confined to the study 

of stars, appearing in nuclear emulsions and cloud.chambers exposed to 

cosmic rays. Despite the facts that the bombarding energies were not 

clearly defined )  the target was necessarily almost ±estricted to nuclear 

emulsions, and the role of neutrons in these reactions remaine.d a mystery, 

many valuable conclusions of a qu.litative nature were drawn. The idea, 

of collisions between the bombarding ..nu'cleons and individual nucleons 

wi.thin the nucleus, leading to a group of emergent. knock-on particles, 

was proposed3 ' to account for . some of the .observe•d features of nuclear. 

stars. The early work with cosmic rays is reviewed in an article by 

Rochester and Rosser, 5  

When .machine.s capable of producing intense beams of particles of 

well-defined energy in this energy range came into Ieing (about 1911.6) )  

radiochernical identification and measurement of the reaction products 

became: possible, along with other experiments allowing more quantitative 

measurement of the phenomena associated with such reactions. In partic- 

ular, the measurement of the spectrum and angular distribution of emitted 
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neutrons,proton, alpha particles, etc., became possible for a wide 

variety of targets and bombarding energies. 6-9 

dicdveries of the first radiochemical 

workers was that the reaction products were spdver -a—w-ide--r-ange of 

mass and atomic numbers below the target. This was in disagreement with 
10 	 V 

the predictions of the compound-nucleus theory, but consistent with 

the wide distribution of star sizes previously observed in .nuclear 

emulsions. At the same time transmissioh experiments were found to 

give total inelastic cross sections decidedly smaller than the expected 

geometric cross sections, 	for various nuclei, indicating that nuclei 

are. partially transparent to bombarding nucleons of the.se  energies. 

Such observations led Serber 12  to propose the view, already mentioned 

in the preceding paragraphs, that the bombarding nucleon interacts with 

individual nucleons within the nucleus, having a mean free path in 

nuclear matter comparable with the nuclear radius, and that the conseq .uent 

wide statistical variation in the resulting knock-on cascades and de-

position energies is reflected in the wide distribution of products. 

More quantitative theoretical work soon followed; Goldberger 13  approxi-

mated the cascade event by a series of Monte Carlo calculations, and 

Le Couteur1  and Yamaguchi15  treated the evaporatibn .phase analytically 

in terms of anexcited Fermi gas, with results in fair agreement with 

observations in nuclear emulsions. An account of the progress up to 

about 1952, with special attention to radiochemical work, is given in 
areviewby Templeton.16 

Radiochemical studies in this energy range have been appearing with 

increasing frequency, so that the papers now available include a wide 

range of target nuclei and bombarding energies. A good list of the 

published results for target nuclei of A = 75 and below is given by 

Rudstani, 17  and another list, for target nuclei in which fission has been
18  

studied at these energies, is given by Shudde. 	The following list 

includes studies for which the target A varies from 89 to 209, and for 

which some work in the spallation, (cascade-evaporation) region has been 

done, 



Bomb. 
Energy Bomb. Target 
(Mev) Particle Element WOrker 

0 to 50 negative muons iodine Winsberg19  

slow negative pions 
'I 

211.0 protons yttrium 
20 

Caretto and WIig 

s240 protons iodine Dropescy 21 

60 to 240 jrotons cesium Fink and .Wiig 

311.0 protons silver 
211. 

Kofstad 

3110 protons tantalum Nervik and .Seaborg25  
26 50 to 190 deuterons antimony Lindner and Penman 

380 helium ions 

375 and 1150 protons bismuth Bennett 21  

450  protons bismuth 
28 

Sugarman et al. 

480 protons lanthanum Munin et al. 29  

480 protons bismuth Vinogradov et al.
30  

280 deuterons silver Kurchatovet al. 31  

480 protons ' 

550 helium ions " 

480 and 660 protons bismuth Murin et al. 29  
S 

2200 
S 

protons bismuth Sugarman et al. 32  

600 to 3000 protons lead Wolfgang et al. 33  

5700 protons tantalum This work 

Several workers have also systematically studied the formation of parti-

cular products of interest, e.g, tr.itium, 
311. 

 beryllium-7, 35,36 

1ithium-8, 35 ' 3  fluorine-18, 8 ' 	sodium-2, 39  terbium-19,' 	etc., 

and others have similarly studied particular processes, such as the 

(p,pxn) reactions. 1,2,11.2,11.3  

More refined theoretical calculations have ;been and are being 
17,Ii-ll-,l4-5,iI.6 

done. 	 The agreement with experiment for target nuclei of 

A = 50 to A = 75 (and for nuclear emulsions), for bombarding energies 

of 0.1 to 05 Bev, is quite good. Attempts at comparison with radio 

chemical work for A 200 has been attempted, but the experimental 



results in this region are not yet good enough to permit more than .a 

qualitative check, Above 0.5 Bev, coincident with the onset of ex 

tensive.meon production, the theoretical predictions are no longer •so 

good. Apparently new modes of product formation have appeared to 

complicate the picture. 33  

Recently, reliable proton beams of energies up. to 6.2 Bev have 

become available, with the completion of the Cosmotron and Bevatron. 

The radiochemical work which has been done at the CoSmotron at energies 

up to .3 Bev displays striking differences with the work done below 

05 Bev,3348  The distribution of .products has become so wide that all 

elements below the target areproduced with .crdss sections of at least 

a few millibarns. The cross sections for the formation of products 

.that have A < 20 increase by many orders of magnitude, . The pronounced 

fission peak oberved in .bismuth at the lower energies has apparently 

disappeared. A new..mechanism,. "fraentation 1t  (disc.ussed in Section. v), 
has been postulated33  to account for most of the new effects,. one of 

the interesting features being that .eren in the cascade event the 

nucleus is no longer regarded as a cluster of noninteracting particles, 

but that groups, of nucleons can behave more or less as units. 

The present wo±k was initiated as part of a program at Berkeley 

to extend the radiochemical observations up to about 6 Bev, Tantalum was 

chosen as the target material because it falls between copper and 

uranium, on which work was already in progress 18,949 
Also, the results 

of Nervik and Seaborg 5  in ..the bombardment of tantalum with 03 1 .Bev 

protons was available for comparison, and it was of some interest, for 

example, to see how the small fission peak that they observed wotild 

change. Tantalum has the advantage of being monoisotopic, and of being 

readily available in pure foils of varying thicknesses, 

It is hoped that such general, exploratory studies as the one 

described in this report will act as guides to the design of more defin-

itive experiments, with respect to the 'determination of nuclear structure 

and properties. 	 . 
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II. EXPERIMENTAL PROCEDURES 

A. TheTarget 

S 
The target always consisted of a stack of aluminui and tantalum 

foils, the exact number, thickness, and arrangement of which depended 

upon .the requirements of the particular experiment that was being per-

formed. In all target stacks, the first three foils on the "upstream" 

side (the side of the target stack that was first struck by the imping-

ing proton beam) were a .0.001-inch aluminum jacket foil, a 0003-inch 

aluminum monitor foil, and a 0.001-inch aluminum guard foil, respectively. 

The last foil on the "downstream" side of the stack was usually another 

0.001-inch jacket foil. The purpose of these aluminum foils will be 

explained in a subsequent section. 

When the nuclides for which cross sections were being measured 

• had atomic numbers between 15 and 71, the total target.stack Consisted 

of only the above-mentioned aluminum foils and a single .0.010-inch - 

tantalum foil sandwiched between the aluminum guard foil and the down-

stream jacket foil. 

When nuclides for whIch eross sections were being measured had 

atomic numbers less than 15, there was danger that these nuclides, which 

are also foi'med in .the aluminum foils, would recoil into the tantalum 

foil and cause high results. In this case a 0,01-inch tantalum foil 

was used as in the above-described arrangement, except that a .0.001-inch 

tantalum guard foil was placed on each .side of .the 0.010-inch foil. 

When cross sections were being measured for the production of 

nuclides with atomic numbers greater than 71, where the results could 

be seriously affected by the production of secondary particles, a much 

thinner target iasne,cessary. In .this case, both upstream and down-

stream jacke.t foils were omitted, and a single 0.001-inch tantalum foil 

was placed downstream from the aluminum ghard foil. 

Spectrographic analysis of the tantalum used in these bombard.-

ments showed no detectable impurities, except for the presence of a 

maximum of 0.1% of zirconium in the 0,001-inch tantalum foil, Assuming 
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reasonable cross sections (bad on the work .of .Markowitz) 1  .e 	for the 

production of zirconium isotope.s from zirconium, it is estimated that 

the error in the measured cross sections for the :production of zirconium 

isotopes from tantalum will be less than .3%. Typical detection limits 

for other élëments were: < 0.1% for tungsten, hafnium; < 0.05% for niobium, 

calcium; < 0.01% for zirconium, molybdenum, iron. 

All foils were carefully cleaned of grease and other foreign 

matter before bombardment by washing with chloroform and ethanol. In 

addition, the tantalum foils that were used to measure the production 

of nuclides with atomic numbers less than 15 were soaked overnight in 

aqua regia and rinsed in distilled water before bombardment, in order to 

remove any possible surface deposits of iron which might have come from 

processing the foil. 

Since it is critical that all the foils in a.target stack be of 

identical size, all the foils that were to be used as targets tbroughout 

this study were clamped together in one stack and machined to 0.5 by 

2 inches. 

To prepare a target for bombardment, the aluminum monitor and tanta,- 

1um.taxget,f6i_1s:.w_re carefully weighed with an analytical balance. Then 

the stack of foils that was to be used was carefully aligned, and held 

together with scotch ta.pe, including a piece of scotch tape on the 

leading edge. Aliment was never quite perfect; inspection with a 

low-power binocular microscope revealed the misalignment between the 

leading edges of the tantalum target foil and the aluminum mOnitor foil 

to be always less than about 0,006 inch, where the aluminum would be 

slightly ahead on one side of the leading edge, and the tantalum would 

be slightly ahead on the other side. Subsequent activity distribution 

studies indicate that the error introduced into the results  by this 

misalignment is of the order of -  5% or less. The target .stack thus 

prepared was then mounted on a lucite target holder, which in turn was 

mounted on a removable aluminum probe head. The probe head was de-

signed to fit the air-driven target ram of the Bevatron. 

In the above-described arrangement, the .target stack protruded 

1_1/4 inch beyond the end of the lucite. In .the "thick target" cases, 
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the entire 0,010-inch tantalum foil was taken for subsequent radio-

chemical analysis. However, in the " -thin target tt  case, where secondary 

particles could be troublesome, only the leading 1 inch of the stack 

was taken, and was cut off with scissors immediately following the 

bombardment. 

The way in which the Bev protons are made to strike the target 

is as follows: about 0.01 second before •the radio-frequencr accelerating 

potential is turned off, the target is plunged by means of an air-

driven ram into its bombardment location:,  which is at aslightly smaller 

radial distance :than the radius of the orbiting protons. The magnetic 

field is allowed to increase after the proton acceleration has ceased, 

which forcs the orbiting protons to spiral inward until they strike 

the target. Since they first encounter the "leading edge" of the 

target stack, one might expect to find that the leading edge has rel-

atively more activity per unit volume of material than the rest of the 

target. Such is indeed the case, as shown in Figure 1, which was 

Obtained by cutting the aluminum monitor (for a thick-target bombard-

ment) into strips parallel to the leading edge, and measuring the pro-

duction of N2  in each strip, Fully one-half of .the total activity 

appears in the first 8 or 9 mm of the target, and 20% of the actiity 

appears in the first 15 mm, 

B. The Beam Monitor 

In order to measure absolute cross sections, it was necessary 

to know how many protons had passed through the target stack. For th.i 

purpose, the reaction Al (p,3pn.) Na was used. After the borbard-

ment, the.0.003-nch aluminum monitor foil was removed from the target 

stack, cut into pieces, the dimensions of whIch corresponded approt-

mately to the dimensions of the radioactive chemical samples (to be 

described later), and mounted on cards in ths same way as the chemical 

samples. The amount of Na2  that was present was then measured by 

placing these cards in a calibrated proportional counter and following 



-11- 

1.0  

'S 

0.8 

U 
0 	 - 

N 
0 
z 0.6 - 

0 

C, 
0 

0.4- 

0 

' 0.2 - 
C 

0.0 
0 	 tO 	 20 	 30 	 40 

Distance from leading edge (mm) 

Fig. 1. Integrated fraction of total Na2  activity found 

in monitor foil, that occurs beyond D, the distance froth 

the leading edge. 
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the decay of the 15-hour half-life,component y  which was the only activ.-

ity detectable from 24 hours after bombardment onward. (except for a 

very samli amount of Na and Be ). 

Unfortunately the cross section for this reactior at 57 Bev 

is only approximately known at present. Pending the announ.ceient of a 

better value,, 10.5 mb.has been adopted. This number was obtained by 

using the .cross section for the reaction C 	(p,pn) .0 , which has been 

measured up to 1 ,1 Bev, 50 ' 51: and the ratio of cross se.ctions for the 

reactions C (p,pn) C and Al 27, (p,3pn) Na , which has been measured 

up to .3 Bey 72 ' 5  to calculate an excitation functin for.the Al 27  
24 

(p3pn) Na reaction This excitation function was then extrapolated 

to 5,7 Bev.1. . The error in the value thus, obtained is thought to be less 

than .± 20%. 	 .. 

Since large numbers of secondary particles are formed in the 

interaction of Bev protons with nuclej of large A, it. is possible that 

these secondary particles could cause some interference with 'the monitor 
27 	24 

reaction, especially due to the reaction Al (n,a) Na , . Such an 

interference has been. .reported by Wolfgang et al', 33  in 1.- to 3-Bev 

bombardments of lead. Based on their results, .a correction of .10 to 

15% has been applied in this work wherever a Ttthick'Tt  target was used. 

C. Sample Preparation 

After each.bobardment, the tantalum target.foil was workd.up 

to obtain radiochemically pure ;saniple's of several of the elements that 

are formed. These samples were to be subjected to measurements of 

their radioactivity, sometimes over a period of months, and it was 

necessary to contain the chemical sample in a reasonably sturdy mount. 

The various procedures involved in accomplishing this aim' are described 

in the following paragraphs, 	 .. 

After the bombardment the tantalum target foil was removed from 

the target stack and dropped into a .125.-mi  platinum evaporating dish 

.containing 25 ml of hot, concentrated It, amounts of suitable carriers 
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varying from 15 mg for rare earths to 30 mg for tungsten )  and main-

tained at nearly 100°C on a steam bath In those "thick target" cases 

where .the,tantalum target foil was flanked on either side by only the 

0.001-inch aluminum guard and jacket foils, these two foils were also 

added to the HF. In all other cases, only the tantalum foil was added. 

The aluminum foils, when present, dissolved quickly. The tantalum was 

then dissolved by cautiously adding concentrated END 3  dropwise, at a 

rate sufficient to cause vigorous, but not violent, foaming. Complete 

dissolution of even .the thick tantalum foils generally took only ten 

mInutes or so. As soon as the tantalum was completely dissolved, con 

centrated formi-c acid.was added, 0,5 ml at a time, until no more re-

action was obsérvable,in order to destroy the excess nitric acid 

present. The target solution was then poured into a lusteroid.cone 

kept in a cold water bath. From this point on, the treatment, of the 

target solution varied, depending on the particular elements being 

isolated. It maybe of some value to mention briefly how different 

groups of elements were brought out of this target solution., which 

usually contained gram amounts of tantalum, and concentrated HF. 

A combined preci'pitate, which may be formed by having carriers 

of both barium and some rare earth present, adding a drop or two of 

concentrated H2S0, and allowing to stand for aminute or so, was 

found to', contain all the 'rare earths, magnesium, calcium, strontium, 

and barium. 

Several elements may be precipitated directly by passing H2S 

through the target solution; they are copper, arsenic, selenium, 

molybdenum (saturate with H 
2 
 S for 20 minutes), cadmium (copper must be 

present al-so), and tellurium. 

If the pH -of the target solution is raised to the point where 

tantalum just begin-s to precipitate (pH 
- - 5), by cautiously adding 

concentrated ammonium hydroxide dropwise, accompanied by vigorous 

stirring, to the -target solution which is kept in a c-old water-bath, 

the resulting solution will be -found to precipitate palladium, and 

antimony when saturated with H2S. 
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Zirconium and hafnium are precipitated upoxi the dropise addition 

of saturated barium nItrate solution. Tantalum, when rsent :in mOderate 

amounts )  is precipitated when saturated potassium fluoride solution is 

added; tungsten may be recovered from the remaIning solution by evaporat-

ing the It' cautiously on the steam bath. 

When 2 ml of concentrated stilfuric acid is added to the cooled 

target solution, followedby 2 ml of :1/8M siI.icotungstic acid, the 

esiurn is precipitated, together wi-th some of the rubidium, upon short 

standing, 54  

Silver is best prEcipitated by adding a  few drops of HC1. 

Many of the elements for which no prec1pitait can be found may 

be recovered by first extracting most of the tantalum into dI.-isotropyl 

ketone • 25 The target solution is made 18 N in H2SO) and the tantalum 

is extracted by shaking with three successive 20-mi potions of di-

isopropyl ketone. It is bet to use a polyethylene bottle to do the 

shaking and to use polyethylene pippette:;.(hich:are eái1yfabricated 

from polyethylene tubing) to separate thelayers, whenan impurity.-

sensitive element such as sodium is being separated. The remaining 

aqueous layer is poured into a 600-ml beaker (or a large platinum dish 

if soditim is being ought), and boiled gently (there is much foaming) 

until fumes of SO3  appear, Concentrated nitric acid is then added 

• 	cautiously until the black color disappears, after whih the solution 

is fumed nearly to dryness, cooled, slurried with water, transferred 

to a 40--ml cone, and centrifuged. The resulting supernatant solution 

has been found to contain beryllium, sodium, phosphorus, manganese, 

cobalt, nickel, and zinc. 

After removal from the target solution the various elements 

were •sub3ected to standard .rad.iochemical purification procedures, 
25,55,56 

which were usually used with little or no modification. A description 

of the purification :proeedure.s followed for each element studied will 

be found in the appendix. 

The radiocheniically purified elements were precipitated in a 

suitable form for filtration, and filtered onto a dried, tared disk of 

No, 11.2 Whatman filter pape 7/8 inch in diameter, using the filter- 
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chimney arrangement described by Friedlander and Kenned.y, 51  The sample 

thus prepared wa's usually quite uniform in thickness, was circular, and 

had an area of 2.4 cm2 . 

The sample on its filter paper was dried at 1100  for 15 minutes 

or more, weighed quickly to provide an approximate assay of the chemical 

yield, and mounted. ±'or.counting. 

In the earlier part of the work, the sample-mounting arrange- 
18 

ment was almost identical to that described by Shudde; . the bottom of 

the filter-paper disk was stuck to the sticky side of a piece of inch-

wide "Texcel".brand cellophane tape, and a piece of 0.00025-inch DuPont 

Mylar (about 1 mg/cm2 ) was placed on top. The sample was then centered 

under a one-inch hole in a 2.5-by-3.5-inch..cardboard. " counting card," 

another such counting card. (also with a one-inch hole) 2.5 by 3.0. inches 

was placed below for rigidity, and the entire assembl.y was firmly 

secured with Scotch tape (Fig. 2). 

In the later part of the work, the bottom of the filter-paper 

disk was stuck to a l-inch-by-l-inch piece, of two-sided.Scotch tape 

that had been previously stuck to the center of a standard 2..5,-by-3.5-

inch aluminum "counting card' (350 mg/cm 2 ), and a piece of rubber 

hydrochloride (o, mg/cm2 ) was placed on top of the sample (Fig. 3). 

The intensities of the radiations from the samples mounted 

thus were .measured in appropriate detection equipment and .their decay 

followed, When the radiation intensities had become.sofeeble as to 

be undetectable, the samples were accurately analyzed to determine the 

fraction of the original carrier that was recovered. These analyses 

were performed by members of the Analytical Chemistry Group. 

