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~Snallation Products of Arsenic
with 190 Mev Deuterons

He He Hopkins,Jr.

ABSTRACT

Purified arsenic has been bombarded with 190 lMev deut~rons.
followling chemical separation of chlorine and the 11 elements chromium
throush selenium, an analysis of the radiocactivities in each fraction
showed the sresence of a total of 40 isotopes. An estimation of the
yields of these isotopes has been made, and using the observed trends,
yield figures were assigned to those isotopes which could not be ob-
served. For a giﬁen valué of Z {(or A) the yields rise steadily to a
maximum and then decrease; the line of maximum yields lies above the
line of stability at masses 73 to €7, approaches it below, The yields
of elements from arsenic to manganese decrease smoothly. Isotopes
within a few mass units of arsenic must be Tormed by non-capture
excitation processes, those farther away by capture processes fol-
lowed by the emission of neutrons, »rotons and alpha particle s« The
chlorine isotores are formed by the eiclusive emission of alrha

particles and neutrons.
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Spallation Products of Arsenic
with 190 Mev Deuterons

H. H. Hopkins,dJr.

I. Introduction,.

Since early 1947 the Chemistry Division of the ladiation Labora-
tory has investigated a type of nucle ar reaction known as the ''spal-
lationM reaction(l). This name applies to transformations by hizh
energy particles (- ‘100 Mev nucleons) which cause excitation of the
tarset atoms to an extent that neutrons, protons, and alwha particles
can be ejected. The product niclei range from «lijacent isotopes to
isoto:es lying twenty and more mass units lighter.

This paper summarizes an investigation of the spallation procducts

formed when arsenic, 55As75

, undergoes bombardment by 190 Mev deute-
rons procduced in the 184-inch cyclotron. The inverstizetion involved
the identification of the isotopes procduced in the spallation, and the
measurement of the yilelcs of these isotopess From the results the
spallation can be described in terms of the numbers of charges and
mass units emittecs The yield trends may De used as a vasis for

speculation concerning mechanisms of spallation.

IT. Bxperimental Procedure.

A. Purification of Arsenic.

Preliminary experiments on the spallation of arsenic with 190

(2)

Mev deuterons indicated that the products included nuclel of much

lizhter mazs than the target nucleus, for example,Mn56 was identi-
fied. Since such isotopes are formed in a small yield(ca. 10—4

barns), it is necessary to know whether they could have been Tormed



o

-

UCclL-312
Page 5

- from an impurity, rather than originating from a nuclear reaction

on arsenic. The limits of impurities in the arsenic must therefore
be known.

The arsenic at our disposal was " Kahlbaum! brand, reported spec-
trographically pure (éreater than 99%). This material was sublimed in
a pyrex tube. The mitlle fraction was resublimed in an electric fur-
nace, and the subli-ate collected on a thin aluminum foil, from Which.
it was readily broken off. Spectrographic analysis of this twice
sublimed material showed less than 0.1% impurities. To obtain greater
sensitivity for the detection of impurities,forty milligrams of thuis
arsenic\mre'sublimed, and the residue was dissolved in hydrochloric
acid for spectrographic analysis. The elemenfs detected were Al
0.0005%, Ca 0,0001%, and Cu 0.,0002%. The limits of detection for
slements not observed are reported in Table I. The conper impurity
found in the arsenic is too small to account for the formation of
any of the observed isotope in the amount found. (The yields of
isotopes from the spallation of copper are already known )« The
distribution of chlorine isotﬁpes observed indicates that they were
not formed from potassium @ calciume. No analysis was made for the
non-metals sulfur, chlorine, argon and selenium. Chlorine and argon
would have been removed in the sublimations. The absence of sulfur
is indicated by the non-~formation of 0154. There was no indication
of elements above selenium.

Thus the arsenic was considered pure and the reactiohs we naw

observed are due only to nuclear transformations on arsenic.
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Table I
Spectrographic Limits of Detection of Impurities.

Micrograms vner 40 Milligrams Sublimed Arsenic.