D. Radiation Detection and Measurement 

Two different radiation-detection instruments were used to 

measure the radiation intensity of the samples. When the radiations ' 

of interet consisted of beta particles, positrons, or conversion 

electrons, an end-window gas-flow proportional counter was used, When 
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SAMPLE & FILTER PAPER 

Fig. 2. Mounting of sample for radiation measurements  in 

the earlier portion of the work. 
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• 	 PLIOFILM COVER 

c 7 4-FILTER PAPER & SAMPLE 

7 -TWO-SIDED SCOTCH TAPE 

INDENTATION 

4--ALUMINUM CARD 

MU- 14097 

Fig. 3. Mounting of sample for radiation measurement.s in 

the later portion of the work. 
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the radiations consisted of photons, 	..gañim. rays or x-rays, a 

sodium iodide crystal scintillation counter was used, Pertinent features 

of these instruments will be described below. 	;. 

1 Proportional Counter 

The counting chamber was cylindrical. (aluminum wall) with a 

window 1 inch in diameter. In the first part of the study the window 

consisted of .1.0 mg/cm2  aluminized Mylar, and in the second part of the 

study, it was 0,9 mg/cm 2  silvered nylon. . The counting gas was commercial-

ly available pure methane, and was kept flowing constantly through. the 

-chamber,. 

Nine shelves spaced at intervals from 0,130 inch to 2.630 inch 

from the .wiidow provided a selection of geometries that could be used, 

according to the counting rate of the sample.: .Usually the.. counting 

rates were low,, and the first or second shelf was used. 

The entire assembly ,was contained in a lead housing with walls 

about. two inches thick, the inside of vthich.was lined with.alurninum 

about i/i-i- inch thick to. 'mInimize scattering, 

The effective geometry of the various shelves was. determined by 

means of a Na source kindly donated foi the purpose .'by.Dr. ])Jd .Barr, 

This source consisted. of a piece of 0,003-inch aluminum foil, of nearly 

the same size and mounted in exactly the same way .as the aluminum monitor 

foils in the second. part of this study. The absolute disintegration rate 

of the Na was measured by means of the coincidence counting techniue, 5  

A factor, F, was .obtained which relate.d the obs.erved counting rate on 

some particular shelf to the absolute disintegration - rate: 

F = obâerved counting rate 
disintegrat-ion rate 

The value of F. for Shelf One was 0.459, and for Shelf Two was 

0.356. 	This corresponds to "pure." geothetries of .0,323 and 0,2.51 re- 

c. 

	

	 spe.ctivel.y, when appropriate corrections for self-scattering, self- 

- absorption )  backscattering, gamma-ray counting eff.iiency, and air -

window absorption are applied, 
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This calibration was also done using a .RaDEF source calibrated 

by the National Bureau of Standards. The pure geometry for the second 

thelf .obtained in this way was 0,258, 

2, Sodium Iodide Scintilltion Counter 

The radiation-sensitive element of the scintillation counter 

was a thallium-activated sodium iodide crystal in the form of a cylinder 

1 inch high by 1-1/2 inches in diameter. The window consisted of a 

thin sheet of beryllium, and, a thin layer pf magnesium oxide which formed 

part of the crystal mounting. The effective window thickness was found 

to be almost negligible with respect to americium L x-radiation (about 

l9kev), 

The output of the scintillation, counter was fed into a 50-channel 

pulse analyzer which displayed the photon spectrum of the radioactive 

samples. 

A number of shelves were spaced at intervals below the window, 

to permit the use of different geometries. The crystal mounting and 

shelf arrangement were contained in a large lead box, with walls two 

inches thick. 

The geometr.y factors of the various shelves were measured 59  by 

the 59,7-key gamma ray emitted by an Am 241 source, The absolute disin-

tegration rate was measured by alpha-counting the source in a chamber 

having 52% geometry, The branching ratio between the 59,7-key gamma ray 

and the alpha group was taken to be 0,37, 
6o 

Typical geometries deter-

mined in this way, corrected for finite source .width to correspond to 

actual samples, were 0,327 for Shelf One and 0,113 for Shelf Two. 

The geometry factors were also determined by means of the 1,37- 

Mev gamma ray emitted by the same Na2  source as was used to calibrate 

the proportional counter. The geometryfactors tht:obtained, using the 

photopeak counting efficiencies of Kalkstein and Hollander, 
1 
 agreed 

with the above values to within  
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• 	 III. TREATIT OF DATA 

A. Decay-Curve Analysis 

In general, each element which was separated contained more than 

one radioactive isotope, with the result that the decay curves which 

were obtained had more than one component. In order to obtain the for- 

mation cros.s sections for the isotopes which were detected, it was •neces-

saryto resolve the decay curves into their inividual components The 

methods by which this was done will be described in the following para.-

graphs,. 

Radioactive decay is governed by a first-order rate law, so that 

a plot of the logarithm of the "activity" of a single decaying species 

versus time will be a straight line. The slope is characteristic of the 

species being studied and is conveniently expressed by specifying a 

"half life," which is defined as that time required for the number of 

active nuclei present to be diminished by one-half, 

When two or more active species are present, a similar plot 

yields •a curved linewhich represents the sum of the activities of each 

of the individual species,. Such curves will "tail" into a straight line 

with a lopé corresponding to the species present which has the longest 

half life. If this straight line is extrapolated back to the time the 

measurements were begun, the contribution to the total decaycurve of 

this particular species can be subtracted. The results of the sub-

traction may then be plotted, and the whole process repeated until the 

decay curve has been completely "resolved," 

There are two complications that may arise to render inadequate 

the procedure just described. One possibility is that two of. the 

active species present may have half lives so similar that the decay 

curve never quite goes completely toa definitely linear "tail" before 

the activity of the sample becomes too feeble to measure. The other 

complication, which was often encountered in this work, was the situ-

ation in which one or more of the decaying species had daughter 

activities that were alao.radioactive, with •hlf lives that were 

roughly the same order of magnitude as the parent half.lives,. 
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These cases were usually resolved by the use of aleast-squares 

analysis of the decay data. A theoretical decay law was written in which 

the half lives of the various components were assumed to be the same as 

the best values available in the literature, and the most appropriate 

modification of the least-squares procedures described by Shudde 1T was 

used. 

In certain fortunate circumstances, one of the decaying species 

would be emittiflg easily observed gamma .rays of known energy and abundance, 

and in these cases the decay rate of the ispecies could be obtained with-

out resorting to a decay-curve resolution. These cases, and other cases 

where special techniques were used in the resolution Of decay curves, 

will be mentioned in asubsequent section, where the experimental ob-

servations are described for each element studied. 

B. Calculation of Disintegration Rates 

After a decay curve has been successfully resolved into its 

components, it is necessary to obtain for each decaying isotope some 

quantity which will express quantitatively the number: of its atoms that 

were present at the end of the bombardment, It'is .this quantity which 

mus.t be used later on in the calculation of the absolute formation cross 

section for the isotope, 

A convenient quantity to use for this purpose is the ttdisinte-

gration rate," which is defined as the number of atoms of a particular 

isotope that undergo decay innnit time. Its connection with the number 

of atoms of the isotope that are present at any given time t is expressed 

by 

.D (t) = - dl\T(t) =.N(t), where ?. 	1n2 
dt 	

1/2 

D(t) is the disintegration rate, T112  is the half life, and N(t) is the 

number of atoms. 

Each component of a successfully resolved decay curve may be 

extrapolated back to the time the bothbardment ended, yielding a set of 
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radiation intensities whose relation to the corresponding set of ds-

integration rates of the species involved .de.pnds partly on the 

Instruments that were used to establish the decay. curve, and partly 

on certain other facto's. It is. the purpose: of the following.para- 

graphs to describe, for each instriment, how the radiation intensities 

were converted into disintegration rates. 

1. Proportional Counter 

The..measured radiation. intensity (counting rate) must be cor-

rected for geometry, counting .efficency, bock-scattering,  air and 

window absorption, self-scattering, and self-absorption, and radiation 

abundance. The coincidence. correction was negligible for all counting 

rates encountered in this work, 

Geometry 

The geometry correction is that fraction of the total radiation 

which would enter the sensitive volume of the detector in. the absence 

of interfering effects such as scattering, absorption, etc,, and depends 

•on the effective solid angle subtended by the counter window as seen 

from the sample position. Ordinarily the aluminum monitor and the sample 

were counted on the same shelf .so that the geometry factor cancelled. 

However, in those many cases in which the monitor was counted with the 

proportional counter and the sample was counted with the scintillation 

counter, the geometry factors of both counters were very important, The 

calibration of the proportional •counter.with respect to geometry has 

already been described in Section .11. 

Counting efficiency 	. 

The counting efficiency is that fraction of the radiation enter-

ing the detector's sensitive volume which is counted. It was assumed 

that beta particles, positrons, and conversion electrons counted at 100% 

efficiency, and that all ;photons counted with negligible effiáiency. 

Actually, typical coi.nting efficiencies for photons were - .0.2% for 25-

key photons and - 1% for l-Mev photons, 
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Backs.cattering 	 .. 

In the first part of the work, the samples were backed by 

cellophane tape and filter paper having a total thickness of 19 mg/cm 2 . 

Since this was seldom a "saturation bcksct.tring situation, the 

fractional backs cattering. curve for polystyrene established by Zumwalt02 

was used, together with the .curve of saturation .backscattering for 

cardboard as a function of maximum beta energy that was measured by 

Burtt6  and the range-energy relation of beta-particles in aluminum 
6!. 	 . 

established by Glendenin. 	Using these curves, it was possible to 

construct a backscattering curve approximately valid for 19 mg/cm 2  of 

cellulose backing as a,function of the maximum beta-particle energy. 

Typical values of the backscattering correction factor thus computed 

were: 1.08 at.0,25,Mev,  1,13 at .0,45Mev,:1.1 at0,8Mev, 1.10 at 1.5 

Mev, 1.06 at 2.5 Mev, 

In the second part of thework, where 22 mg/cm of cellulose 

• 	backing was backed in turn by 350 mg/cm2  of aluminum, the value for 
63 • 	saturatiOn backscattering in aluminum taken from the curves by Burtt 

was used. This assumption was checked by Dr. Barr and found to hold 

approximately true, possiblybecause the two-sid Scotch tape used in 

this phase of the work contained some zinc. 

Since the backscattering correction for positrons is less than 
65 that for beta particles of the same energy, the data of Seliger were 

used to correct the beta-particle backscattering correction. The 

specific correction that was adopted was 

1'bs 	1+0.7(fbS_ -1), 

where fb+ is the backscattering correction for positrons at a given 

maximum energy and 	is the corresponding correction for beta nega- 

tIve particles at the same energy. 

Air and window absorption 

The correction for absorption of beta particles and positrons in 

the air, sample cover, and counter window, which usually totaled 2 to 3 

• mg/c 2  m in total thickness, was base.d on the procedure devied by Gleason 

°° et al, , 	assuming the correction factors to be .the.same as for an equal 



thickness of aluminum, and the correction :to bethe.sarne for positrons 

and beta particles 	 ' 

• 	(e) Self-scattering and self-absorption 

Since radiations ,:a'.e absorbed and scattered by samp]e.s of finite 

mass, it is necessary to apply a corresponding elf-absorption and self- 

scattering correction. Several studies of this extremely troublesome 

correction exist, 
1167,68, 69

but they, usually apply accurately only to 

special sets of well-defined conditions, and are far from comprehensiye 

in the number of maximum beta -energies examined in each precipitate. 

Under the circumstances it was -thought wise to use •onlythe widely 

available study byNervik and Stevenson, 7 When the precipitate con-

tained no element heavier than strontium, their curves for NaCl were 

used; in all other cases the curves for •Pb(No 3 ) 2  were used, it is 

thought that the error in using this convention seldom exceeded 5%, 

(f)Radiation abundance 

The radiation-abundance correction depended on the exact decay 

scheme of each isotope studied. These were taken from the compilation 

by K. Way et al,, 
70

and from the original literature, when known When 

they were not known, assumptions were made, which .are noted in the 

•section.in  which the elements studied are dIscussed individually. In 

particular, when positron branching ratios were unknown while positron 

energies had been measured, the branching ratios were -estimated from 

the calculations of Feenberg and Trigg'  and Brysk and Rose, 72  assuming 

allowed transitions. 

When conversion electrons were being counted, the corrections 

were applied as if the conversion electrons foxied a betaparticle group 

with a maximum energy that was twice the energy of the conversion 

electrons, 	 •• 	 . 
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2. Scintillation.Counter 

The counting rates O± K x-rays and gamma rays were obtained by 

integrating the appropriate photopeaks in the scintillation spectra of 

the samples, Figures Ii. and 5 .illustratethe manner in which the in-

tegration was performed in an "easy case" rand in a "difficult case" 

respectively. When the sjtuat•ion was such that the photopeak of 

interest was distorted by other peaks nea' by and (or) had an under-

lying hash composed of Compton "smear" from higher-energy gamma rays, 

backscattered "peaks" from the:fioor 'of the lead housing, etc,, it is 

evident that the convention which has been :adopted (i.e., that of 

estimating a smoOth "bOttom" for the phqton. peak) yields 'only roughly 

approximate results at best. When such complications were encountered, 

they will be noted when the decay:  of the particular isotope involved 

is discussed in a subsequent section. 

The raw plioton-counting rates that weie obtained by the above 

techniques are subject to several corrections in order that they may 

be converted to disintegration rates. These•''corrections include 

factors for counter; geometry, cryOtal counting efficiency, escape 

peak, absorber, dead time, - "stack-up" loss., and radiation abundances. 

Counter geometry 

The geometry correction is the same' type of factor as was 

discussed in the proportional-counter section above. The geometry 

calibration of the scintillation countei':has already been discussed 

in Section II. 

Crystal counting efficiency 

The crystal counting efficiency is that fraction of photons of 

a partic-ula± energy entering the crystal which count in the correspond-
ing photopeak observed in the resulting spectrum. For this correction, 

61 
the curves determined by Kalkstein and Hollander were used, 



-26- 

(time a 162.0 mInutes) 
8000 

2000 

U., 
0 	 Yb K x-ray photopeak 

- 	 0 	0 V' Er53 Key 

o 	0 

- 	 a 
0 

0 

escape peak 	0 	 assumed 

	

0 	
0 

0 
"hash" background 

- 	 , 	 - 

000 	 0 
00 	

0 

6000 
U) 

C 

0 
0 

4000 

0 	 10 	 20 	 30 
	11 40 
	

50 

Channel Number 
MU- 14098 

Fig. 4 K.  x-ray photopeak appearing in the electron 

capture decay of a sample of lutetium. This represents 

a case where the photopeak integration was easily 

performed 



-27- 

300C 

U) 

C 

200C 

I OOC 

Co" annihilation 	radiation 
E5II Key 

tro

I'  
I c? 

Co58  photopeak 

/  
bS 	

E=805 Key 
qj 

• 	I. 

• 	assumed 

background 

	

(time 485.0 minutes) 	
0000 

0 0000 0 0 

I 	 I 	 I 

10 	 20 	 30 

Channel 	Number 

40 	 50 

MU- 14099 



-28- 

Escape peak 

The escape-peak correction is necessary.because the photopeak 

may be reduced in size when .K .x-radiat',on from the iodine in the sodium 

iodide escapes from the crystalwithout further interaction with the 

crysta] material, In favorable case.s the result of this process may 

• 	be observed as a small satellite "escape peak" located at a spectral 

position corresponding to the photon energy minus 29 key, Curves 

expressing the size of this escape peak relative to the main photo-

peak have been published by P. Axel, 73  and were used throughout this 

work. 

Absorption 

In. many cases, the photons were counted through several hundred 

mg/cm2  of beryllium in order to screen out energetic beta .pai'ticles or 

positrons. The absorption coefficients. byDavisson and Evans 7  may be 

used to estimate this correction. The window, thickness was assumed to 

be negligible for all the photons that were, observed, 

Register .dead time 

The dead-time correction arises .because the 50-channel pulse 

analyzer was eq.uipped with mechanical registers for which the dead-

time loss was measured to be 7% er 100 counts/mm. The total cor-

rection, which was serious only for the highest counting rates observed 

in this study, seldom exceeded 10%. 

Stack-up loss  

When an isotope has coincident photons in its decay, a photo-

peak may appear at .a position correspondiig in energy. to the sum of 

• 	

• 	

. 

 

the energies of the photons. The photopeak integrations must be car-

..rected for this effect by adding the integrated intensity of the stack- 

• up peak to each real photopeak involved. This correction was usually 
• 

	

	 avoided by counting at a lower geometry, when practical, In the .case.s 

where high-geometry counting was employed, no serious stack-up peak 

was ever, observed,  
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(g) Radiation abundances 

• 	When decay schemes were sufficiently well known that absolute 

abund.anc.es  of either specific ganma rays or K x-rays (depending on 

the partIcular case) could be inferred, the compilation by K. Way et 

al,, 7°  or the best data available in the literature was .used When 
the same sources reported decay schemes which were partially but still 

insufficiently.known to 'permit absolute abundances to beinfered, the 

K :x-ray abundance was usually estimated. The various factors neces-

sary for this estimate were obtained by using the beta-decay energy 

systematics of Way and Wood, 75  the electron amplitudes in the nuclear 

volume computed by Brysk and Rose, 72  the K-shell fluorescence yields 

compiled by Gray, 7  and the.K- and L-shell binding energies of H1il, 77 

and assiming the decay to be such that I L I I = .0,1. Where necessary 
• 	 78 	79 the computed conversion coefficients of Rose, and .of.Sliv were 

used to estimate the contribution to the K x-ray abundance from gamma 

conversion. Where the decay schemes were totally unknown, suitable 

guesses were made. All the K x-ray abundances that were used, together 

with references to the pertinent decay-scheme work, are listed in 

Table II, in Section IV B 0  " 

On some occasions, the scintlllation coimter 'was used to count 
• 	. • positrons, taking advantage of the characteristic 511-key annihilation 

• radiation, For this purpose, the sample as sandwiched between suf-

ficient thicknesses of beryllium (or stainless steel) absorber. to 

insure that most of the positron annihilation events occurred near the 

sample at a reasonably well-defined geometry. 

An indication of, the agreement that was attained beteen the 

cross sections obtained by cothating photons and those obtained by 

counting positrons i 'given, in Table .1, '. 
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Table I 

Comparison of Photon Counting With Particle Counting 

Bombardment 	Cross .secti'on obtained by photon counting 
Number 	Nuclide Cross section obtained by particle counting 

17 	Ba12 	 .0.92 

21 	Ba128 	 0,92 

.22 	Ba128 

25 	zr8 	 1,19 

26 . 
	89 	

1,36 zr 

C. Calculation of Cross Sections 

Once the disintegration rat -of a given radioactive product 

in a sample at the end of bombardment has been determined, it remains 

necessary only to correct for the.perc.ent recovery of the original 

carrier in order to find the total disintegration rate of the •product 

in the target. -foil. That disintegration rate can then be .used, to- 
24 gether with the disintegration rate .of the Na in the monitor foil, 

to calculate the formation cross section of the product according to 

- 	the formula= 	
Wm 	- (1_eAmt) 	

'
Cr 

	

p 	 m 

T m 

where D°  and D°  are the disintegration rate.s of the .product, b, and 
2)4 

of the beam monitor, Na , at the end of the bombardment; WT. and Wm 

are the weights of .the tantalum foil and the monitor foil; . and M 

are the atomic weights of tantalum and aluminum; c and 7. are the 
2)-i- 	p 	M. 

decay constant.s of the product, p, and of Na ; t is the length of 
27 

the bombardment; and c : is the cross section for the reaction Al 

	

2)4 	 m 
(p,3pn) Na , which was taken to-be 10,5mb for this work (see. 

Section II, B). 	. 	. 	. 	. . 	. 
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IV,, OBSBRVATIONS AND RESULTS 

A. Nuclides Observed 

Beryllium 

A gamma ray (which decayed with a half life of 53 days) was 

observed at 480 key with the scintillation counter, No beta or 

positron emission could be observed with the proportional counter, thus 

the possibility that the observed ganinia ray was due to positron anni-

hilation was eliminated. Thus,, the activity was assumed to be due to 

Be719 and the cross section was calculated assuming the 477-kev  gamma 

ray to be .presnt. in 12% of the disintegrations 80 

Sodium 

The .activity observed with the proportional counter decayed with 

aJ5.l -hr half life assumed to be due to Na24,  for more than six half 

lives, until it finally turned into a vexy .long-lied tail with a 

counting rate ,  of about one count per mm. The counting rate of the 

long-lived activIty was too low to permit a half-life determination to 

be made, therefore,' it was used to calculate an upper limit for the 

cross section for the production of .2.6-yr Na 22 , 

Magnesium 

Only one .component, 'having a half life of 22 .hr, was observed 

in the decay of the act.ivity.of the magnesium fraction, using the 

.proportional.counter, It was assumed to be Mg 2  in equilibrium with its 
28 

6.,6-min Al daughter, 

Phosphorus 

The, activity was observed with a proportional counter, and dis-

played a half life of ". 18 days, with a small but definite curvature 

perceptible in the, decay data when plotted on .semilog.paper,..This 

activit.y.was assumed to be a mixture of 1 .3-day 'P and 2 .9-day P 
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Resolution of the two activities was accomplished by performing .ã least-

squares calculation on the data In two separate determinations, the 

ratios of the cross section .foz the production of P 32  to that for the 

production of P 33  were 1.4 and 1,1. 

Calcium 

The decay of the activity,in the calcium fraction could be re-

solved into a long-lived tail with a half life of."200 days, assumed 
45 to be due to 16I-day Ca , and a shorter-lived component of complex 

shape which could be .satisactorily fitted by a .le.ast-squares calculation 
47 47 assuming it was due to 47-day .Ca with its 3,42-day Sc daughter. 

Manganese 

The decay curve obtained with .the proportional counter was easily 

resolved into two components having half lives of 2.6 hr and 5,8 days, 

due to 2.58-hr Mr1 6  and th,e 5,66-day isomer of Mn 52 , respectively, In 

addition, a gamma ray of.. .85O-9OO key was observed with the .scinZillation 

counter and found to have a half life of "-300 days. This activity was 

assumed to be 291-day Yjn 54  which de.cays by electron capture entirely 

to an.excited level in Cr 5  which decays in turn with the emission of 

an 81-0-kev gamma ray. 

Cobalt 

The activity observed with the proportional counter could be re-

solved into components having half lives of 1,6 hr, 16 hr, and >' 15 days. 

The first two cornponent.s were assumed to he 1.65-hr Co 1 and .17,9-hr. Co 55 , 

respectively, No attempt was made to resolve the long-lived tail directly; 

.because of its low counting rate, although it was undoubtedly due to a 

mixture of Co5  , Co57 , and, Co5  , Hower, a weak gamma ray of -830 ke.v 

was observed with the scintillation counter, and this was assumed to be 
1 	 . 	

. 	 8 principally the 805-key gamma ray prominent in .the .decay of 72-day Co 

A similar gamma ray is to be found among the radiations of 70-day Co 5 , 

but the cross section for the producti.on of Co 5  is .epected to be .much. 

5  lower than that for Co 
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Nickel 

The decay data recorded using the proportional counter were easily 

resolved into components having half lives of 2,6 hr and 56 hr. In addi-. 

tion.91 the scintillation counter revealed a weak gamma ray at 525 'ke.v, 

after the 2.6-hr component had died out, but before the .56-hr component 

had decayed appreciably. The 2,6-hr and 56-hr components were assumed to 

be due to 2.56-hr Ni6 , and 56-hr Ni66  in equilibrium with its 5.1-mm 

Cu°°  daughter, respectively. The gamma ray was used to estimate an upper 
57 limit for the .cross section..fôr the 36-hr positron-emitting Ni,assuming 

that it .was the 511-key positron annihilation radiation, since the half 

life of this gamma ray coti.ld not be definitely esablished 

Copper 	 . . 

Three components were resolved frOm the copper decay curve, ob-

tamed with the proportional counter, hain,g half lives of.62 hr, 12.5 

hr, and 3,1 hr. These components were assumed to be due to 58.6-hr Cu 7, 

12.82-hr Cu6 , and 3.32-hr Cu61.  The radiation abundances that were used 

were 100% )  57%, and 66% respectively. 

Zinc 

The proportional-counter decay curve.obtained from the zinc sample 

contained a prominent component of about 105 hr and a very small amount 

of a long-lived tail, The 10,5-hr component was subjected to a least- 
. 

squares analysis, assuming that it .consiste.d.of 9,33.-hr Zn 62  in equilibrium 

with its 9.73-min Cu02 daughter, and 13.8-hr Zn ° , The assumEd counting 

efficiencies for .Zn 69m +,Zn  69 and Zn 62 
	62 
.+ Cu were 1,13 and 1.10 respec- 

tively. . 

Selenium 

Proportional counting of the selenium sample yielded a three-

component decay curve. One component was a good 7,1.-hr line, and was 

assumed to be due te Se73  (ground.tate), The next.c.omponent was of 

complex shape, appearing to be due to a 8,9-day parent with .a."25-hr. 



daughter growing in, and was assunid to be due to 9,7-day Se 72  with its 
72: 

26 -hr As daughter. The last component was a very small amount of a 

long-lived tail, which was probably due to .the 127-day Se 75 , The radi.- 

ation abundances that were assumed for Se 73  were .072 for positrolis and 

0,21 for the conversion electrons from the 66-key transition, The 

radiation abundance.s assumed for Se72  and As72  were 0,00 and.0.30, re-

spectively, 

• Strontium 

The decay curve . that was obtained by proportional-counting the 

strontium was rather complicated, The .eomponen.ts into which the curve 

was reso1vd..were .-98 mm, "31 hr, -'81hr, 27,5 days, and a small amount 

of long-lived tail. For calculations, the 27-day component was assi.ied 

to be .2515-day Sr 2 in eqüi.librium..w±th its 1,25-min Rb 
2 
 daughter, and 

the radiation abundance for this system was assimed.to be 096 The 

.98-min activIty was probably ,a mixture of 70-min 5r85m  and 2,8-hr Sr 7m, 

The 31-hr activity could have been the 38-hr Sr03,  and the long-lived 

tail could have been due .pir.cip11y to Sr05  and Sr , The .81.thr actIvity, 

whIch ..was present in small amount, is difficult to explain. 

Two of the most prominent photopeaks observed with the scintillation 

counter appeared at 2.30 key and .390 key, . The 2.30-ke.v peak decayed with a 

.73-min half life and was assumed to  be the 225-key gamma ray associated 
85m 

with the internal transition decay of 70-min Sr , In calculating the 

cross sectIon for this roduct a gamma-ray abundance of 0,84.was used, 

The 390-key photopeak yielded a two-component decay curve; the component.s 

were 2,6 hr and 35,5 br, The 2 0 6-hr component was assumed to be -the 

388.2kev gamma ray associated with the internal transition decay.of 

.283-hr Sr 
87m
. , and .a gamma-ray abundance of 078  was used in calculating 

the cross section. The 35,5-hr component of the 390-key gamma r.ay is 

probably associated with the decay of .38.-hr Sr 3, and is quite prominent, 
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Zirconium 

The decay curve obtained with the proportIonal counter was re - 

solved into 78-hr and -"100-day components. The shorter-livedcomponent 

was assumed to be 79,3-hr Zr , and a cross section was .calcu]Ated 

taking the positron abundance to be 0,25 and the totaL contribution from 

the 913-key. gmma ray to the effective radiation abundance to be 0.02. 

The long-lived tail was probably due to 85-day Zr °  with its 105-day 

Y°  daughter. A prominent photopeak at 910 key, which decayed with a 

half life of about 79 hr was observed with the scintillation counter. 

Another .cxos-séction determination of Zr was based on this observation, 

assuming - the radiation ab'undthce of the 913-key gama rayto be 0.99. 

A comparisoi of the two different determinations Of the fornition cross 
89 

section Of Zr will be found in Table I. A prominent photopeak at -'-390 

• kev decaying,  with a half life of 86 days was assumed to be the .395-key 

• gamma ray associated with the decay of 85-day Zr , and a .cross section 

was calculated assumIig the gamma-ray abundance to be 0,97. 

Molybdenum 

The decay cure taken with the proportional counter appeared to 

have at least three componentà, ll hr, 68 hr, and a very small amount 

of long-lived tail, The .11-hr component was actually rather gently 

eurved varying from an 8,0-hr "half lif& t  near 'the beginning of the 

count to one of about 14 hr before the data became unreliable. The 

interpretation of this observation is that the decaying species re-

sponsible for the short-lived component must consist of a.mixture.of 
go 

5.7-hr Mo with its 1,60-hr 
,90 

 daughter and 6-hr Mo 9 , A least-

squares analysis of the data was made in which the above-quoted half 

lives were assumed, together with the following radiation abundances: 
90 	 -. 

Mo , 0,33 for positrons, 0,16 f or the 240-key conversion electrons, 

and 0,39 for the 100-key conversion electrons; 
90  0,33 for positrons 

and 018 for the 125-key conversion e1ect'ons; . and ..Mo 9 , . 07 for the 
-"250-key conversion electrons, The .68.-hr component was assumed to be 

due to the presence of Mo 99, for which a.radiation abundance of 100 
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for beta .partc1es and 0,09.for.130-kev conversion electrons was assumed. 

The long-lived tail could have been due to -"2-yr Mo 93  

Palladium 

The decay of the palladium fraction was followed by counting the 

K x-rays of rhodium and ruthenium with the scintillation counter. The 

three comp-nents that were re:solved.were-: a-9,0-1 -ir half li-fe, assigned 

to 85-hr- Pd101; a.. 1 l-day half lire  with evidence for a daughter activity 

of.185-hr half life-, which -assued -to bel.l-day Pd 10°  with its 

20 6 8-hr Rh10o  daughter; and a 17day half .life which was assigned to 
103 

170-day Pd 	, A .1east-squaxes --analysis was -employed .in order to 

	

100 	100 
ascertain the contribution from the Pd 	+ Rh 	component. The esti- 

mated K x-ray abundances .that were us-ed in the cross section ca1cu1atixis 

are as f011ows:- for Pd100 , - 065; for Pd101, 0.66; for Pd103 ,. 078 

Silver 

The decay curve obtained using . the proportional counter was 

resolved into components having half lives of 65 .minutes, • hr, and a 
small amount of a "'10-day tail. The.65-min activity was assumed to be 

entirely due to the 65-nan Ag10 , and a calculated positron abundance 

of .0.31 was used in computing the cross.se-ction. The 4-hr component 

was present ..in very small amount; and an accurate half life could not 

be obthine-d. It was thought to be due to the presence of a mixtire of 
--112 	 113 

3.12-hr Ag 	and 5.3-hr Ag , and a combined cross section was esti- 

-mated uing the measured "half life" of 3.5 hr. The 10-day tail could 
have been due to -a mixture of -day Ag 105 , 8,3-day Agl06,  0-day Ag 110 

75 -day Ag, and 17-day Pd'03 	- 	 - 

Scintillation counting- of the electron-capture .K x-rays in a 
- 	 103:---- 	-- 

sample containing no Pd --- éiitt'd.the. - eSo1ution of two more components, 

0-day Ag105  and 8.3-day Ag106 . In obtaining Oross sections, the K 
• 	 lOR 	 106 

x-ray abundances that were assumed were 0.80 for Ag ' and 0.7 for Ag 



Cadmium 	 .. 

The.Kx-rayphotopeakdecay curve was dominated bya 6.9hr 

component which ultimately turned into a -.500-day tail. There was also 

some evidence for a -'al-hr component. These components correspond to 

67-hr Cd101 , 70-day Cd1P and .a mIxture of 5.9-mi Cd1  and 54 .7-mir 
105 	 107 	109 

Cd 	respectively. The K x-ray abundances for Cd 	and Cd 	were 

estimated to be 105 and 0,93 respectively in calculating cross sections. 

Scintillation counting of the positron annihilation photopeak 

yielded a decay curve dominated by a complex component which appeared to 

include a 1.-hr parent and a 1-hr daughter growing in. This component 

should be due to a mixture of 59-min Cd 1°  with its 27-min Ag1°  daughter 

and 54,7-min Cd 105 , A small contribution from a longer-lived component 

was also present. No attempt was made to interpret these data further, 

however, Owing to a lack of reported .inforation concerning positron 

:abundances. 

Several attempts were made to observe 54-hr Cd115 , withut suc-
cess; therefore an upper limit  for the formation cross section of Cd 5  

(ground state). was determined, 

Antimony 

The K x-ray, photopeak decay curve was rather difficult to interpret 

unambiguously, because it had a large number of components and most of the 

counting rates were low owing to,small formation cross. sections. The 

longer-lived section of the curve displayed a "half life" of 48 hr just 

before the radiation became immeasurably feeble. Since the expected half 

lives in this region would be due to 38,0-hr Sb
119 

 and 5.8-day Sb120 , 

this portion of the curve was "resolved" analytically assuming these half 

lives. The resulting cross section for the fom 	
120

aion .of Sb 	is, of 

course, somewhat shaky, although the formation cross section for Sb119  

shouldntt be too bad. The earlier portion of the decay curve, which was 

obtained by subtracting the extrapolated section discussed above, had an 

initial effective half life of 3 hr, and displayed some curvature toward 
117 longer half lives. This section was assumed to be a.mixture of 28-hr Sb 



and 5,1-hr sb 8, an was resolved 	lytically,. 'The contribution of the 

5.1-hr activity was small, and therefore somewhat uncertain, In calcu-

lating cross sections, the following K x-ray abundances were adopted: for 

sb120 , 1.0; for si 19., 0,86; .SbU8, 0 ,16 ; 	0,80, 

Proportional counting yielded a decay curve which was resolved• 

into .3,0-br, -'4-day, and -'-''l.-yr components., The activity level of the 

li--day component was quite low (from 2 cpm to 9 cpm), although the data 

appear to frm a fairly good curve, Both 2,8-day Sb 	and 5,8-day 

Sb12°  might contribute to a li--day .resultnt effective "half life tT , hence 

an analytical resolution was based on this ass.iimption, The resulting 

cro.s section for the formation of Sb122  is thus probably an upper liit. 

The reason for the i-yr tail is unknown; perhaps it is due to '250-day 

Sn
11

, 

Tellurium 

The decay curve obtained using the proportional coun±erre.solved 

into 2,4hr, -''16-br, and 60-day components, indicating the probable 

presence in the sample of 2 to li--br TeU0?  with its 10- to 20-min SbUô? 

daughter, 2,.5.-thr Te 11  with .ita 28-hr Sb 7  daughter, 16-hr Te19, and 

6,0-day Te 	with its 3.5-Min  Sb 	daughter, In calculating cross 

sections, it was assumed that the .2.5-1r component was due entirely to 
117 	 . 

Te . , and that the positron abundance in its decay was 0,69, The posi- 

tron abundance associated with the decay of Te 	and its Sb °  daughter 

was calculated to be .0,83, 

Scintiflati.on counting Of the K x-ray photopeak yielded a decay 

curve from which components of 17 days, 5 days, 38 hr, and '-2,8 hr- were 

resolved, The 17.-day component .was evidently .Te 121 , and a K x-ray 

abundance of .0,73.  was used to obtain the formation dross section. The 
118 5-day component could have been due to a mixture of 6,0-day Te 	and 

.119 
)i-,5-day Te , but the data were too uncertain to permit a really trust- 

worthy analytical resolution, The 38-br component presented something 

of a puzle 0  The earlier portion of. this component gave the appearance 

of tending tO .a somewhat shorter half life than 38 hr, but the over-

whelming 2,8-br .c.ononent largely obscured this feature. The tentative 
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explanation for this and other data to be described shortly is that 
119 

.4.5-day Te
119 

 is really a ,metastable state of Té 9 , and 16-hr 

is the ground state 0  The nonobservation of a strong 16-hr component in 

the K .x-ray decay is seen to be reasonable if one ,makes a synthetic plot 

of a case where a 16-hr parent grows into a 38-hr daughter; only a very 

gentle curvature appears in the ear.lr, part of the curve., 

A very prominent photopeak .appeared in the scintillation spectra 

at 64o key, and was found to decay with a half life of 16.0 br. This 

gamma ray was assumed to be associated .with the decay of Te
119

, and 

might be identified with the 0,56-Mev gamma ray reported by.Dropesky, 21  

The disintegrati.on rate of 16-hr Te
119 

 at the end of bombard-

ment was calculated from the 38-hr Sb
119 

 component assuming the K x-ray 

abundance to be 0.86, and also from the 640-kev gamma ray assuming its 
abundance to be .1.0, with the following result: 

disintegration rate based on 640-key gamma ray - 0 89 
disintegration rate based on Sb1-1-9 daughter 	 0 

The reported cross section for 16-hr Te
119  is based on the 38-hr Sb

119 
 

component. 

If it be assumed that .).-,5-day Te 9  is the upper state, and must, 
119 

decay by internal transition to 16-hr Te 	and thence through the 640_ 

key gamma ray, a 4.,5-day component in the decay,of that gamma ray should 

have been seen. Since it was not, an upper limit for the production of 
.119 

ll-,5-day Te 	was calculated. A partial check of this assumption was 

made by assuming that the 5-day component in the K x-ray decay was due 

entirely to 6-day Te
11 
 , and computing a cross section for the .production 

of Te 8  on that basis. The cross section so obtained .agreed within 

experimental .error with the cross section for TO
118 

 obtained from pro-

port ional-c ounting data. Thus it seems probable that the cross section 

for the formation of 4,5-day Te 
119 

 is indeed low. 

After nerly all of the radIations had died away, the.scintil-

lation countr revealed a weak but definite .photopeak at 212 key, 'which 

had a long half life (> 70 days),. This radiation was assumed to be the 

213-key gamma ray associated with the decay of 150-day Te 
121m, 

 and a 

cross section ..was calculated assuming the gamma ray abundance to be 0.91. 
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Cesium 

The K x-ray photopeak decay curve could be resolved into com-

ponents having half lives of 7 hr,.33 h, .and20 days,::::The corresponding 

activities were assumed to be 6,3-hr Cs 127 , 32.8-hr Cs129 , and a mixture 

of 9.7-day Cs 131  and •36.4-day Xe 12 , respectively, An analybical 

"resolution" of the long-lived tail (forwhich countingrates were very 

low) was used to estimate an .upper limit for the cross section of Cs 131  

K x-ray abundances assumed in calculating cross sections were: for Cs 127 , 
129 	 131 

1,0; for Cs 	, 1,26; and for Cs 	, 073 

Barium 

The decay curve obtained using the proportional counter was 

resolved into 18-hr, 2,-day, and 115-day components, with .a very 

small amount of.long-lived tail. Scintillation counting of the annihi-

lation radiation yielded a decay curve resolvable into 1.9--hr and a.'--
day componeilts, Scintillation counting of the K x-ray photopeak pro-

duced a decay curve which could be resolved into components having 

half lives of -'-2 hr, -'-30 hr, 2,4 days, and a complex long-lived portion, 

which appeared to be a - 12-day activity having a radioactive daughter 

of nearly the seine half life. 
126 

• 	The -'-2-hr activity was assumed to be a mixture of 16-hr Ba 

with its 1.6-min c126 
 

s 	daughter, and 1,9-hr Ba 129 , The cross section 

for the production of Ba 129  alone was determined by an experiment in 

which its  32.8-hr C 129  daughter was isolated and ounted separately, 

The cross section for the production of Ba ° alone was then calculated 

from the average "total effective counting rate" of the mixture, in 

which both K x-ray and positron counting rates were included, and from 

which the calculated total contribution of Ba 129 was subtrated. A 

positron-counting efficiency of 0,82 was assumed for B26 
 

a 	± Cs126, 

togetherwith a K x-ray counting efficiency of.0 0 89. The corresponding 

quantities in B 129  could not be accurately determined; however, the 

experimental data indicate that the positron.-c.ou.rting efficiency is 

small, roughly 0.1, 
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The -"30-hr component in the K .x-rays probably arises from a 

mixture of 39-br Ba13 , 29-hr Ba135m,  and Cs12 . Attempts to resolve 

this mixture were ut.sucessful, although they indicated that the -for- 
133m 	135m mation cross sections for Ba 	and Ba 	were probably small, 

The .2.4-day activity was presumably due to Ba 
128 

 w it.h its 

3,8.-min Cs12  daughter, Counting efficiencies of 0.76 for positrons, 

0,10 for conversion electrons (-250  key), and -1.14 for K x-rays were 
128 	128 

adopted for the Ba 	+ Cs 	mixture, 

The complex '-'12-day component was assumed to be due to 11,5-day 

with its 96-day Cs 131  daughter, and is relative .coitribution 

was established by least-squares .analrsis of the .K x-ray data, K x-ray 
-, abundances of 0,9)-i- and 0,73 were used for Ba131 

 and Cs
131 
 respectively. 