K 1 Cr 1 Ni Ool

s 0.01 Mn 0.1 7n 0.l
Ti O.1 e O.1 Ga Q.1
v Ool CO O.l

B. UDombardment - Procedure.

For the purpose of bombardment, several hundved milligrams of

granular arsenic metal were wrapped with one mil platinum foil.

The resulting envelope was approximately 25 mm long, 3 mm wide, and

2 mm thicke. This envelops was clampned along one edge to a standard
coppner mount whlch-is screwed to a water-cooled target head. This
head moves into the cyclotron chamber so that the forward ed’ e of the
target meets the deuteron beam.

The duration of a bombardment was usually one hour. The beam
attainable was about one microampere, but costly experience proved
that the dissipation of the cffective power caused volatilization of
the target. Cutting the beam intensity to 30 eliminated this loss
of arssnic as proved by weizhings made before and a fter bombardment.

The energy loss of 190 Mev deuterons from penetrating one mil
of platinum foil and 2 mm arsenic is 9 Meve The rcactions we are
considering in thilis paper are ﬁot critical to this variation of
energy, so we shall continue to speak as thoush we were bombarding a

thin foil of arsenic with pure 190 Mev decuterons.
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After bombardment, the envelopec containing thé arsenic was taken
from the holder, and the arsenic removed. The pileces were ground in
a hand mortar, and thec resulting arsenic powder used for chemical
operations.,

C. Chemical Separations,

The separation of the isotopes produced by spailation into ele~
mental fractions was accomplished by chemical procedures. First the
target was dissolved in nitric acid. Second inactive carrier ions
were added,; corresponding to those elements we are concerned withoe
Finally, separations were conducted by distillations,solvent extrac-
tions, and prccipitetions.

The degree of separation required of the chemicel procedures is
determined by the¢ radiation charaqteristics of the isotoues of the
different elements and the rclative intensities of the radiations.
Thus, to identify conclusively two isotopes of different elements, of
similar half-life,; radiation properties;band yield, a separation of
about fifty to one is required. In the case that the isotope of one
element docays by electron-canture and tliec other by beta emission,
then for the latter a separation factor of only five is required, Cue
to the relative differences in counting efficilencliess. Correspondingly,
the elemental fraction of the electron-capturing isotope must be
separated by a greater factor, of the order of 500, since small amocunts
of the beta emitter woﬁld introduce considerable error in counting
the x-rays of the celcecectron-capturing isotopne. For cases where the
half-lives differ considerably, other considerations must be applied.
For exam»le in the iron fraction only 47 day Fe59 is observed, waile

the longest gallium period is 3.3 dayse Thus whercas gallium isotopes
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—~vm3d in far grcater ylecld than FeSg, no chemical separation 1s
59

ans

neoesséry, Since all gallium isotopes will be dead beforc the Fe
has decayed apprcciablye.

The quentity of a radioclcment present is of the order of 10-193
mole. Thus, while this amount would undergo distillation and extrac-
tion just as milligram amounts of thc element, most precipitations
could not occur since: solubility products would not be exceeded.
Therefore, milligram amounts of the clcments are added to function as
carricrs. The cxchange of the radioactive isotopes with ions of the
added carricrs 1is bcli§VGd to be complete in hot acid solution. No
evidence such'as cross contamination or widely varying specific
activity indicated that this was not the casec. Anothecr reason for
carricrs is to minimize adsorption on precipitatcs.

A description of the separation of the clements into three groups
will be prescnted, followed by a discussion of specific metiods for
indivicdual clcments.

1. The Gormanium, Arsenic, Sclenium Group.

These three cleoments may be distilled from 9N hydrobromic
acid and bromine as the bromides. An alternative is to sublime the
arsenic beforc dissolution in nitric acid. When this is done arsenic
and raciocsclcenium scparate from the other ra’icclements. Germanium
may subseqgucntly be separated from the residuc by distillation with
hydrochloric acid..

This group may also ¢ precipitated By hydrogen sulfide in acid
solution and¢ subsccuently diésolved in ammonium hycroxide. The clear
filtrate will contain only the thio-salts of germanium, arscnic, and

selconiume
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2o Iron and Gallium.