.128-day Bä1 . could interfere with this analysis, if present, but the 

proportional -counting data indicated that its formation cross section 

was negligible, < 0,5 mb, 

The ratio 

photon abundance of 375-key + 420-key gamma rays 
 - - 66 photon abundance ..of K x-rays  

129 was measured for the nearly clean Cs 	sample obtained in the course 

of this work, and was combined with the data of several other workers 

-b estimate a K -x-ray abundance of 1,26, - - 

Cerium 

Pour components were resolved from the decay curve obtained by 

proportional counting of the sample. The first component was definitely 

curved, and appeared to be a case in -which a .6- or .7-4ir activity was the 

parent of a ii-- or 5-hr activity, The other components had half lives of 	- 

-'24 hr, 72 hr, and -'-"30 days, The -first -component was probably 6,3-br 

Ce133  with -its 4-hr ia '3  daughter, Complications -involved in -esti-

mating the positron abundances involved in -this system -prevented the 

calculation of an absol-ute.cross sectIon for the formation of-Ce 133 ; 

the reported cross section is based on an assumed 100% positron abundance 

for Ce133 . The 24-hr component was probably a.mixture of 39-hr Ba133 , 
22-hr Ce135 , 19-hr Ia 35 , and 35-br Cé137 - No attempt was made -to 
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resolve this mixture The 72-hr component, whichwas very prominent )  

was undoithtedly due to 72 O -hr C.e 3  with.,its- 6.5 -min.IA
134  daughter. 

A positron abundance for the decay of .LS 3'  of 0.44 was  used in obtain-

ing the formation cross section for Ce 3  , The "30-day component was 
. 139 very feeble, and probably represented .a mixture of 140-day Ce 	and 

141 
32-dayCe 

Attempts were made to follow the positron annihilation and K 

x-ray photopeaks, using the scintillation counter, ir.order to help 

resolve the complicated initial portion of the decay curve, but the 

results were inconclusive. 

Neodymium 

Proportional count.ingyielded a decay curve from which components 

corresponding to haflives of 5.5 hr and 3,3 days were resolved. The 

first component was probably due to 5.5-hr Nd139  with its 1 .5-hr Pr139  
139 

daughter, No cross section is reported for the formation of Nd , 

because in such systems, .where the daughter half life is comparable to 

the parent half life, the calculated disintegration rates are extremely 

sensitive to the assumed positron abundances. The 3.3-day activity was 
140 	 lli0 

assumed to be Nd 	with its 34-min :Pr 	daughter, and a positron 

abundance for Pr 	of 0,58 was assumed. 

Europium 

The decay curve obtained by counting the K x-rays with the 

scintIllation counter was .resoled into components having half lives 

• of 5 days, 24 days, and > 1 yr. These components were thought to be 

due to 5-day Eu145,  24-day 	and the 1yr Sm 
145

,daughter of E 4  
149 

mixed with 120-day Eu , No definite evidence was seen to indicate 
148 

the presence of 58-day Eu , although the formation cross section of 

this "shielded t ' isotope is of considerable Interest. Also, a .38-hr 

component, which would correspond to Eu 146
, wasnot.ob.served. This 

result is surprising, since .in .one ase countilig was begun less than 

14 hr after the end of the bombardment, and one 1would expect that even 
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the independent yield of 
146 

 Eu 	would be measurable, Also, the . long- 

lived tail displayed a. '"half life" which, although .not accurately 

measured, seemed too long to be explained on the basis of.known isotopes. 

In calculating cross sections, K x-ray abundances of 1,0 were assumed 

for bot EuI and 

GadolinIum 

The K x-ray photopeak decay curve as resolved into components 

having.half lives of 33 hr,  9 days, .26 days )  and l yr. The isotopes 
".7 responsible for the first two components were very likely 29-hr Gd 

. 

and 9-day Gd 
149 . 	
.The 1-yr tail never became a straight :line' so ..that a 

definite half life could be obtained, It was probably due to a mixture 

of 150-day Gd151, 236-day Gd153, and 120-day,Ei. The 26-day corn-

ponent is unexplained. Although 211--day 147  . is .expected to appear 

as the daughter of Gd 
147 

, the 26-day activity was far too prominent to 

be accounted for in this way, and moreover, was .presen.t in the same 

relative amount in both..determinations (one of which was done after the 
147 Gd 	had decayed away). One might be led to suspect europium contam- 

ination in the gadolinium samples, .except that the computed "cross 

section" of the .26-day component is so high that one is forced.to p05-

tulate that 100% of the europium was present in .the gadolinium sample 

each time. This possibility is thought to be very unlikely because 

previous experience with the ion-exchange separation .tec1mique that 

was. used has shown that the europiuni-gadolinium separation is good; and 

also, in taking .the gadolinium sample from the elution .tubes, only the 

center of the gadolinium peak was taken )  while the trailing side of-

the peak (which would be sensitive .to europium contamination) was re-

jected. It is thought that perhaps the .nonobservation of 146  
1)46 	

could 

mean that its Gs 	parent is relatively long-lived, which .provides weak 
111.6 

evidence that the unassigned 26-day component is Gd , The .calculate.d 

cross section fqr the 6-day component is not inconsistent with this 

possibility. Shirley8l who has bombarded Sth'' .7 , 	with 116-Mev helium ions, 

did not observe a 26-day component among the product.s, which suggests 

that the 26-day material may be of mass number 146 or less. 
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After the .26-day component had disappeared, two cearir discern.-

ibie photopeaks (in addition to the 'K x-rays) were Observed in the 

scintillation spectra, appearing at .10 11. key and 155. :kev. The 10 11--key 

photopeak was assumed to be due•.to the 102-key gima ray associated with 

the decay..of 236-day Gd153 , and a gammaray abundance of .0.56 was assumed 

in calculating the cross. section. The.155-kev gamma.ray was assumed to 

be the ,154-key gamma.ray reported by V. Shirley to be associated with the 
151 

decay of 150-day Gd , .A gamma-my abundance of 0,065 .was assumed in 

computing across section, 

Erbium 	 . 	. 	. 	. 

The .K x-ray . photopeak decayed wIth a 2,9-hr half life straight 

into background. This activity was assumed to be 29.4-hr Er 
16o

in 

secular eui1jbrium with itS .5.0-hr 1101 0 daughter, and a K x-ray abun-

dance of 082 was assumed for each isotope, 

A 	 Thulium 

The decay curve obtained by following the K x-ray .photopeak 

could be resolved into three components. The first component was of a 

complex shape which was shorn by means of a synthetiô plot to be what 

one would expect if a 29-hr parent were decaying to a 10-hr daughter, 

and therefore this section of .the curve .was assumed to be due to 29-hr 
165 
 with its 9,9-hr Er'  daughter. A K x-ray abundance of 0,97 was 

used for 
165  in calculating the cross section. The second component 

was "9,5 days, and was assmied to be .due to 9,4-day Tm , The K x-ray 

abundance of Tm 7  was estimated to be 097  The third component,' in 

which the counting rates were rather low, appeared to have a half 'life 

of --8o days, It was assumed to be 87-day Tm 
168

, and an approximate 

cross section whs estimated assuming a .K x-ray abundance of 0,97. 

S 
Lutetium 

The decay curve obtained. by scini11ation, counting of the .K x-ray 

phoLopeak was resolved into components having half lives of 17 days, 
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77 days, and "-'200 days, The first component was assumed to be due to 

1.7-day Lu170 , and the cross section was calculated assuming a K x-ray 

abundance of .1,0. The 7.7-day component could have been due to a mix-

ture of 8.5.-day Lu 	and 6.7.-day.LU172  , with perhaps a small con.tri- 

bution from 68-day Lu 7 , A combined "cross section" was calculated 

for this component, assimIng a K x-ray abundance of 	The 00-day 

component, for which the counting rates were rather low, was probably 

a mixture of 1, 1 -yLu173  and 165-day Lu17,  An attempt was made to 

resolve this section analytically, but the results were inconclusive 

because contamination by 32-day Yb 	 is somewhat likely, and although 

the presence of a small amount of contamination was not definitely proved, 

neither co.uld the possibility be .definitely eliminated 

Hafnium 

The .K x-ray photopeak decay was resolved into components having 

half lives of 23 hr and 70 days, and a long-lived tail. The 23-hr com-

ponent could have been due to a mixture of 16-hr Hf 171  and .23,6-br 
173 Hf 	In one of the determinations )  the final radiochemical purif 1- 

cation of the hafnium was done several day after the .eiid of the born-

tardment, so that the observed 24-hr component was relatively rich in 

Hf173 1  d poor in Hf17, . Moreover1  In this decay curve 1  no 8,5-day 
component, corresponding to. the Lu 	daughter of,  Hf7 , was detected, 

which indicates that Hf171  was present in-  only small amounts if at all. 

In the other run, in which the final radiochemical purification was done 

sooner, a -'-'7-day component was observed, which probably was due to 8,5- 
171 	 171 day Lu 	appearing as the daughter of Hf , The cross section of 

Hf171  was based on the -'7-day component assuming the K x-ray abundance 

of Lu
171 
 is .1.0, Since the 7-day component was rather weak, the re-

ported cross section for Hf171  is only roughly apprbximate. The Hf173  

formation cross section was calculated from the 24-hr component, assum-

ing a K x-ray abimdazice of 0,97, The 70-day component was assumed to 

be due to .70-day Hf175  , and the cross section was based on a K x-ray 

abundance of 0,97. The long-lived tail could have come from a .mixture 

'73 	 172  of l,l-yr Lu 	and 5-yr Hf, 
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Prominent.photopeaks were observed in the scintillation spectra 

at 120 key, 300 key, and 34O key 0  The 120-key photopeak decayed with 

a half life ;of 28 lir, and was assumed to be the prominent 121-key gamma 

ray reported by Wapstra et a1 °2  to be associated with the decay of 

A cross section. was calculated for the formation of Hf 173  

based on this data, assuming the 121-key photon abundance to be 1.1 

(this was based on Wapstras reported 121-key photon intensity: K x-ray 

intensity). The resulting cross-section value was lower by a factor 1.3 

than the cross section determined from K x-ray data. The reported .cros 

sebtion is., based on the 121-key photon data )  because of the uncertain 

contribution of Hf 
171

decay to the K x-ray data. 

The 3110.-kev photopeak. d.ecayed with .a good 70-day half life, and 
83 was assumed to be due to the :3l3kev gamma ray reported by Hatch et al, 

and others to be rominen.t in the decay of 70-day Hf175 . A cross section 

for the formation of Hf175  was calculated taking the 311-3-kev photon 

abundance to be 0.86, based on the reported photon abundances. The 

agreement between the cross sections based on K.x-rays and those based 

on the 343-kev photons is rather poor, the K x-ray data yielding results 

lower by a factor i.li-. The agreement between two different runs with 

• respect to each type of cross section is quite good, however, hence, 

the difficulty must be in the interpretation of the decay schemes in-

volved. Since the .tdtal decay energy Is unknown, it was assumed that 

the K x-ray abundance was in error, and the reported cross section is 

based on the 343-kev gamma-ray data.. 

Tantalum 

Scintillation counting of the K x-ray photopeak yielded a decay 

curve which could be resolved into components having half lives of 8,5 

hr, 2,3:  days, s-21 days (very weak), and a long-lived tail with a half 

life> .1 yr. The 8,5-br activity was probably due to a mixture of 
1 	 l8Om 

8,0hr Ta 76  and 8,1-hr Ta 	, and .a combine.d cross section was calcu- 

lated using a .K x-ray abundance of 0,79 (this was a weighted average, 
176 	 180m 

using O,9)-- 'or Ta 	and o,71. for Ta 	). The 2.3-day component was 



assumed to result from the presence of 53-br Ta177 , and an estimated K 

x-ray 'abundance of .0.87 was used in calculating the cross section. The 

21.-day eompbnent was assthed to be due to a small amount of.W 170  con- 

tamination in the tantalt2m sample, since the complete separation of 

tungsten from .tant'alum is known to be difficult. The 1onglived tail, 

which was present at an easily mea irable counting rate in one sple,. 

was assumed to be due entirely to 600-day Ta 179 , This assmptin is 

thought to be reasonable, barring the existence' ofother undiscovered 

long-lived, neutron-deficient tantalum isotopes, because theK.c-ray 

photopeak counting is quite restrictive to the region of tantalum, and 

no such long-lived tail was observed in the tungsten sample, The forma-

tion cross section for Ta 179. was based on the K x-ray abundance of 0. 0, 

which was measured by Bisi et al. °  

It is of interest to obtain the cross sections for Ta176  and 

Ta 	separately, because of interest in Ta 	as the (p,pn) product 

of Ta 
181

, Two attempts were made .to accomplish this, In the first 

attempt the:  samples were, counted through 19,4 mg/cm of aluminum ab- 

'arber, to eliminate the contribution from conversion electrons, and the 

8-hr component of the resulting decay ëurve was made the basis of a 

cross-section calculati.on for TlOm,  assuming a beta-particle abundance 

of 0,21.
8 
 The second attempt was to count the 202-key gamma ray r-

ported by Félber to be present In the decay of Ta17  . A feeble gamma 

ray was observed at 200 key, and found to .dcay with a half life of 

-"10 hr, although there was considerable scatter in the points A cross 

setion was calculated for Ta 	based on a 202!-kev photon abundance of 

0.063. The sum of these two determinations is only 0,67 of the combined 
cross section determIned using K .x-rays, and their relative magnitudes 

'are not what one would expect from other work of .this nature'' 4  in 
this energy region. These cross sections, altl3ougll reported, are 

thought to be untrustworthy. 

10 



Tungsten 

The decay curve of the K x-ray photopeak was resolved into 2.5.-hr, 

8-hr, 2.4-d'ay, and 22-day components The first component could have been 
/  

due to a 4ixture of 1.3 -hr W
r6 

 and. 2,2 -hr W117  , although the half life 

seems a little too long. Since counting was not begun until about .8 hr 

after bombardment, it was thought .that..most of the 1.3-hr activity had 

decayed away, and the cross section for W177 ,was .therefore..estimated from 

the 2.5-hr component assuming a K x-ray abundance of .1,0. Obviously this 

cross section represents only sn order of magnitude at best. The 84ir 

and 2)1.-day components would be due to Ta? '°  and Ta'77  respectively, which 

would appear as daughter activities to W 17  and .W171 G  In principle it is 
176 	177 possible to estimate the cross sections for W 	and W 	from these com- 

ponents, but the likelihood of tantalum .contmination in . the tungsten )  

to which these components would be -especiafly sensitive (if the tuisten 

sample was 1% by weight of the original tantalum, the expected 8-br corn- 

porient would have been . doubled), rendered such a procedure unwise, although 

the presence of tantalum contamination was not proved. It is wOrth re-

cording that if the tungsten samples were clean, the cross sections for 

the fQrmatioh of 	177 and W178 were all of the same .ord.r of 

magnitude, about 2 or 3 mb. The .22-day component was probably due to 
22.0-day W17  with its 9,3min Ta178  daughter, The K x-ray abundance of 

the .micture was calculated from the data of Felber to be 1,5 1 , 

The 22-day tail was followed at length, until the.counting rate 

was so low that further measurements were. not feas,Ibie, In an attempt 
181 to detect the presence of.11i-5-dayW , a prodi.ct of especial interest. 

No such component was detectable, and an upper limit for the formation 
176 cross section of W 	was calculated assuming the Kx-ray abundance of 

87 0,37 which was measured by Bisi et al. 
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B. Lists of Photon Abundances 

The following two tables list the photon abundancs that were used 

in converting the measured photon-counting ratesinto disintegration rates. 

Table II applies to Kx-räys. The first and second.columns list 

the n.uclide and its value of K x-ray photons per disintegration )  respec-

tively. The third .bolmn i;a:.ie1Ia.bffityestimate: G means that enough 

Information concerning the decay scheme was available, or could be inferred, 

that the listed K x-ray abundance is thought to be as reliable as the photo- 

integrations.; M means that thE listed K x-ray abundance is based on 

such fraentary decay scheme data that one or more of the factors in its 

estimation involves a .plausble guess; P means that the listed yalue is only 

a guess, basd on more reliable figures near:by (See Sect±ôn III )  B for 

furthex iemarks) 

Table II. 	K x-ray abundances 

K xrays per Estimated 
Liuclide disintegration reliability reference 

Rh10°  o65 G ,  88 

10°  Pd o,65 p 88 

101  Pd o66 G 89 

Pd103  0 .78  M 90, 91 

A °5  g 080 G .  92, 93 

Cd107  105 G 94 
Cd109  093 G 95j,96 

117 Sb o8o G 97 

8  Sb o76 M 98 

Sb 9  0,86 G 99 
Te 21  073 M 101,102 

Cs127  10 P 103 

Cs129  126 M 104, 25 

Cs131  0;73 G 105 
(continued) 
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Table II 	(continued) 

K x-rays per 3stimated. 
Nuclide disintegration reliability reference 

126 + 3 126  c 	0 89 G 106 
128  Ba 	+ 128  c 	1 lii- G 107, 108 

Ba131  •. 	.•G. 109, 110 

Etj15 , 10 	. p 

Eu lao P 
Gd17 1,0 P 

149 
Gd 1.0 .. 	P 
Er160 o82 H 25 

Ho o82 P . 	 25 
165 1.0 p 

• 	 167 
TM ,10 . 

168  fl . 	 .0.97 H 111 

Lu17°  10 . 	P 

• 	Lu171  •10 p 

Hf173  0.97 G .82 	112 

Hf175  0 97 H 	.. .83 
Ta176 •O.94 	• 86 

Ta177  087 G 86 

T6179  O.40 G 81j- 

T 8"  a 0.74 G 85 

1,0 •P 

w18 - Ta178 	1 ,54 G • 	 86 

037 G 87 
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Table III is a list of the various gamma rays that were.used in 

establishing cross sections The first, second, and third olumns list 

the nuclide, the enegy of the gamma ray which .was used, and the abundance 

of that gamma ray, respectively. The fourth column Is a reliability esti-

mate similar in meaning to the corresponding column in the K x-ray table. 

Table III, Gamma-ray abundances 

Nuclide 
Gamma-ray 
energy 
(key) 

Gamma-rays 
per 

disintegration 
Estimated 
reliability Reference 

Be7  477 0.12 G 80 
54 810 ioo G 70 
58 

Go 805 1,00 G 70 
Sr85m 225 0,84  G 70 
SrSTm 388 0,78 G 70 

88  Zr  395 0,97 G 70 

913 0,99 G 70 

Té 9  "-0,9 This work 

Te12 ' 213 0,91 G 91 

Cs 129  375 +120 052 This work 

Gd151  154 o,o6 G? 81 
Gd153  -'102 056 G 113, 111  

Hf173  121 1,1 G 82 

Hf175  343 0,86 G 83 
Th176 202 0.063 G 86 

C. Experimental Cross Sections 

The followingtable lists the experimentally measuredcross sections. 

The first column designates the nuclide for which the formation .cross section ' 

was measured, and the second column lists the observed cross section. The 

third column designates whether the listed cross section.corresponds to a 
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cumulative chain yield, designated by C, or an independent cross section, 

designated by I. In several cases, where the measured cross section lay 

between cumulative and independent, the-result:was corrected to completely 

cumulative or completely independent, either by indirectly measuring the 

parent cross section by using early and late separation times in •successive 

bombardments, or by estimating the cross section for the parent by means 

of the semi-analytic "yield surface" to be described shortly. These cases 

are designated in the third column by placing the C or± in.parentheses. 

The fourth column is an estimate of the reliability of the observed cross 

section(exclusive of the error in the monitor cross s.ction and in the 

assimed counting efficiencies) according to the following convention: 

A means the results are felt to be reliable to ± 10% or better, .B means 

± 25%, and a P classification corresponds to order-of-magnitude results. 

Table Iv. Experimental Cross Sections 

	

Cross 	 Type 
section 	 of 

Nuclide 	 (mb) 	 Yield 	Reliability 

Be7  .24 C B 
Na2 	' 8,7 C A 

N 22  a <1 C P 

I B 

P33  3,5 C? B 
28 

2,5 C B 

Ca 1.5 C B 

Ca1  0,30 C B 

Mn 52 o.8o 
54 

Mn 6,3 I. B 

2.0 B 

Co55  0,027 

Co 8  
Co61 0.67 C B 

Ni57  <0,Q2 C P 
- (continued) 
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Table IV. (continued) 

Cross Type 
section of 

Nucilde (nib) Yield Reliability 

Ni6  0,40 C . 	B 

it66  0.12 .0 .B 
61 

CU .1,0 . 	C 'B 

Cü6  3.6 I A. . 

C 6  o.6 . 	. A 
62  n 0.016 C B 

Zn6  0,031 C B 

S 72  e 2.1 C B 

Se 3  1.5 C? B 
r82 3,2 (.C) B 

5r85ni 0.92 ,' .I .B 
87m 	

. Sir 0,1 •'I B 

Zr88  6.8 C? B+ 

Zx 
89 

6.9 (C) 

, 

A. 

Mo9°  1,5 C B 

Mo9 1.4 I? . 	B 

M099  0,11 C A 

Pd10°  2,3 	. C B 

Pd101  5,1 C B 

Pd103  6,8 . 	C 	. . 	A 

Ag103  5.4 C . 	A 

Ag105  6,5 (C) . 	B 
106  Ag 09 I P 

Ag112 	
113 < 0.05 . p 

Cd107  6.3 C A 

Cd109  7.9 (C) A 

Cd115  < 0,004 C B 
117 

Sb 7.2 <.0 B 
5bh18 1.6 I P 

(continued) 



Table IV, (continued) 

Cross Type 
section of 

Nuclide (mb) Yield Reliability 

b119  .0,25 (I) . 	 P 
5•l20m <0.5 I . 

122  Sb <0,03 I . 	 P 

Té6 + 117 C B 

Te 8  86 C A 

Te119 	. 8,7 C 
• 	 ligm 

 •< 0.6 I? . 	 p 

Te121  .12)4 (c) B 
.121in 

. . 	 . ., 	B 

Cs131  <0,5 I .B 
Ba26 6.1 .0 

128 
Ba 7.1. . 	 c A 

Ba129  .11,2 	. C B 

B31 . 13.3 (C) B 

Ba131  .< 2 (I) . 	 B 

Ce 133 
> 33 . 	 C B 

ce13 	
• 15.9 • 	 0 B 

,18.4 C 	• A 

11 ,9 C B 
,Eu17 18,5 .0 A 
Eu17 (i) 	• 
Gd17 147 C B 
Gd149 

• 132 .0 B 

Gd151  #8,6 

Gd153  26.3 • . 	 C . . 	A . 

Gd1 8,8 A 
160  Er 25,3 C B 
165 24.7 C B 

TM 
167. 273 C . 	 B 
168  Tm 11 I B 

(continued) 
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Table IV. (continued) 

	

Cross 	 Type 

	

section 	 of 
Nuclide 	 (mb) 	 Yield 	Reliability 

Lu170 	28.8 	 •C 	 A 

Lu170 	19 	 (I) 	 B 
Lu'7 + 172 18.1 	 I 	 B 

Hf171 	13 	 C 	 P 

• • Hf173 	13. 4 	 C 

Hf'75 	18.5 	 C? 	 A 

	

C 	 P 

Ta177 	31 	 C 	 A 

Th179 	91 	 C 	 B 
Ta6 + .180m 129 
	• 	 • 	B 

T180m 46 	 I 	 B 

W177 	 1,5 	 P 
w178 	 2.2 	 A 
181 

	

 1 .5 	 B 

* 
This cross section is based on beta counting through 20 mg/cm of 

/ aluminim absorber. Perhaps the .reportdbeta-decaT: electron-captur.e 

branching ratio is high. 
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V. DISCUSSION 

A. General Appearance of Results 

Inspection of the ,measred cross sections is facilitated ifthey 

are recorded on an N-versus-Z grid, similar to the "G.E. Chart of the .  

Nuclides tt , . Figures 6 to 10 represent sections of such .a representation. 

The following observations may be made when the results are thus ex-

amined. 

In the mass region A . .22 .to A = 67, the cross sectIons. seem .to  be 

at a maximum very near to the beth stability line, becoming smaller 

rapidly as one goes to either neutron-excess or neutron-deficient iso-

topes. 

In the mass region A = 72 to A = 153, the cross sections are mostly 

of the .umu1ative chain-yield type, and appear most predominant on the 

neutron-deficient . side of the beta-stability line. In places .where 

several cross sections have been measured in .the same region, the cumu-

lative cross sections are highest for isotopes near the betastability 

line, where the beta,decay chains are longest 1  and become smaller 

rather slowly as one proceeds to more neutron defIcient isotopes. The 

cross sections for neutron-excess isotopes, when measured, appear to be 

quite small. 

In the mass region A 160 to 175, the observed nuclides are usually 

very neutron-deficient and have rather high cumulative cross sections. 

Above mass .175 the.cross sections rapidly increases more will be said 

about this later. 

Evidently the situation is one in which the independent cross 

.sections form a yield surface In the form of a long, narrow mountain, 

the crest of which approximately follows the beta-stability lIne up to 

A 70, and. then deviates further and further to the neutron-deficient 

side, until above A 1501  it is no longer possible to infer its position 

by the measi.rements at hand. 
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Fig. 6. Experiental cross sections (in mi1liarns) 

- for the mass region A = 32 to 69. 	 - 

In Figures 6 to 10: independent cross sections 

• are underlined; cross sections in parentheses are estates. 

The uniDroken curve represents the 1eta-stabi1ity line. 
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Fig. 7. Experimental cross. sections (in milhibarns) 

for the mass region A = 72 to 109. 
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Fig. 8. Experimental cross sections (in millibarns) 

for the mass region A = 100 to 134. 
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Fig. 9. Experimental cross seCtions (in millibarns) 

for the mass region A = 126 to 160. 
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Fig. 10. Experimental cross sections (in millibarns) 

for the mass region A = 160 to 180. 
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3, Analytic Treatment of Results 

Rudstam17  has treated the yield surfaces resulting from spal-

lation reactions on targets of A = 51 to 75 by fitting the observed 

cross sections to the following formi.1a, 

in a (A,Z) = PA-Q-R (Z-SA) 2 , 

where. F, Q, R. and S are adjustable parameters independent of A and Z. 

and c (A,z) is the measured independent cross section. 

The data of this stuy cannot ;be readily fitted to Rudstam's 

formula for two reasons. His formula applies only to independent cross 

sections, and.most.of the.cross sections in.this work are cumulative. 

Moreover, preliminary study of ,the data reveal -s that P and .S. are not 

independent.pf A over the wide range of mass numbers involved in this 

work. 

Still,, it is of interest to fit .the data to a semi-analytic 

' tyield surface" in order to obtain a more exact idea of the yield dis-

tributIons, and to estimate unmeasured yields. This was .done in two 

separate sections; the first section Included the data from A.= .32 to 

A = 67, and the second section included the data from A = 72 to A = . 153. 

The. manner in which the surface was fitted for .each,,mass range will be 

briefly described, 

The first step in .either case was to establish a preliminary 

curve .aA versus A covering the mass range 24.to 170, where.oj is the 

summed independent cross sections for all isotopes of mass nui.ber A. 

It was possible to estimate..values of aA for several values of.A by 

suitable inspection of the data, and by making reasonable inferences 

concerning unmeasured yields. When these estimates were plotted on .a 

graph, it proved possible to draw a smooth curve very satisfactorily 

through the points. This curve was used as a starting point for treat-

ing 'both sections mentioned above, 

1, . Treatment of Data for A = 72 to A = 153 6  

Twenty-five cumulative cross sections in.this region were thought 

to be sufficiently reliable to include in. the surface -fitting treatment, 
l0 	.117 	.117 

Three others, Ag , Sb 	, and .Te .: , were rejected, because possible 



interfering isotopes of nearly the same half lives have been reported 
31,115,21 

in each case. 	 The independent cross sections were too few and 

too unreliable to dO better than serve as checks on the final conclu.-

sions, 

It was desirable to retain the sense of the .Rudstam. parameters ::. 

in order to facilitate comparison with other work, and therefore the 

following assumptions were made: 

The independent cross sections were assumed to obey a 

modified, Hudstam-type equation, 

	

(A,Z) =kA(A)eR [s(2, 
	 (1) 

where k is a number such that one has 
CO 

- R [z - s(A) Al 2  
e 	

= 

• 	(See below for further remarks,) 

R is assumed to be independen.t of A, This is a risky 

assumption, but the data proved to.be relatively insensitive 

• 	to R because no measurements were available far out on the 

• 	wings of the isobaric yield curves. Actually, H •is. expected 

to reflect the isobaric curvature of .the parabolic mass sur-

face, which varies approximately as 

k is assumed to be independent of A. Actually, k varies 

aboutas , ]' T 

The summation, 
-R Z-SAA 

(A,Z) = 	k aA  (A) e 

00 

where .o'(A,Z) represents the cumulative chain yield at A and 

Z. can be replaced by the integral, 

-.1/2 	
- R [z - s(A)A] 2  

(A,Z) 	
• f • 	k cA 	e 

00 



The limit of integration rnust.be Z -1/2 instead of.Z, because 

the nature of the data requires that summation be performed for 

exact integral values of Z, while if one imposes a smoothed 

curve .for the independentyield distribution, it is necessary, 

in principle, to calculate the vlue for cr (A,z) by integrating 

the smooth curve from Z + 1/2 to Z - 1/2. It should be mentioned, 

in passing, that the above summations and integrals are set up, 

for electron-captire, positron-decay chains in neutron-deficient 

nuclides. 

	

• 	 (e), s(A) and 	were assumed to be smooth functions of A, 

with no sudd.enbreaks or sharp corners. As will be seen in the 

• next section, this assimption is plausible if extensive nucleon 

evaporation is important in the production of the final distri-

bution of Independent cross sections. 

Using the above assumptions, it is possible to write 

(Z = s(A)A .- 1/2 

(A,z) 	 I 	- R[Z - s(A)A] 2  
f(A,Z) 	 (A) 	

= k 	 e 	 d{Z - S(A)A]. (2) 
A 

CO 

If the function s(A) is available, one may calculate Z - s(A)A for each 

measured ac(A,Z), and if the Z - S(A)A are then plotted against the 

corresponding values of f(A,Z), which may be calculated using the ex-

perimental (A,Z) and the aA(A)  curve already .dscribed, the resulting 

curve should represent a plot of the right side of Equation 2 versus 

z - s(A)A, 

A preliminary curve of S(A) versus A was obtained from the data, 

tising methods of judgment and inference analogous to those used in ob-

taming the preliminary function aA(A), and the above-described plot 

was constructed. In appearance, it was much like Fig; 1l, 1 except ..that 

the points were more scattered. Theoretical curves of 
IR 

versus 

corresponding to the equation 
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MU- 14105 

Fig. 11. Graphical presentation of data fit to Equation (2). 

Experimental points for which A is between 72 and 131 are 

represented by solid.circles. Those for which A is between 

134 and 153 are represented by open circles. The smooth 
curve is a plot of I for R = 0.55. 
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(X-1/2 

2 
= k 

•00 

were constructed assuming different values of .R, and a "best" value of 

- 	R was established by finding that value of R for which the total devi- 

ation of all the points from the constructed curve was at a minimum. 

It was now possible to construct a new function S(A) based on 

the best B, For eachvalue of f(A,Z) less than 0.75, a corresponding 

z - S(A)A was read from the theoretical curve, From these values a 

set of S(A) could be calculated, the points plotted, and a smooth curve 

constructed through the points. The resulting function .differ.é:d some-

what from the preliminary function, but not seriously, and .there was 

much less scatter in the points. 	 - 

A new function .A(A) was constructed using the new S(A) and best 

.I. For each nuclide for which there was a measurement, a Z - S(A)A 

was calculated based on the new, smooth S(A) curve, and the correspond-

• ing value of IR 
was read off. A set of values of CA were then calcu-

lated by the formula 
(A,z) 

= 

IR 

the resulting values were plotted as cA versus A, and a smooth curve was 

drawn through the points. Again,, there were some differences between 

this A curve and the preliminary curve (in this region), but they were 

not •serious 	 - 

With these new erves for S(A) and .A(A),.  the whole cycle was 

repeated, determining a new .ttbest R, etc, In all, the calculation was 

repeated three timeS. The difference between R,S(A), and CA(A) in the 

second and third cycles was so small that further calculation was felt 

to be unnecessary. The final value .oR wasH = 0.55, and Figs. 12 

and 13 illustrate the final functions S(A) and oA(A)  respectively. 

Their use allows one to predict .85% of the data in this mass region to 

within ± 25%. 
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Fig. 12. Graph of the function s(A). The solid circles 

represent data which are thought to be more reliable than 

the open circles in determining the course of s(A) [e.g., 

data for which f(A,Z) < 0.75, see Fig. ii]. The smooth 

curves were drawn "by eye" through the points, and were. 

drawn separately for the regions A = 32 to. 66 and A = 72 

to 153, because the data"in each region were analyzed 

separately. 	 . 
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Fig. 13. Cross sections as afunctionof product mass 

number, for the interactions of tantalum with 5.1 -Bev 

protons. Closed circles represent the data which are 

thought to be more reliable (e.g., experimental data 

for which f(A,Z) >0.15, see text). The triangles - 

represent values of aA(A) which include estimated values 

for unmeaured yields (see Fig. 10). 
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2. Treatment of.Data for A .= 32 to A =67. 

Fifteen measured cross sections were employed for the surface-

fitting treatment in this mass region, all of them representing in-

dependent or héarly indeendent. yields. A.. preliminary examination of 

the data revealed the following facts. 

The data could not be very satisfactorily treated by 

assuming S independent of A. 

The .A(A) function in this region is nearly independent 

of A. 

(c), The isobaric yield curve is apparently not quite Gaussian 

in shape (not quite parabolic on a sethilog plot), appearing to 

skew somewhat to the neutron excess isotopes (Fig. 14), 

The data were fitted to Equation (i) using a simplified graphi-

cal method analogous to the procedure already described above. Figures 

13 and 12 illustrate the functions crA(A) and S(A) that were .obtuined, 

The corresponding value of H was .0,93, 

The S(A) functions for the two regions do not join smoothly, 

although the error of closure is not great. Such a mismatch is not 

surprising because this treatment causes H to change suddenly from 

0.93 to 0.55 in going from A = 67 to A = :72, which is somewhat un-

realistic. The .oA(A) curve shows no definite break, probably because 

aA is relatively insensitive to variation in R. 

Before leaving this section, it should be emphasized that the 

meaning of the various parameters and functions is limited by the 

assumptions involved. Many different mechanisms must operate to yield 

products in the reactions of tantalum with Bev protons, and one can . 

easily conceive of situations in which unexpected deviations in the 

course of .S(A) and in the value. of H (which governs the width of the 

isobaric Gaussian) may occur. As an extreme example one may cite the 

case of the reaction.s of Bev protons with uranium, where the isobaric 

yield curve in the mass region A lII.O seems to display two maxima with 

a valley between, 
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Fig. l. Graphical presentatIon of the fit of the data, 

in the mass region A 32 to 69, to Equation (i), 

assuming that aA(A) is approximately bonstant in this 

•  region (within the experimental error, this assumption 

appears to be justified). The smooth curve represents 

the function expected for R =0.93, with the ordinate 

adjusted to fit the data. 
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The a (A) function was extended below A = 32 to A = 24 by 

utilizing the measured cross sections for Na , Na , and•Mg to 

estimate the small contribution of Mg 2  . This was added to the cross 

section for Na 
24 (which is a cumulative cross section) to obtain the 

total cross .ection for A = 24. 

The .a'A(A) function was extended above A = 153 by estimating 

reasonable values for unmeasured cross sections The value for the 

(p,2p) product, Hf , is based on the ratio of the (p,pn) and (p,2p) 
42 	142 

cross sections measured by Caretto and Friedlander on Ce 	at .3 Bev. 
The appearance of trends in the cross sections for reactions of the 

trpe (p,pxn) and (p,2pxn), together with similar trends observed by 

Nethaway1  with indium at 2 and 6 Bev and .Barr1  with copper at 5.7 
Bev, was made the basis for other estimates. These estimates are 

included in Fig. 10, 

C. Reaction Mechanisms 

The various features of the data, which were brought out in the 

preceding section, can now be made the basis of a discussion of the 

possible mechanisms involved in the reactions of tantalum with 57 -Bev 
protons, 

An over-all idea .of the pattern assumed by the prodicts of 

these reactions can be gained from the complete a'A(A) function (Fig. 

13), and. from Figs. 15 and 16. 
- -. Recall that Fig, 13 isa plot of the total reaction yield per 

mass number sfersus .mass number. Four main features are immediately 

apparent from this figure: (i) a steep rise within a few rnases of 

the, target: mass; (2) a hump or step between mass numbers 120 and 175; 

(3) a broad, shallow valley between mass numbers 24 and 120; and (ii.) 

a steep "toe-up" from mass 24 downward, 

The unbroken curve in Fig, 15 demonstrates the inferred posi-

tions of the isobaric yield.macima.Qf the independent cross sections. 

It was obtained by using the final function. S(A) to solve the 
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Fig. 15. The relation between the isobaric yield 

maxima and the beta-stability line (see text). 
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euati•on Z = s(), The course of the line of beta stability is re-

presented by the dashed line. The dotted lines indicate the approxi-

mate width of the isobaric yield curves at half-maximuni, and were 

ealculated from the experimental values of R The most notIceable 

features of this figure are as follows: (1) as the .Z of the products 

increases, the maximum of the isobaric yield curve becomes more and 

more neutron-deficient; (2) the width of the isobaric yield curve 

varies relatively slowly, being, as expected, narrower at low mass 

numbers than at high mass numbers. 

Figure 16 permits a fairly detailed Inspection of the neutron-

deficient aspect of the inferred isobaric (independent) yie.ld-cuve 

mexima. In the figure, Z(A) is that Z, for a given mass A, at 
max 

which the isobaric yield curve has its max mum value, Z is the most 

stable Z for a given ass A, éclusive of odd-even effects but re-

taining the breaks at the "magic numbers" of protons and nueleons.. 

These value,s of ZA were taken from ,Coryell)16 	The experimental data 

were used to calculate a set of Zax(A) using the o(A) curve and the 

appropriate experimental value of R. The corresponding va)ue of ZA 

was subtracted from each value of. z (A), and the points were plotted 
max 

as in the figure. It is of some interest to compare these results 

with theoretical predictions based on the assption of extensive 

nucleon evaporation from very excited nuclei. Preliminary work with 

the .equati.ons governing nucleon evaporation indicated that such .a 

predicted function would involve rather lengthy calculatiOns, .SZ.ef_ 

fort which would be of rather doubtful value because Friedlander et al, 
46 

are already currently engaged in Monte Carlo calculations of nucleon 

evaporation at high excitation energies However, Le Couteur 1  has 

performed the .calculations for a nucleus of A = 100, for various ex-

cItation energies. A value derived from his work, representing the 

average evaporation end product of a nucleus originally excited to 

-'.300 Mev, is plotted in .the figure as a four-pointed star. Also, it 

is not too difficult to compute a function representing an approximate 

upper limit on the Z 	Z which one would .expect to fine expert-. 
117 

mentally, by..means of the sp1ified method outlined by Halpern et al., 



utilizing the neutron and proton emission rates caiulated. by Weisslcopf 118  
116 

and the semi-empirical massequation .parameters given by Coryel1. 	This 

function is represented by the unbroken curve, and is that value of.Z - ZA 

at each A for which the neutron-emission rate is equal to the proton-

emission rate, for a nuclear excitation of about 20 Mev, It should be 

corrected downward because (i) most of the. evaporations take place for 

nulear excitation energies >> 20 Mev, where the Coulomb barrier against 

proton emission is much less effective, and (2) alpha particles, deu-:: 

•terons, and other complex particles are also evaporated in addition to 

.neutrons and protons. The dashed curve is merely 0,5 times the unbroken 

curve, and serves to facilitate the comarison of the data with the 

functional trend of the calculation, 

Above A - 60 the points seem to follow the trend indicated by the 

.dashed line, except that they appear to fall in clusters alternating above 

and below. This cu±ious effect is easily explained. The breaks in the 

experimental function come; , just the places .where there are breaks in 

the Z curve arising from the-. closing of the neutron and proton shells at 

the magic numbers Z = 28, N= 50, Z .= 50, N = .82, The positions of the 

isobaric yield maxima are apparently relatively uninfluenced by the  ir-

regularities in binding energies found in nuclear ground states. One may 

draw the expected conclusion that nuclear shell structure has little in-

fluen.ce on nuclear evaporation for excitation energies of the order of 

hundreds of Mev. Whether there is a corresponding lack of even-odd in-

fluence cannot be ascertained from the data .at hand, The over-all picture 

in this mass region is consistent with the view that enough nuclear evap-

oration.haE contributed to the final observed distribution of products  that 

the original isobaric distribution of, evaporation progenitors is nearly 	- 

obliterated 

In the mass region A 30 to 60, the 1sobaic yield maxima fall very 

near the line of beta stability, or perhaps very slightly to .the neutron-

excess side. This may indicate that the evaporation precursors had an .ex-

ces's of neutrons, since one expects, from the figure, to find the .mxima 

in this region to be roughly 0.3 unit of Z to the neutron -de f ic ient side. 