These celoments arc rcadily cxtracted inte ether, from 5.5
to ON hyd rochloric acide. Iron must be in the ferric state. ‘Jashing
the organic layer with morc hydrochloric acid removes other groups
which cxtract to a lesser extonte.

2

5 Chromium, Mang:anese, Cobalt, Nickcl, Copper,; and Z

~

inc .

[N

This group can be scparated from the first by the usc of
ammonium sulfide. Thc sulfides arc usually dissolved in concentrated
nitric acid in the presence of solid notassium chlorate, and subsc-
quent procedurcs separatc the elcments onc at a time.

Specific Procedurcs
1., Scleniume.

The prccipitatibn of selonium by reduction to the cloment
wiﬁh hysroxlamine hydrochloride is complete but slow in hot hydro-
chloric acid solution(l to 4N). The rcaction us specific among
c¢lemonts in this region, two procipitations sufficing to zive a radio-
acpivoly purc product. The rtaction is accelcecrated by adding potas-
sium lodide to 1N after the preccipitation has startced. Then the
soparation 18 quantitative in onc minutc, the product appcaring as a
ligu-d mixturc of sclonium and todinc. This can be Cissolved rapidly
i fuming nitric acid.

The sclenium yield is detcrmined by weilghing the preceinitatcd
sleoment.
2. Arsonic,

This clcement 18 gonerally scparatcd as the sulfide from acid
so0lution after removing sclenium, and after romoving germanium by dis-

tillation of thc chloridc. The arscnic sulfide preccinitatos slowly
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but completely from - ~_3N hydrochloric acid. The vcaction is acccleras-

ted Dy heating and vigorous agitation. If conpcr has not been

rcemoved, 1t will e scpaated when the arsenic sullide 1s dissolved in

ammonium hydroxidec. Arscnic sulf;de may bc washed, cdried and weighed.
3« CZormanium.

Germanium tetrachloride distils rcadily from 6N hydro-
chloric acid. Aftcr boiling for six minutes, morc than 957 of the
g-rmanium will be found in the distillaté. The vroccdurc is improved
by utilizing a strcam of chlorinec. To completely separatc from
arscnic, the arsenic must be oxidized, which 1s casily accomplished
by adding a fow drops of chloratc solution. No arscnic will be
found in the distillatc. To reccover the germanium, the chlorine in the
filtrate is first destroyed with hydroxlamine. Passing hydrogen
sulfide zas into the cold strongly acid solution precipitates white,
flocculent, sermanium sulfide. This precipitate may be washed, dried,
and weighed,

4, Gallium.,

The extraction into ethyl cther from 6N hydrochloric acid is
complete (> 989%) in two extractions. Aftcr four or five scrubs with
one~-third volumes of 6N hydrochloric acid thec ether laycr contains
only iron and sallium. Scparation of thcse eluments can be accomplish-
ed by either of two methods, first the precipitation of ferric hydrox-
ide away from the jallium in 1N sodium or potassium hydroxide, or
second thec reduction of ferric to ferrous ion followed by cxtraction
of gallium from 6N hydrochloric acid. Ferrous iron docs not cxtract.
Callium hydroxide may be precipitated at a pH of 5 in thc absonce of

hizh concentrations of ammonium or acctate ilon. For gquantitative
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determinations thc prccipitation of [allium 8-hydroxyquinolate was
used. This precipitate can bc washed with watcr, driod at 105° ¢ and
weighcd.

5S¢ Zinc.

The scparation of zinc is based on the insolubility of =zinc
sulfide, or on thc precipitation of zinc with 0.C3] ammonium mercuric
thiocyanate. TFollowing thc precipitation of the acid insolublce sul-
fide group from an acidity grcater than 1N, zinc may be prccipitated
as the sulfide from 0.0lM hyérogcen ion. After dissolution of the pro-.
cipitatec, scavenging may be pecrformed by precinitation of small
amounts of ferric hydroxide from 1N potassium hydroxzide. The ginc
may then be reprecipltated as the sulfide fromn the alkaline solution.