Since it is difficult to imagine how a pure cascade-evaporatIon mechanism 



could lead to such a product distribution, this observation may provide 

evidence that another mechanism is responsible for the evaporation pro-

genitors in this region, as we shall see shortly. 

The over-all pattern described by the three figures just examined 

is very similar to the one observed by Wolfgang et a.1.
33 in the reactions 

of lead with .3-Bev protons, and also there are definite points of simi-

larity between the results of this work and the pattern observed by Barr 

in the reactions of copper with 5.7-Bev protons. In each case the bulk or 

products is to be found relatively near the target nucleus in mass nimther; 

there is a prominent toe-up at very low mass numbers; and the mass numbers 

in between are. represented by a broad distribution of products, with maxi-

mum cross sections of the order of a few m:illibarns. 

The reported mechanisms with .which one might try to explain the 

observed patterns are (i) the cascade-evaporation process, (2) fission, 

and (3) fragmentation, 

1. 'The cascade-evaporation process. 

This was the first mechanism that was proposed to describe nuclear 

reactions in this energy raxge. Heisenberg 3  and Williams proposed knock-

on mechanisms that.. were rather similar to the more recent ideas concern-

ing the cascade event, to account for the main features of the then newly 

discovered large "stars" in nuclear emulsions which had been exposed to 

cosmic rays, and calculated the bombarding energies beyond which the Bohr 

compound-nucleus 10  theory would fail. Serber12  proposed a similar, more 

complete theory in order to explain the characteristics of nuclear re-

actions in the hundreds-of-Mev range, soon after the Berkeley 184-inch 

synchrocyclotron came into operation. 

Briefly, according to this mechanism, the high-energy projectile 

interacts with the nucleus by colliding with individual nucleons in its 

midst, and the recoiling collision partners also undergo similar collis-

ions, causing. a number of "cascade" particles to emerge from the nucleus, 

generally in the forward direction. The residual nucleus is, in general, 

excited and "evaporates" more nucleons. A wide range is possible in the 

bution of number of cascade particles, and in .the distri 	.excitation .energies 



• left in the residual nuclei, for a given bombarding energy, and this 

leads to the wide distribution of products that is actually observed. 

Extensive theoretical work has been done on this mechanism. The cascade 

process has been treated quantitatively by Monte Carlo calculations, 

notably by Goldberger, 13  Turkevich and co-workers, McManus and Sharp, 1  

and Rudstame 17  The evaporation process has been .treated analytically 
47 by LeCouteur 1  Yamaguchi, 15  , 	Jacksdn, and others. Of late, Monte Carlo 

methods have also been applied to describe the evaporation process, by 
17 	 1.6 

Rudstam and G. Friedlander et al. 	For bombarding energies below 

about 500 Mev, where meson production is not yet important, and above 

about 100 Mev, where the meati free path of the .bombrding nucleon in 

nuclear matter becomes long enough to make the cascade assumption valid, 

there is good agreement between these calculations and experimental re-

sults. The cascade calculations by Turkevich et al. and the evapor-

ation calculations by Friedlander et al. I comprise the only sets that 

are really applicable in the Bev region, and conclusions derived from 

theth will be used in connection with v±'iouS points in the ensuilig di.s-

cussion. 

It is probably safe to ascribe the bulk of the observed yield in 

the mass region A " 120 to 175 to the cascade-evaporation mechanism. 

This mechanism must also contribute materially to masses less than 120 

and greater than 175, but probably not predominantly, hence the limits 

are somewhat fuzzily defined. Probably the bulk of products below A ".' 8 

are also due to the cascade-evaporation process, being the knocked-on 

and evaporated particles themselves. Here, too, the demarcation is quite 

indefinite, as we shall see later, 

The Monte Carlo calculations predict a broad maximum in the yield 

distribution, occurring at about 15 mass numbers less than the target mass, 

for a bombarding energy of 1,8 Bev, and one would expect that at 57 Bev 

the calculated maximum would be even further from the target mass. No 
49 

such maximum is discernible in the data. Barr reports a similar non-

observation of the expected maximum in the reactions of copper with 5.7-
Bev protons. Since the calculations were performed assuming a square-

well potential containing a degnerate Fei'mi gas, the contribution from 



the smaller cascades and ldwe.r-energy transfers may have been under-

estimated. If a more realistic picture of the nucleus were adopted, 

in which the nucleon density tapers off gradually with increasing 

radial distance, agreement with experiment should be improved. Another 

reason for the. .nongreement with theory could lie in the competitive 

"fragmentation" process, which is discussed in the next section. 

2, The fission and fragmentation piocesses. 

The long, shallow valley in the mass range A -'- 24 to 120 in-

cludes the products that are expected to be .due either to fission, or 

to the recently identified fragmentation. As before, the exact bound-

aries between this region and the cascade-evaporation regions on either 

side are rather ifl.defined. 

A process identified as fission has been observed by Nervik 

and Seaborg25  in the reactions of tantalum th 340-Mev protons, and 
.119 

confirmed by Kruger and Sugarman 	with 450-Mev protons. In addition, 

Perfilov et al, 	have observed fission events in tungsten-loaded
120  

nuclear emulsions exposed to proton beams of 460 and 660 Mev, Nervik 

and Seaborg report the total fission cross section of tantalum at 340 

Mev to be about 4 millibarns. Their fission-yield distribution forms 

a definite, if broad, peak with the maximum occurring at about mass 

number 83. 

The same mass region at 57 Bev reveals a totally dIfferent 

distribution of products (Fig. 17). The .integrated cross .section of 

this masa region is .800 mb (or if it is binary fission, 400 mb), which 

is 100 times as large as the corresponding cross section at 340 Mev. 

There is no peak discernible; mass number 83 is actually near the bot-

tom of a valley, instead. Also, the balk of the products in this re-

gion are considerably more neutron-deficient than was the case at 340 

Mev, 

Wolfgang and co-workers 33  observed a very similar distribution 

in the reactions of lead with 3-Bev protons, and were led to postulate 

that a process other than fission contributes materially to the observed 

yield pattern in this region. This mechanism, which they have named 
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"fragmentation," is thought to be assooiated with the increasing prob-

ability for the production and reabsorption of mesons as the boinbardin, 

energy is raised. Briefly, the mechanism is one in which the bombarding 

proton enters the nucleus, and while initiating the usual cascade event 

undergoes one or more proton-nucleon .collissions which create .rnesons; 

the mesons in turn have short mean free paths and are usually reabsorbed, 

perhaps having undergone some scattering collisions beforehand. The 

result is that a limited zone of the nucleus becomes highly excited while 

the rest of the nucleus remains relatively cool. It seems reasonable to 

expect that under such conditions the nucleus can break into to frag-

ments, the relative sizes of which depend on the location and size of 

the excited zone. Obviously this must happen very quickly, before the 

excitation energy can be dissipated to the rest of the nucleus. The 

fragments would be expected to have about the same neutron-to-proton-ratio 

as the target nucleus and to be highly excited. The slight neutron-

excess character of the products in the maSs region A 22 to 60, which 

was obServed in this work (Fig. 16), and the corresponding effect seen 

in the 3-Bev proton bombardments of lead, are consistent with this view s  

Other evidence pertaining to such a process has been put forward 

in the recent work of Porile and Sugarn, 121  ui 	They analyzed excitation 

functions up to 3 Bev for the formation of vSrious products appearing in 
the proton bombardment of bismuth :, in terms of the deposition-energy 

45 spectrum predicted by the Monte Carlo calculations. of Turkevich et al. 

One of the results they obtained was that a typical fission prodt.ct, such 

as Cu, , has a probability of formation as a function of deposition energy 

which attains a maximum at 150 to 200 Mev and becomes vanishingly small 

abbve "-300 Mev, when the excitation function is analyzed for bombarding 

energies up to 450  Mev, When this fomation-probab.i1ity function is then 

used to predict the excitation function up to 3 Bev, the results are too 
low. This observation was interpreted to mean that a new mode .of forma,-

tion of Cu appears at Bev bombarding energies, Its excitation function 

rises rapidly from threshold at bombarding energies of about 500 Mev to 

become equal to the contribution from fission at abu.t 13 Bev5  and to 

surpass it thereafter They have identified this process with the same 
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mechanism that Wolfgang et al. have termed "fra1entation d . T' From an 

analysis of several formation products across the -fragmentation region, 

they have concluded that the cross sections from fragmentation are 

largest at the higher and lower mass numbers in this region, and reach 

a minimum for mass numbers of about half the target mass. 

The possibility must not be dismissed, however, that fission 

also contributed materially to the formation of the products appearing 

in this region, The z2
A 	

for excited nuclei will not increase much 

beyond a certain value at any given mass number, determined by the point 

at which the proton- and neutron-emission rates are equal, and this 

consideration might lead one to suspect that there is a certain maximum 

total fission cross section for tantalum. However 1  it is to be expected 

that the average excitation energy of a given group of fissioning nuclei 

will, in general, increase with bombarding energy, . The depression of .  

nuclear surface tension will then become important in lowering the 

thres1old for fission, 	 , and, according to Morrison122  whose discussion 
.. ..- 

is based on the calculations of Fujimoto -and Yamagu 	
123 

hi, 	and l3agge, 12  

for really .'eat excitation energies .where the surface tension becomes 

small and the amplitude of surface distortions becomes very large, f is- 

jri .nay readily occur in a wIde variety of modes almost uninfluenced 

by the small surface energy, and one would expect a nearly flat dis-

tribution of f is sion -fragment masses, He goes further to state that 

one might preferably expect non-equilibrium local heating which would 

"pinch off" relatively small pie.cs of nuclear matter, This would in-

crease the contribution to the lower and higher, portions of the fission 

region at the expense of the middle, and lead to a distribution not Un-

like that reported for fragmentation. Thus, one sees that these ideas 

allow a rathe.r smooth transition from the fragmentation mechanIsm at one 

extreme to fission at -the other, with a corresponding time scale govern-

ing the events ranging from the time required to develop a nuclear cas-

cade and initiate fragmentation, through the time required to distribute 

the nudlear excitation energy throughout the nucleus, to be .associated 

with the events characteristic of low surface tension, to events whjch 

compete with or follow nucleon -evaporation, 
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3. Low-energy processes, 

Mention should be made of the anomalous magnitude of the results 

in the mass region 175 to 180, representing products in the immediate 

neighborhood of the target nucleus. The integrated cross section for 

• this region appears to be about 500 mb, although much of this figure 

comes from estimates of unmeasured cross sections. This is to be .com-

pared with the cosmic-ray results of ..Sinha and Das,, 
125

who measured total 

• nuclear cross sections with respect to both high-energy and high-energy-

plus -low-energy interactions, using pentrating charged secondaries .with 

an average energy of 4 Bev. They interpret their results by stating that 
when the bombarding particle comes within about 0,15A1/3  x 1013  cm of the 

equivalent •square•we1l radius of the nucleus, a low-energy interaction 

will take place. This corresponds to across section of about 400 mb for 

tantalum, which is of the same order of magnitude as the experimental 

integration. However, since the cosmic-ray experiment excludes both the 

evaporation of protons, and .ery small deflections of the bombarding 

particle, in measuring the low-energy interaction, its meaning in terms 

of subsequent nuclear reactions is not too well defined, but it does 

serve to indicate the order of magnitude of the extent of low-energy 

reactions. 

There seems to be a distinct tendency for yields in this region 

to be substantially higher than simple cascade-evaporation theory would 

predict, not only in this work but in the work ofothers, Markowitz 

has done a systematic study of (p,pn) cross sections at energies up to 

3 Bev, and on target .nucle.i as heavy as tantalum, and reports that the 

cross sections he obtains are higher by a factor of two than his calcu-

lations, based on a simple knock-on model, would predict, Barr's 
49 

measurements of thereaction products  of copper with 5,7-Bev protons 

reveal the same trend when compared to the Monte Carlo calculations done 

by Turkevich et al. on copper e  
• 	• To account for these results, it may be necessary only to do the 

theoretical calculations over, employing a diffuse nuclear edge On the 

other hand, the corrections necessaiy seem larger than can be accounted 
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for in this way, especially with tantalum. It might be that important 

new reaction mechanisms that transfer only a small amount of energy to 

the target nucleus await identificatipn. 

Several possible mechani:sms for such low-energy transfer have 

been mentioned. Markowltz suggests, but rejects, the possibility that 

inelastic meson-producing reactions, such as (p,2n), may contribute 

materially to cross sections of products in the region of the target 

nucleus. The mean free path of mesons in nuclear matter is so short 

that the meson would have to be formed very near the edge of the nucleus 

in order to escape. 

Also it may be possible that Coulomb excitation contributes. to 

the cross sections in this region. The level densities become very high 

in the .reion 6 to 30 Mev of nuclear excitation, while the energy of the 

passing proton is very much greater than this, so that it seems possible 

that perceptible reactions of the type (p,pxn) could occur this way. 

However, since the inte.raction time of the passing proton is very short, 

tending to offset the effect of the high level densities and avalable - 

energy, one might not expect very high cross sections from this reaction. 

Perhaps a more 'sensitive indicator of the high probability of 

desposit.ions of small amounts of energy in heavy nuclei when they inter-

act with Bev protons is to be found in the results of.Shudde, ' who 

studied the interaction of uranium-238 with 5.7-Bev protons, His data, 

although fraentary, display, not only the typicai broad, single hump 

one has come to expect from high-energy fission, but also, somewhat more 

to the neutron-excess side than this hump and in about the position at 

which one finds the yield distribution .of low-energy fission, there 

appear in high yield the typical product nuclides one expects of low-

energy fission. Shudde's results in the barium-lanthanum region are 

especially suggestive, because one sees a high yield for the very-

neutron-deficient Ba12  , a very small independent cross section for 

La , but again high cumulative cross sections for the ne.utron-rich 

Ba 	and La, The reason one expects from uranium fission somewhat 

greater sensitivity to the aquisition of small amounts of energy from 
238 i 

the 5.7-Bev proton is that the threshold for fission in U 	s only 



about 5 Mev where one ordinarily needs about 7 Mev to bring about a single 

neutron-out rection. 

Appropriate comparisons of U23  fission induced by bombardments 

with Bev protons, and Bev neutrons, might prove very revealing to this 

aspect of the problem of .the interactions of Bev prticles with nuclei. 

• 	I 	Total cross section. 

The total reaction cross section was estimated to be 2,0 barns 

by Integrating the aA(A) curve (see Fig, 13) from A = 90 to A = 180, 

with the expectation that most of the products below A 90 are frag-

mentation, fission, or evaporation products that have corresponding 

complementary products at A •> 90 6  The resulting estimate actually re-

presents a lower limit, although it is expected to be fairly close to 

the truth. The total cross section interpolated from the work of Sinha 

and Das125  is i,8 barns, which agrees to within the experimental error 

with this work, 

5 	Special reactions. 	 LI 

•The formation cross sections for tungsten are of some interest 

because they can be the result of such special processes as charge ex-

chige (,pcth) reactions, and the like. However, crude Calculations 

indicate that even with the relatively thin targets (32mg/cm 2  of tantalum. 

and 28 mg/cm of aluminum) used in the .measureient of the tungsten iso-

topes, a total formation cross section for tungsten from secondaries 

could be appreciable. In particular, assuming that an average of 10 

secondary protons iS produced per primary interaction, the expected total 

production cross section for tungsten isotopes works out at be about 3 
mb, which is comparable to the ,observQd cross sections, Much thinner 

tantalum targets will be necessary .to make a valid study of the direct 

formation of tungsten isotopes. 

In conclusion, it can be said that at least two and very likely 

three or more processes can be identified among the reactions of 5 4 7-Bev 

protons with tantalum: 
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the cascade-evaporation process,:which accounts for more 

than half of the reactionp±oducts, including most of those that 

have A <7 and A> 120; 	 . 

the fraentation process and (or) other processes such as 

fission which account for the broad distribution of products 

between mass numbers 211  and .120 (it seems likely that the evap-

oration precursors of this distribution are highly excited and 

evaporate enough nucleons to render the cascade-evaporation 

products indistinguishable from the .fraentation and fission 

products in the mass region A 100 to 1)40); 

sbmeuñknom process or processes to account for the un-

expectedly high yield of ,rection products.with mass numbers 

near that of the target nucleus; these must be processes in 

which the 6-Bev proton transfers only a very small amount of 

energy to the target nucleus, 
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APPENDIX 

Chemical Procedures 

The radiochemical purification procedure adopted for each element 

is outlined below. With a few exceptions, these procedures are usually 

adaptions or modifications of those to be found in the widely available 

compendia by M. Lindner 55  and J. Kleinberg,SO  In all cases, references 

are given to indicate the sources of the procedures that were actually 

used. 

The initial treatment of the target solution to bring about first 

separations of the elements to be purified has already been described in 

Section II, C. The following outlines begin with the crude preparations 

obtained at that point. The details of mounting the purified, samples for 

counting have also been discussed in. Section II, C, and will be omitted 

here. . 

Beryllium55  

Beryllium hydroxide was precipitated by adding animonium hydroxide 

to the aaueous solution resulting from the tantalum-extraction procedure. 

The precipitate was dissolved in hydrochloric acid, and a drop of ferric 

nitrate solution was added. Ferric hydroxide was precipitated by pouring 

the solution into sodium hydroxide solution, and after a 5-min digestion, 

the ferric hydroxide was centrifuged. The ferric hydroxide precipitation 

was repeated twice, by adding ,a drop of ferric nitrate to the supernatant 

solution each time, digesting, and centrifuging. The resulting solution 

was acidified with hydrochloric acid, and beryllium hydroxide was pre-

cipitated by adding ammonium hydroxide. The precipitate was dissolved 

in 20% sodium hydroxide and beryllium hydroxide was precipitated by add-

ing saturated anmionium chloride. The washed beryllium hydroxide was 

dissolved in hydrochloric acid, and put into a buffer solution 0,5 M 

in sodium sulfite and 1 M in sodium bisulfite. The beryllium was then 

extracted into 0,4 M thenoyl trifluoracetone in benzene. The organic 

phase was washed with water (twice), 8 M nitric acid (twice), water (once), 
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1 M sodium hydroxide (twice, te.n seconds each), and water (once, briefly). 

The beryllium was back-extracted into a mixture of two parts concentrated 

formic acid to one part of concentrated hydrochloric acid. Beryllium 

hydroxide was precipitated by adding ammonium hydroxide, washed, and dis-

solved in nitric acid. The resulting solution was evaporated to dryness 
0  

and dried for several hours at 225 C. The remaining solid was slurried 

in ethanol, and mounted for counting using the filter-chimney setup. 

Sodauni 25 

The aqueous solution from the tantalum-extraction procedure was 

chilled in an acetone-and-ice bath, and sodium precipitated as sodium 

chloride by saturating :the solution with hydrochloric acid gas. The 

sodium chloride was centrifuged, dissolved in water, cupric nitrate 

solution was added, and cupric sulfide was precipitated by passing in 

hydrogen sulfide. The supernate was boiled, ferric nitrate solution was 

added, and ferric hydroxide precipitated by passing in ammonia gas. 