Zinc may bc removed from the original nitric aclid solution by
addition of the ammonium mcrcuric thiocyanate rcagent to a 1M
nitric acid solution. The prccipitatc 1s dissolved in concentrated
nitric acid, inactive carricrs arc addsed for holdback purnoscs and
the zinc rcagent again added. The prccipitate is whitc, granular,
and casily filtercd., It is rcadily washed and weished on a filter
papcr. v

Another uscful property of zinec ion is its extractability into

amyl alcohol from concentrated acidic thiocyanatc solutionse.

€. Copper.
The separation of copper is bascd on the - orecipitation of
cupric sulfide and cuprous thiocyanatc. Copper sulfide will hce found

in the preeipitatc containing the acid insoluble sulfides of sclenium,

[

rsenic, and gormanium. Since coppcr forms no soluble thio compounds,

the addition of ammonium hydroxide rosults in the dissolution of the
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selenium, arscnic, and jermanium compounds, lceving insoluble cupric
sulfide‘bchind. This compound is recadily dissolved in nitric acid.
Aftor dostroying the nitrate and rcducing the cupric to cuprous with
sulfite, whiikc crystallinc cuprous thiocyanatc »nrecipitates upon ad-
dition of ammonium thiocyanatc %to a solution of about O.lﬁ hycdrogen
ion. This compound or cupric sulfide may vc¢ weighcd.

7« Nickol.

The preocipitation of nickel dimethylglyoxime is quitc speci-
fice Aftcr separation of the zZermanium and gallium groups the alka-
11 insolublc sulfides are prcciplitatcd as a concentration step., The
precinitatce is dissolved in nitric acid, the solution made ammoniacal,
and the nickel rcagent added. Two further preciplitations from solu-
tions containing holdback carricrs suffice to produce a puré nickel
fraction. The first preccipitation is performcd from ammoniacal
solution, the sccond from acetic acid, acetatc solution. The pre-
cipitate is caslily washed, filtered, and weighed.

8. Cobalt.

The scparation of this elcment is based on the cxtraction
of the thiocyanate complex into amyl alcohol and thc prccipitation of
potassium cobaltinitrite. Cobalt follows thc separation scheme into
the alkaline sulfide precipitatc. This precipitatc is dissolved in
nitric acid and the nitratc destroyed by boiling down with hydro-
chloric acid. Aftcr the addition of 30¢ solid potassium thiocyanate,
an equal volume of amyl alcohol 1is. addedf (Copper interferess) Three
or four cxbtractions removc most of the cobalt, which is rccovered
from the alcohol by shaking with dilute base. Aftcr centrifugation

the hydroxide 1s dissolved in acetic acid and potassium chloride
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added. Potassium nitrite is then acded until the preocipitation of
potassium cobaltinitrite 1s complctc. This erystallinc compound 1s
casily filtored, washed, and weighcd.
Y« Iron.

The scparotion of iron depends on the cxztractability of

v

ferric ion from 6N hydrochloric acid into cther. The cther layer 1s
washed scvceral timcs with 6N hydrochloric acid to vremove traces of
such clcments as cor»pcr, arscnic, and germanium, which cxtract slight-
ly. After coxtracting back into water, the iron 1s prccipitaotod as
ferric hydrozxide from 1M hydroxide solution, thce gallium rcmaining

in the supernatant. This precinitation must be rcepcated at lcast

four tims s, adding inactive gallium each timc to »cmove all traccs

of zallium. The amQunt of gallium activity 1s initially fiw thousand
times that of iron, so thcsc steps arc nccessary.

Another separation from gallium is based on thce non-extractability
of ferrous ion into cther. Eithcer stannous chloricde or metallic mer-
cury arc satisfactory rcducing agcnts for rcducing ferric to ferrous |
ion.

A guantitative cstimation of iron cmploys tho spcctrophotomzotric
comparison of tho sbsorption bands of thce thiocyanctc comple: vith
thogc of stancard solutions.

10, Mangencsec.