Nickel nitrate and manganous nitrate solutions were added and nickel and 

manganese sulfides were precipitated by passing in hydrogen suifide. A 

few drops of lanthanum nitrate solution were added and the suspension 

was centrifuged. A few drops each of calcium, zinc, and magnesium nitrate 

solutions were added to the supernate and the corres'ponding phosphates 

were precipitated by adding 0.1 M animonium phosphate. The phosphate-

precipitation step was repeated by adding barium and strontium nitrate 

solutions. The volume of the solution was, reduced to a few ml by boiling, 

and a few drops each of potassium, rubidium, and qesium nitrate solutions 

were added. The solution was cooled in an ice bath and saturated with 

hydrogen chloride gas' to precipitate sodium chloride. The sodium chloride 

was centrifuged, redissolved in "3 ml of water, and reprecipitated by 

cooling in an ice .bath and saturating with hydrogen chloride gas. The 

sodium chloride precipitation was repeated twie more. The final sodium 

precipitate was .slurried in ether and mounted for counting. 
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Magnesium 25 

The mixture of rare earth and alkaline earth fluorides and 

sulfates, precipitated directly from the target solution, was treated 

with .8 N nitric acid and centrifuged. The supernatant solution, con-

taining the magnesium, was made ammoniacal, and disodium phosphate 

solution was added to precipitate magnesium phosphate. The precipitate 

was dissolved in a few ml of concentrated hydrochldric acid, cooled in 

an acetone and ice bath, and saturated with hydrogen chloride gas. The 

resulting precipitate (which contains the magnesium) was centrifuged, 

dissolved in a few ml of water, cooled in the acetone and ice bath, and 

the magnesium wasagain precipitated by saturating with hydrogen chloride. 

The magnesium chloride was dissolved in water, made 1,5 N in hydrochloric 

acid, and copper and antimony sulfides were precipitated by adding the 

appropriate carrier solutions and saturating with hydrogen sulfide. 

Nickel and lanthanum nitrate solutions were added to the supernate, which 

was then made aiiimoniacal and saturated with hydrogen sulfide; the re-

sulting precipitate was discarded. The acidic and basic sulfide precip-

itatións were repeated once more, Ammonium acetate was added to the 

.supernatant solution and the pH was adjusted to Ii- with hydrochloric acid. 

Four percent ammonium oxalate solution was added, followed by a few drops 

each of calcium, strontium, and barium nitrate solutions. After centri-

fuging, the precipitate was discarded and the oxalate .precipitation was 

repeated in the supernate. The final supernate was evaporated to dry-

ness a few times with concentrated nitric acid and the residue was taken 

up in water, .... few drops each of sulfuric acid and strontium nitrate 

solution were added, the pH was adjusted to 	and the resulting pre- 

cipitate was centrifuged after standing a few minutes, The supernate 

was made ammoniacal, Ol .M ammonium phosphate was added, and after 

standing a few minutes the resulting precipitate was filtered, washed., 

and. mounted for counting. 
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Phosphorus 6  

The phosphorus was recovered from the aqueous solution resulting 

• 	 from the tantalum-extraction procedure by adding zirconium chloride solu- 

tion to precipitate zirconium phosphate. The zirconium phosphate was 

dissolved in a few drops of hydrofluoric acid, 4 N nitric acid and am-

monium molybdate reagent were added, and, after digestion in a hot water 

•bath, the resulting precipitate was centrifuged and washed with water. 

The precipitate was dissolved in concentrated ammonium hydroxide, diluted, 

and a few drops of 30% hydrogen peroxide were added. The solution was 

acidIfied with concentrated hydrochloric acid and zirconium chloride was 

added to precipitate zirconium phosphate. The precipitate .was dissolved 

in a few drops of hydrofluoric acid, 3 N hydrochloric acid, arsenic 

carrier and a few drops of aerosol solution were added, and the mixture 

was heated in the hot water bath and saturated with hydrogen sulfide for 

15 minutes. The resulting suspension was centrifuged, lanthanum carrier 

was added to the supernatant solution, and the precipitated lanthanum 

fluoride was centrifuged. The supernate was made 1  N in nitric acid, 

ammonium molybdate reagent was added, and the mixture was heated in the 

hot water bath for a few minutes. The precIpitated ammonium phospho-

molybdate was centrifuged and washed with, water. The zirconium phosphate 

precipitation, arsenic sulfide scavenge, and anmioniurn phosphomolybdate 

precipitation cycle was repeated once. The final ammonium phosph.omolybdate 

precipitate was dissolved in cncentrated amnionium hydroxide, 50% citric 

acidsolution and magnesia mixture were added, and the solution was made 

alkaline with concentrated axnmoniuni hydroxide. After standing, the 

magnesim ainmoniurn phosphate was centrifuged, slurried with dilute ammonia, 

and mounted for counting using the standd filter-chimney setup. 

It may be of interest at some time to remove phosphorus much more 

quickly from the target solution than the. tantalum-extraction procedure 

permits. This may be done by making the target solution strongly acid 

with 'nitric acid immediately after dissolving the target foil, followed 

by the addition of an overwhelming excess of zirconium chloride solu-

tion. The phosphorus is precipitated Incompletely as zirconium phosphate. 
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Calcium
56 
 

The combined precipitate of fluorides and sulfates obtained 

from the target solution contains the calcium. Strontium and barium 

were also precipitated in the same step to help promote a more complete 

recovery of calcium, The precipitate was treated with .a mixture of 

saturated boric acid, concentrated nitric acid, and several drops of 

sulfuric acid, and the suspension was diluted with .water and centri-

fuged. The precipitate was washed with dilute sulfuric acid, and 

then metathe sized twice for, several mInutes with strong sodium carbonate 

solution. The resulting prçcLpitate was washed with water, dissolved 

with a few drops of hydrochloric acid, and iron carrier was added. 

Ferric hydroxide was precipitated by making the solution basic with 

ammonium hydroxide. The ferric hydroxide precipitation was repeated 

twice, by adding a few drops of iron carrier each time to the super-

natant solution. The final supernate was made 0,1 N in hydrochloric 

acid, palladium and copper carriers were added, and hydrogen sulfide 

was passed through the heated solution to precipitate the acid in-

soluble sulfides. After boiling, nickel and cobalt carriers were added, 

the solution was made slightly basic with ammonium hydroxide, and the 

basic sulfides were precipitated by passing in hydrogen sulfide. Am-

monium oxalate was added to the supernate and the resulting precipitate 

was washed with water, The oxalate precipitate was dissolved in a few 

ml of 3 N nitric acid, a large excess of white fuming nitric acid was 

added, and the solution wascooled in an ice bath to precipitate strbntium 

and barium nitrates. The volume of the supernate was decreased to a few 

ml by boiling, more strontium and barium carriers were added, and the 

strontium and barium nitrate precipitation was repeated, and then re-

peated once more The final supernate was reduced in volume to a few 

ml by boiling, diluted, made ammoniacal, and calcium oxalate was pre-

cipitated by adding ammonium oxalate. The calcium oxalate was dissolved 

in concentrated nitric acid and 1 lvi sodium bromate, boiled to near dry-

ness, diluted with water, made ammoniacal, and calcium carbonate was 

precipitated by adding ammonium carbonate solution,.. The calcium carbonate 
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was dissolved in a small amount of nitric acid, diluted, 'lanthanum 

carrier was added, and lanthanum hydroxide precipitated by making the 

solution ammoniacal. Finally, the supernate was heated, and ammoniu,m 

oxalate was .added to precipitate calcium oxalate,, which was filtered 

using the usual filter-chimney setup, washed with water and alcohol, 

and mounted for counting. 

18 
Manganese 

The manganese was recovered initially as precipitated manganous 

hydroxide by adding ammoniiim hydroxide to the aqueous solution resulting 

from the tantal•umextraction procedure. The precipitate was dissolved 

in dilute nitric acid and manganese dioxide was precipitated by adding 

an excess of solid potassium bromate and heating in the hot water bath. 

The manganese dioxide precipitate was dissolvedin a few ml of concen-

trated hydrochloric acid and boiled to remove chlorine. The 'solution 

was then passed through a column, 6 mm by 10 cm, packed with Dowex A-2 

anion-exchange resin. The eluate was boiled to reduce its volume, made 

.1 N in hydróchloric acid, silver carrier was added, and the precipitated 

silver chloride, was removed by centrifügation. Acid-insoluble sulfides 

were precipitated by adding copper carrier to the solution and saturat-' 

ing with hydrogen sulfide. The supernatant solutIon was evaporated to 

dryness a few times with concentrate.d nitric' acid, water was added, and 

the solution was made 1 N in nitric acid. An excess of solid sodium 

bismuthate was added to oxidize the manganese to permanganate. The 

solution was adjusted to a pH of 10 with sodium hydroxide and iron 

carrier was added to precipitate ferric hydroxide, whichwas removed by 

.centrifügation. The solution was made IN in nitric acid and.a few drops 

of saturated oxalic acid solution were added'to reduce the :permanganate 

to the manganous state. Excess solid potassium bromate was iiftroduced, 

and the mixture heated unti.l manganese dioxide precipitated. The pre-

cipitate was washed with water, slurried with more water, and mounted 

for counting, 	' 
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Cobait 6  

The .acueous solution resulting from the tantalum-extraction 

procedure was made ammoniacal and the cobalt was precipitated by pas-

sing in hydrogen sülfide The precipitate was dissolved in nitric 

acid, and the solution was diluted, and cobalt hydroxide was precipi- / 

tated by adding 10 M potassium hydroxide. The precipitate was washed 

with water and dissolved in 6 M acetic acid. The solution was diluted 

and potassium cobaltinitrite was precipitated by adding a few ml of a 

solution made.by  saturating 3 M acetic acid with potasSiurn nitrite. 

The precipitate was washed with water dissolved in concentrated hydro-

chloric acid, and boiled to. remye oxides of nitrogen, Nickel carrier 

was added,. followed by. 10 M potassium hydroxide to precipitate nickel 

and cobalt hydroxides, The potassium cobaltinitrite precipitation was 

repeated, The precipitate was dissolved in concentrated hydrocIloric 

acid, boiled nearly to dryness, and a few ml of 0.1 N hydrochloric acid 

were added. Copper and palladium carriers were added and the acid-

insoluble sulfides were precipitated by passing in hydrogen sulfide. 

After centrifugation, the solution was boiled and the acid sulfide .pre-

cipitation was repeated. The resulting supernatant solution was boiled 

to remove hydrogen sulfide, and iron carrier was added followed by a 

moderate excess of ammonium hydroxide to precipitate ferri,c hydroxide. 

After centrifugation the solution was acidified, and the ferric hydrox-

ide precipitation was repeated twice more. The final supernatant solu-

tion was made 0.4 N in hydrochloric acid, and 15 grams of ammonium 

thiocyanatewas added anddissolved (total volume, 35 ml), The cobalt 

thiocyanate complex was extracted into a mixture of amyl alcohol and 

ethyl ether, and the organic phase was washed twice with concentrated 

ammdnium thiocyanate. solution. The cobalt was back-extracted into 3 N 

ammonium hydroxide. The solution was saturated with hydrogen sulfide 

to precipitate cobalt sulfide. The precipitate was washed with water, 

slurried in more water, and mounted for counting using the filter-

chimney arrangement. 
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The aqueous solution resulting from the tantalum-extraction 

* 	 procedure was made ammoniacal, and 5% dimethylglyoxime was added to 

precipitate the nickel. The nickel diniethyl.giyoxime.wasfilt:ered, 

washed with water, anddissolved in a few drops of concentrated nitric 

acid. The solution was boiled and diluted with water, silver carrier 

was added, - and a few drops of hydrochloric acid were added to precipi-

tate silver chloride. Copper and palladium carriers were added to the 

supernatant solution, which .was then heated in the hot water bath and. 

saturated with hydrogen sulfide to precipitate the acid-insoluble 

sulfides. After cen.trifugation the solution was boiled to expel 

hydrogen sulfide, iron carrier was added, and excess ammonium hydrox-

ide was added to precipitate -  ferric hydroxide. Dimethylglyoxime was 

added to the supernatant solution .to precipitate nickel dimethylglyoxixr.te, 

which was separated by filtration. The whole purification cycle was 

repeated once. The final nickel dimethylglyoxiine precipitate was 

filtered directly in the filter chimney, washed with water and alcohol, 

and mounted for counting. 

Copper 18 

Copper sulfide -was precipitated by passing hydrogen sulfide 

through the target solutibn. After washing with water, the copper - 

sulfide was dissolved in nitric acid and diluted with •water. Silver 

carrier was added, followed by a few drops of hydrochloric acid to 

precipitate silver chloride, which was removed by centri±'ugation. Iron 

carrier was added and ferric hydroxide was precipitated when an excess 

of ammonium hydroxide was added. After centrifugation to remove the 

ferric hydroxide, the solution was made slightly acidic with hydro-

chioric acid and saturated with sulfur dioxide. Cuprous thioeyanate 

•was precipitated by cooling the solution in ice and adding potassium 

thiocyanate. The precipitate was dissolved in a .few drops of nitric 

acid, diluted; and made slightly ammoniacal. Solid potassium cyanide 

- was added, followed by arsenic, tellurium, and cadmium carriers, and 
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the solution was saturated with hydrogen sulfide. The precipitated 

sulfides were removed by centrifugation and the, solution was made acidic 

with hydrochloric acid, boiled to expel hydrogen cyanide, and saturated 

with hydrogen sulfide.. The precipitated copper sulfide was dissolved in 

nitric acid and the purification procedure was repeated through the 

precipitation of cuprousthiocyanate. The final cuprots thiocyanate 

precipitate was filtered, washed, and mounted for counting. 

Zinc55  

The aqueous 'solution resulting from the tantalum-extraction 

procedure was made feebly basic with animoniurn hydroxide, and zinc sul-

fide was precipitated by saturating the solution with hydrogen sulfide. 

• 	The washed precipitate was dissolved in a few dPops.of hydrochloric 

aáid, diluted with water, and the resulting solution was made 2 M in 

hydrochloric acid. This solution was passed through a column, 6 mm by 

10 cm, packed with Dowex A-2 anion-exchange resin. The column was 

washed with 2 M hydrochloric acid and the zinc was removed by passing 

0.001 M hydrochloric acid through the column, Two drops of hydriodic 

• acid (without preservative) were added to the eluate, which was then 

passed through another 6mm.-by'10.cm column packed with Dowex-50 cation-

exchange resin. The resin was washed with 0,5 M hydrochloric acid 

containing a few drops of hydriodic acid and the zinc was removed by 

passing 2 M hydrochlori,c acid through the column, • Iron and cadmium 

carriers were added to the eluate, together with a drop of sodium 

• nitrite solution, and the mixture was made strongly basic with sodium 

hydroxide. The precipitate was removed by centrifugation and the 

supernatant solution was made 2 M in hydrochloric acid. Both column 

purification steps were repeated, except that the final Dowex'-50 column 

was washed also with 0,1 M sulfuric acid and the zinc was eluted with 

6 M sulfuric acid. Iron carrier was added to the eluate, and ferric 

hydroxide was precipitated by adding ammonium hydroxide. After centri- 	* 

fugation the solution was adjusted to the methyl red end point with 

sulfuric acid and a few ml of 0,1 M ammonium phosphate buffer (pH = 8) 



were added. The solution was heated in a hot water bath until a pre-

cipitate formed. The precIpitate was. filtered, washed with water and 

alcohol, and mounted for counting. 

Selenium 

The .radiochemical purification of selen.iii was almost identical 

to that for tellurium (which see). The difference was that whenever 

selenium and tellurium were separated, the tellurium, which was intro-

dued as carrier to aid in the purif.iation, was dIscded and the 

selenium was retained for further 'purifiaation 

Strontium 25 

The radiochemical purification of strontium was identical to 

that of calcium (which see) up to the point at which strontium was 

separated from calcium by precipitating strontium nitrate with. fuming 

nitric acid The strontium nitrate was taken up in water, iron car-

rier was added, and ferric hydroxIde was precipitated by adding a 

slight excess of animonium hydroxide. After centrifuging to remoe'.the 

precipitate, ammon•ium carbonate was added to the supernatant solution to 

precipitate strontium carbonate. The strontium carbonate was, dissolved 

in a few drops of nitric acid, and the strontium nitrate precipitation, 

ferric hydroxide scavenge, and strontium carbonate precipitation were 

repeated. The strontium .carboriate was .di.solved in dilute nitric acid, 

barium carrier was added. (if not already present), the solution was 

made about 1,5 M In ammonium acetate buffered to pH 5, 15 M sodium 

chromate solution was added, and the precipitated barium chromate .wss 

removed by eentr.Ifi.gation The barium chroniate precipitation was re-

pe.ated twice. Strontium carbonate was precipitated by making the solu-

tion basic wIth ammnium hydroxide and adding arnmoniurn carbonate 

solution. The strontium carbonate was dissolved in dilute nitric acid 

and the strontium carbonate precipit.ation repeated. The strontium 

carbonate was filtered in the filter chimney, washed with water and 

alcohol, and mounted for counting. 
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Zirconium 	 . 	. 

The radiochemical purificatIon of zirconium is identical in every 

respect to that of hafnium (which.se), The only difference is that in 

the final column separation step, zirconium is eluted first and hafnium 

second 

Molybdenum55  

When hydrogen sulfide was passed through the target solution for 

twenty minutes or so, molybdenum was found in the precipitate. It was 

considered advisable to add some copper carrier to the target solution, 

in order that the precipitated copper sulfide would help bring down the 

molybdenum, which tends to form a colloidal suspension. The precipitate 

was dissolved in..concen.trated nitric acid and subsequently evaporated to 

near dryness a few times with concentrated hydrochloric acid. The resi-

due was taken up in 6 M hydrochloric acid and passed through a column 

6 mm by 10 cm packed with Dowex A-2 anion-exchange resin. The column 

was washed, first with 0,1 M hydrochloric acid (the copper appears in 

the eluate), and then with 3 M ammonium hydroxide. The molybdenum was 

removed by passing 6 M sodium hydroxide through the column. The eluate 

was made just acidic with concentrated nitric acid, a few drops each of 

ferric, zirconium, and tellurium carriers, 0,3% aerosol, and 1 drop of 

1 M sodium nitrite solution were added, and the solution was adjusted to 

pH 10 with . concentrated arnmonium hydroxide. The resulting suspension 

was centrifuged, discarding the precipitate, and the supernate was re-

acidified with concentrated nitric acid. Ferric and zirconium carriers 

were again added, and the precipitation Of hydroxides was repeated. The 

supernatant solution was acidified to pH 55 with concentrated acetic 

acid, warmed in a hot water bath, and 0,1 M lead nitrate was added. The 

precipitated lead molybdate was centrifuged, washed with water, slurried 

with more water and mounted for counting using the standard filter-chimney 

setup. 
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Palladium5 . 

The mixed sulfides of palladium and antimony which were precipi-

tated from the target solution (see Section II, C) were dissolved in the 

minimum amount of a mixture of hydrochloric and nitric acids. A small 

amount of sulfuric acid was added and the mixture was evaporated until 

dense fumes of sulfur tri.oxide appeared. After cooling, the residue was 

taken up in water and slightly more than enough potassiun iodide solu-

tion was added to precipitate all of the palladium as palladous iodide. 

The pálladous iodide was boiled with concentrated hydrochloric acid, to 

which. concentrated nitric acid had been added, until the solid material 

was dissolved and no more purple iodine futhes were emitted. This solu-

tion was then evaporated to dryness twice with concentrated hydrochloric 

acid, and finally the residue was taken up in 1 M hydroc1loric acid. 

Silver carrier was add.éd and the precipitated silver chloride was centri-

fuged, Iron carrier, was added, the solution was made alkaline with am-

monium hydroxide, and the precipitate was centrifuged, The . supernatant 

solution was made 0,4 N in hydrochloric acid and a few ml of a saturated 

solution of dimethyiglyoxime in ethanol was added, After digesting the 

suspension for a short time in a hOt water 'bath, the palladium dimethyl-

glyoxime was filtered, The precipitate was dissolved in a small amount 

of concentrated nitric acid, boiled nearly to dryness, boiled nearly to 

dryness again after adding concentrated hydrochloric acid., and finally 

taken up in 1 N hydrochloric acid. The silver chloride, ferric hydroxide, 
and diniethyJ,giyoxime precipitations .were carried out once again, and the 

final palladium dimethylglyoxime precipitate .was washed with water and 

ethanol and mounted for' counting using the .standard filter-chimney setup. 

Silver 18 

Silver chloride was precipitated directly from the target solution 

upon the addition of. hydrochloric acid. The precipitate was washed with 

water and dissolved in ammonium hydroxide. Iron carrier was added and the 

resulting suspension was agitated vigorously, then centrifuged, discarding 

the precipitate. The supernatant solution was saturated with hydrogen 
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sulfide, and the precipitated sliver sulfide was washed with water and 

dissolved in hot, concentrated nitric acid. The solution was diluted 

with water, and silver chloride precipitated by adding hydrochloric acid. 

The entire purification cycle was repeated. The final silver chloride 

precipitate was filtered, washed with water and ethanol, and mounted for 

counting. 

18 
Cadmium 

Cadmium sulfide was precipitated, together with copper, sulfide, 

by passing hydrogen sulfide through the target.solution. (the presence of 

copper appears to be necessaryto the precipitation of cadmium sulfide 

from concentrated hydrofluoric acid). The precipitate was dissolved in 

nitric acid'.and. d1uted with.water, and silver carrier was added,foliowed 

by hydrochloric acid to precipitate silver chlo±ide. The precipitate 

was removed by centrifugation. Iron and indium carriers were added to 

the solution, which was then made aoniacal; the resulting, precipitate 

was discarded. Solid potassium cyanide was added to complex the copper, 

and .cadmium sulfide was precipitated by saturating the solution, with 

hydrogen sulfide. The cadmium sulfide was washed with water, dissolved 

in hydrochloric acid, boiled, and diluted with water. Acid-insoluble 

sulfides were precipitated by adding palladium and antimony 'carriers and 

saturating with hydrogen sulfide. After centrifuging, the supernatant 

solution was made ammoniacal to precipitate cadmium sulfide. The entire 

purification procedure was repeated. The final cadmium sulfide precipi-

tate. was washed with water, slurried with more water, and allowed to 

stand quietly in the filter chimney for 15 minutes (to allow most of the 

,cadmiun sulfide to settle out onto the filter paper disk) before the 

vacuum was applied to start actual filtration The final cadmium sulfde 

deposit was then mounted for counting, 
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• Antimony 

The initial steps in the radiochemical purification of antimony 

were the same as those for palladium (which see), up to the point at 

which pallad.iurn was separated from antimony by precipitation as paliadous 

iodide. After centrifugation, the supernatant solution was saturated 

with hydrogen sulfide to precipitate orange antimony sulfide • The 'antimony 

sulfide was dissolved in concentrated hydrochloric acid, boiled very 

briefly, and a few drops of each of the following carriers were added: 

arsenic,selenium, copper, molybdenum, and iron. The solution was diluted 

to 6 IVI  hydrochloric acid, and saturated with hydrogen sulfide for several 

minutes, first in the hot water bath, and then as it cooled, The pre-

cipitated sulfides were removed by centrifugation. The supernatant solu-  

tion was boiled briefly to expel hydrogen sulfide, diluted to 2 M in 

hydrochloric acid, silver carrier was added, and the sliver chloride pre-

cipitate was centrifuged. The supernate was saturated with hydrogen ..sul-

fide, and the precipitated sulfldes were centrifuged and washed with 2 M 

hydrochloric acid. The precipitate was slurried with concentrated m-

monium hydroxide, a few drops o± lanthanum carrier were added, and the 

suspension was saturatedwith hydrogen sulfide and cetrifuged. The 

supernate was acidified to 2 M in hydrochloric acid, centrIfuged, and the 

precipitate was washed with 2 M hydrochloric acid, (At this point the 

sulfide precipitate should be orange, except that in this work it was 

discolored a dark brown from traces of platinum which were picked up from 

the platinum utensils used in parts of the work. The platinum can be 

removed by leaching the precipitte in concentrated hydrochloric acid- - 

the platinum dissolves much more slowly than the antimony--centrifuging, 

diluting the supernatant solution to 2 M in hydrochloric acid, and 

saturating with hydrogen sulfide,) ' The precipitate was dissolved in 

concetrated hydrochloric acid; tungsten, palladium, and iolybdenum car-

riers were added; 2 ml of concentrated sulfuric acid were cautiously ad-

ded; and the mixture was warmed in the hot water bath to expel most of 

the hydrogen chloride. The mixture was then taken to the first dense 

fumes of sulfur trioxide over a burner, cooled, and diluted with water, 
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After adding one drop of concentrated nitric acid, the solution 'was boiled, 

diluted to 24 ml with water, cooled in an ice bath, and 6 ml of 2% alpha-

benzbinoxime in ethanol were added. Bromine water was added until the 

suspension was definitely colored, another 3, ml of the alpha -benz oinoxime 

were added, the .mixture was allowed to stand in the ice bath for 15 mm-

utes, and was then filtered. The filtrate was saturated with hydrogen 

sulfide and .certrifuged. The precipitate was digested with concentrated 

hydroch],nric acid and the resulting suspension centrifuged. The super-

nate from the digestion was diluted to 2 lvi in hydrochloric acid, saturated 

with hydrogen sulfide, centrifuged, and the precipitate was washed with 

2 M hydrochloric acid, At this point, tin would be the only contaminant 

remaining, The antimony sulfide was dissolved in one ml of concentrated 

hydrochloric acid, a few drops of tin carrier were added, the solution 

was boiled briefly, and bromine water was added to slight .excess; 0.5 ml 

each of concentrated sulfuric acid and concentrated hydrofluoric acid 

were added, and the solution was diluted to 15 ml and saturated with 

hydrogen sulfide for a. few minutes. One ml of concentrated hydr.iodic 

acid was added, the solution was boiled for one minute, and again satu-

rated with .hydrogen sulfide, The resulting suspension was centrifuged, 

and the precipitate was put through the concentrated hydrochloric acid 

leach, dilution to 2 M hydrochloric acid, and reprecipitation with 

hydrogen sulfide as before. The final orange antimony sulfide was 

.mounted for counting using the standard filter-chimney setup.. 

Tellurium 25. 

Tellurium sulfide was precipitated from the target solution by 

saturating with hydrogen sulfide. The tellurium sulfide was dissolved 

in concentrated nitric acid, selenium and arsenic carriers were added, 

and the mixture was evaporated nearly to dryness over a flame. The 

residue was dissolved, in 8 M sodium hydroxide, iron carrier was added, 

and the precipitated ferric hydroxide was removed by centrifugation. 

The supernatant solution was made 3 M in 'hydrochloric acid, and saturated 

with sulfur dioxide gas to precipitate elemental tellurium, which was 
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centrifuged and washed with water. The precipitate was dissolved in 

concentrated nitric acid, evaporated to dryness, and taken up in concen-

trated hydrochloric acid. The solution was saturated with sulfur dioxide. 

gas to precipitate the selenium which was centrifuged. The supernate 

was diluted with water until it was 3 M in hydrochloric acid, again 

saturated with sulfur dioxide gas, and the precipitated tellurium was 

centrifuged. The entire procedure described above was repeated twice, 

except that the secon.d time the selenium and arsenic carriers were omit-

ted. The final tellurium precipitate was mounted for counting using the 

standard filter-chimney setup. 

Cesium 

Cesium was obtained from the target solution as a precipitate of 

cesium silicotungstate (Section II,. C). The precipitate was washed with 

cold 6 .M hydrochloric acid and dissolved in a few ml of 6 M sodium 

hydroxide. The resulting solution was warmed, cautiously acidified by 

adding an equal volume of 70% perchioric acid, and evaporated to the 

first dense fumes of perchloric acid. The mixture was cooled, diluted 

with water, and the precipitated silica and tungsten oxide were removed 

by .centrifugation. The supernatant solution was again evaporated to 

fumes of perchloric acid, cooled in ice, and diluted with ice-cold 

absolute ethanol. The precipitated cesium perchlorate was recovered by 

centrifugation j  and washed.several. times with ice-cold absolute ethanol 

to remove sodium, The .cesium perchlorate was taken up in about .30 ml 

of cold 8 M hydrochloric .acid, and 2 ml of .1/8 M silicotungstic acid was 

added. The mixture was allowed to stand for a few hours with occasional 

stirring, and was finally centrifuged to recover the precipitated cesium 

silicotungstate. The recovery of cesium as cesium perchiorate, as 

described above, was repeated The final cesium perchlorate precipitate 

was slurried in absolute alcohol and mounted for counting. 
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Barium 6  

The mixed precipitate of fluorides and sulfates obtained from 

the, target solution was treated with several ml of a mixture of concen-

trated nitric acid and saturated boric acid .containing a few drops of 

concentrated sulfuric acid. The resulting suspension was centrifuged, 

and the barium sulfate precipitate was washed with dilute sulfuric acid. 

The barium sulfate was metathesized to barium carbonate by heating in 

the hot water bath with a mixture of 8 M sodium hydroxide and saturated 

ammonium bicarbonate for several minutes. The metathesis was repeated 

once, and the barium carbonate was washed with dilute ammonium bicarbonate 

solution, 'The barium carbonate was then dsso1ved in 2 drops of concen-

trated hydrochloric acid, and strontium carrier was added, followed by 

30 ml of ice-cold hydrochloric-acid-ether reagent (5 parts, by volume, 

of concentrated'hydrochloric acid mixed with 1 part of ethyl ether). 

This mixture was kept in" an ice bath with constant stirring for more than 

one minute, centrifuged, and the precipitate was washed with a few ml of 

the same ice-cold hydrochloric-acid-ether reagent. The precipitate was 

dissolved in a few ml of water, a few drops of iron ,carrier were added, 

ammonium hydroxide was added dropwise until the férric hydroxide just 

persisted, four more drops of concentrated animonium hydroxide were 

added, and the mixture was centrifuged. To the supernate was added 

another 30 ml of the hydroch1ori-acid-ether reagent, and the entire 

procedure from'that point was repeated twice, except that after the third 

precipitation of barium chloride, lanthanum carrier was used instead of 

the iron carrier. The final supernatant solutidn was carefully neutral-

ized with hydrochloric acid, 2.5 m1o'f 6 M acetic acid and 10 ml of 3 M 

ammonium acetate were added, and the solution was heated in the hot 

water bath. To the hot mixture, 2 ml of 1.5 M sodium chromate were 

added dropwis'e, and the mixture was kept in the hot water bath, with 

stirring, for several minutes, after which it was cooled. The, precipi-

tated barium chromate was washed with water and alcohol, and mounted for 

counting using the standard filter-chimney setup. 
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Cerium 
25 
 

The mixed precipitate of fluorides and. sulfates froth the target 

solution was leached with a mixture of concentrated nitric acId and sat-

urated boric acid containing a few drops of sulfuric acid. The precipi-

tate was removed by centrifugation, and the .supernatant solution was 

diluted with water and made basic with •ammonium hydroxide to precipitate 

cerium hydroxide. The cerium hydroxide was dissolved in a few drops of 

concentrated nitric acid and the solution was diluted with water. 

Lanthanum carrier was added, followed by a few drops of concentrated 

hydrofluoric acid, and the insoluble fluorides were recovered by centri-

fugation and dissolved in concentrated nitric acid and saturated boric 

acid. The solution was diluted, and made alkaline, with .ammonium hydrox-

ide. The insoluble hydroxides were cen.trifuged and washed with dilute 

ammonium hydroxide. The precipi.tate was then dissolved in 10 ml of 6 lvi 

nitric acid, 0,5 gram of solid animonium persulfate and several small 

crystals of solid silver nitrate were added, and the mixture was stirred. 

until it became dark brown. The dark brown mixture was transferred to, 

a separatory funnel and:  the cerium was extracted into a mixture of  30% 

(by volume) tributyl phosphate and 70% carbon tetrachloride, the ex- 

traction being done three times with 10-nil portions of the organic phase. 

The combined organic extraction phases (which should be distinctly yellow) 

were washed with a solution made by 'adding solid ammonium persulfate and 

several small crystals of silver nitrate to 20 ml of 6 Mnitric acid and 

stirring until brown. Finally, the cerium was extracted back into an 

aqueous phase whichwas composed of about 0,5 gram of solid sodiuth bi-

sulfite dissolved in about 30 ml of 1 M hydrochloric acid. A few drops 

of silver carrier were added to the aqueous layer after the extraction, 

and the precipitated silver chloride was centrifuged. The supernate was 

made alkaline with mmonium hydroxide and the cerium hydroxide was centri-

fuged and washed with dilute anumonium hydroxide. This entire proôedure 

was repeated once more. Finally the cerium hydroxide was dissolvd In 

a few drops bf'concentrated hydrochloric acid, .diltttd to a few ml with 

water, saturated oxalic acid was added, and the mixture was cooled for a 
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few minutes in an ice bath. The precipitated cerium oxalate was washed 

with water and mounted for counting using the standard filter-chimney 

setup, 

126 

A radiochemical purification procedure identical to that described 

for cerium was followed as fax as the second precipitation of the rare 

earth hydroxides. The washed rare earth hydroxide precipitate was dis-

solved in a drop or s of concentrated hydrochloric acid, and the solu-

ton was diluted with water and heated in a hot water bath; 1/4 mi. of 

wet Dowex-50 cation-exchange resin was added to the solution, and the 

resulting suspension was agitated for a few minutes and allowed to settle. 

The resin was then drawn directly into a syringe-operated glass pipette 

(' t spitzer tT ), leaving most of the supernatant liquid behind. The pipette 

was used to distribute the resin evenly, in a thin layer, over the top 

of a heated bed of Dowex-50, 7 mm in diameter by 55 cm long. The column 

was maintained at a constant temperature by means of refluxing tn-

chioroethylene. The rare earths were eluted by passing 1 M ammonium 

lactate through the column at a rate of about six drops per minute. The 

pH of the eluting agent was 3,20 at the beginning of the run and was 

increased at a rate Of about 0,1 pH unit per hour throughout its duration. 

The change of pH was accomplished by employing .a pH changer nearly 

identical to the one described by Nérvik, 126  The drops were allowed to 

collect in small tubes mounted in an automatic turntable; usually 5 drops 

per tube were collected in the early part of the run and this was later 

increased to about 15 or 20. The rare earths were located by introducing 

two or three drops of oxalic acid into each tube. Usually, thulium 

appeared at about drop 500 and neodymium at about drop 3000. 

The rare earth oxalate precipitate generally appered in a zone 

of from three to five tubes near thulium to around ten tubes near 

neodymium. Only the central highest-yield tubes were chosen for any 

particular rare earth sample. The tubes on either side of the center 

section (containing perhaps 20% to liO% of the total rare earth) were 



-106- 

rejected, particularly on the trailing side of the peaks, because of .the 

danger of contamination by. .adjacent rare earths,. The contents of the 

selected tubes for a given rare .eart.h were quantitatively transferred to 

a long-taper centrifuge cone, more saturated oxalic acid was added, and 

the rare earth ,oxalate was allowed several minutes to form cothpiteiy,  

The cone was then centrifuged, the supernate poured off, and the pre-

cipitate slurried with a few drops cf oxalic acid solution and trans-

ferred directly, using a syringe-opeiated pipette, to a damp filter paper 

disk mounted in the filter .thimney. The preCipitate was cautiously 

washed with water, employing the same pipette, and mounted for counting. 

Hafnium 25,127 

Barium fluohafnate and barium fluozfrconate were precipitated 

together when ice-cold )  saturated.barium nitrate solution was added to 

the chilled target solution. The precipitate was quickly washed with 

.ice water and then slurr.ied for several minutes with an ice cold mixture 

of. concentrated nitric acid and saturated boric acid. The slurry was 

diluted with water, to dissolve the sediment, and made basic with am-

monium hydroxide. The precipitated hydroxides were washed with water 

and dissolved ml M hydrofluoric acid, Cerium carrier was added, and 

the precipitated f1uorde was removed by centrifugation. The solu.ion 

was chilled in an ice bath, and ice-cold saturated barium nitrate was 

added to pripitate the.hafnium and zirconium. The precipitate was 

dissolved and the hydroxides were precipitated in the manner described 

above. This time the hydroxideprecipitate was dissolved in 3 M per-

chibric acid. The zirconium and hafnium were extracted from this solu-

tion into 0,4 M thenoyltrifluoroacetone in .benzene, and back-extracted 

into 5 percent ammonium bifluoride. Boric acid was added to complex 
the fluoride, and the solution was made basic with ammonium hydroxide. 

The precipitated hydroxides were washed with water and dissolved in 3 M 

perchloric acid, The solution was heated in the hot water bath and 

1/2 ml of wet Dowex-50 cation-exchange resin was introduced. The hot 

auspension was allowed to stand with occasional stirri,ng for a few 
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minutes, then allowed to settle, and the resin was transferred to the 

top of a Dowex-50 resin bed contained in. column 7 mm by 55 cm. This 

was done in the same way as is described in the rare earth section,, 

Zirconium was eluted by pa.ssing 0.5 .M sulfuric.acid through the column, 

After the zirconium was compietely eluted, that is, after the eluate 

failed to show a precipitate when made basic with ammonium hydroxide, 

the hafnium was eluted with .3 M sulfuric acid. The hydroxides were 

precipitated by making the respective eluates basic with excess animonium 

hydroxide. The hydroxides .were washed with water, slurried with more 

water, and mounted for counting employing the filter-chimney setup. 

This separation is very clean. No trace of the very prominent 

K x-rays occurring in the decay of hafnium could be found in the zircon-

ium, and spectrographic analysis of the hafnium sample proved the absence 

of zirconium. 

Tantalum25' 
56 

Tantalum was separated from the target solution only after the 

insoluble fluorides and sulfates and zirconium and hafnium had been re-

moved. Concentrated.potassium fluoride was added to the target solution 

to precipitate potassium fluotantalate. The precipitate was washed with 

water, and dissolved in a mixture of saturated boric and saturated oxalic 

acids. The solution was made slightly alkaline with animonium hydroxide 

and ..theprecipitate was washed with water. The precipitate was dis-

solved in a solution 6 M in sulfuriá acid and 0,4 M in hydrofluoric acid, 

from which the tantulumm was extracted into diisopropyl ketone , The 

organic phase was washed with, two small portions of the 6 M sulfuric acid 

and 0,4 M hydrofluoric acid mixture. The tantalum was back-extracted 

into water and precipitatd with .ammonium hydroxide, The precipitate 

was washed by boiling with concentrated nitric acid. The organic ex-

traction and boiling nitric acid wash were repeated. The final pre-

cipitate was washed with water, slurried with more water, and mounted 

for counting. 
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Tungsten 
25,56 

Tungsten was recovered from the target solution after the in-

soluble fluorides and sulfates, zirconium and hafnium, and tantalum, had 

already been precipitated. The final supernatant solution resulting 

from the above-mentioned separations, was evaporated nearly to dryness 

in a platinum vessel. The residue was slu.rried with concentrated am-

monium hydroxide and centrifuged. Solid cobalt chloride was added to 

the supernatant solution, and then concentrated hydrochloric acid was 

added, adjusting the solution to a .pH.of 6, The resulting pacipi.tate 

was heated with 6 M hydrochloric acid for several minutes, then cen-

trifugéd. The precipitate was dissolved in a few drops of concentrated 

ammonium hydroxide, water was added, and ferric hydroxide was precipi-. 

tated. by adding .a.drop or two of iron carrier, agitating vigorously. To 

the .supernatant solution was added 1/2 ml of saturated tartaric acid, 

1/2 ml of concentrated sulfurIc aàid, and a few drops each of bismuth.. 

and molybdenum carriers. The solution was heated and hydrogen sulfide 

was passed in for several minutes, until the precipitated sulfides were 

coagulated, after which the suspension was centrifuged. Tungsten oxide 

was precipitated from the supernatant solution by adding several ml of 

concentrated nitric acid and heating in. the hot water bath. The sulfide 

precipitation and tungsten oxide recovery was repeated. The tungsten 

oxide was dissolved in a few drops of concentrated animonium hydroxide, 

and 3/4 ml of saturated .tartaric acid were added, followed by 10 ml of 

water, 1/2 ml of concentrated hydrochloric acid, and niobium carrier. 

The mixture was shaken briefly with chloroform, 5 ml of 6% .cupferron 

reagent was added, and the mixture was again shaken. The chloroform 

layer was discarded, and the .extraction was repeated once with clean 

chloroform. To the aqueous layer was added 1/2 ml of concentrated 

sulfuric acid, and bismuth and molybdenum carriers,.. The acid sulfide 

precipitation and .subseuent precipitation of tungsten oxide was re-

peated The final tangsten oxide precipitate was washed with water, 

slurried with more water, and. mounted for counting. 
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