The »rccipltation of mangancsc dioxide scparatcs mangancsc
from ncighboring cloments. The alkalinc sulfide procipitete 1s trcat-
5@ with hot fuming nitric acid, followed by potassium chlorate. The
sulfides dissoclve, aftcr vigorous heating and agitaticn mangancsc

diozide procipitates. The dioxide dissolves instently in acidic
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peroxicde solution. A by-product precipitation of arscenic and ger-
manium sulfidcs must bec pcrformed to rcmove traces of thcecse elcments,
which follow mangancsc diozride prccipitationé. A reprccipitation
of the dloxide from solutions containing inactive carricrs will yicld
a purc mangancsc fraction. The dioxide is casily wceizhed.

11. Chromiume.

Thc separction of chromium cmploys thg ~ther cxtraction of
the peroxychromate complex, HiCrOg. After trcatment of the alkaline
sulifide prccipitatc with nitric acid and chloratc, the chromium is
in the VI statc as dichromatc ion. This solution is dilutcd to 1IN
acidify, cooled to 5° ¢ and cold cther added. A drop»of pcroxide
solution produccs thce intensce bluc color of the scroxychromic acid,
which cxtracts into the cethere. This cther laycr must be washed
several timecs with cold dilutc nitric acid, to rcmovc impuriticse
Dilutc basc rcmoves the chromium from the organic layecr. The chromat
may be procipitatcd with lcad or barium, and weighecd. Ior furthor
purification this precipitation is carried out in acetic acid solu-
tion .

12+ Chloring.

The volatility of chlorine is thc basis for its separation.
The dissolution of thc metcollic arsenic with nitric.-acid is periormed
in a stille A small amount of chloride ion is introduced with the
nitric acid to function as a carricr. As the arsenic dissolves the
chlorinc 1s liberated as a jas and passes through the condensor into
o watcr trap.

After rcduction with hydrazinc, the chloride is precipitated

with silver and dissolved in €N ammonium hydroxidc. As a scavenging
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step, silver iodidc is precipitated frqm thce ammoniacal solution.
Upon acidifying the supcrnatant and adding morc silver ion, the
chloridc prccipitatcse Thrs prcocipitate can bcA”oighed.

The above chemical procedurcs indicatc the steps involved in the
sepafation of thcse clements. In any givon bombardment, one is usual~
ly intcrested in the completce separation of only threc or four of the
clemental fractions. Thus short cuts arc used which by-pass Sroups
of clements. To illustrate, supposc it was desircd to scparatc man-
genese and nickel in pure form. One might first procipitate the al-
kali insoluble sulfidec group, dissolve it with nitric acid and chlor-
atec to prceipitate the man_,anese dioxide, thon dilute to a low acidity
and procipitatc nickel dimethylglyoxime. Of course, furthor purifi-
cation stcps arc nccessarye.

The chemical procedurcs vary depcending on thc desirability of
separcating one particular elemcent first, for crample, to investigate
a short half-lifc. Thus in order to obscrvce 10 minutc Cuez, ona
would quickly scparatc solqnium, reducc, and prccipitate cuprous thio-
cyanatc from the resultant solution.

A schomatic scparation of the clements investigates 1s shown in
Fig. I, illustrating thc basic scparction steps. It should be rcalized
that such a complctc scheme would probably not be followecd in any onc
bombardment .

D. Identification of Isotopcs.

The idcntification of the isotopes depcecnds on the measurcments
of radiocactivity using a Geigor-Mﬁller counser. Such fecaturcs as the
half-1lifc, thc cnorgy of beta particles or gamma rays, the sign of

beta particles, and the decay by clectron-capturc gre detorminable
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expcrimentally and arc uscd to identify individual isotopes.
The Geiger counters used in this laboratory are of the cnd-window

tyse, approximatcly 4 inches long and 1 inch in diamctcr. The ond is

covercd with a mica window of ca. 3 mg/cm2 thicknesss. The tubes are

filled to a2 prcssurc of 9 cm argon and 1 cm cthanol. These tubes
operate at about 1200 vélts and have a platcau of about 200 volts.
The output pulses arc fcod into a scaling circuit of 64., Thec counting
cfficicncices of such tubecs are 100% for weta particlcs and clectrons,
about 3% for 10 Koev x-rays, and 0;5% for 1 Mcv Zamma rays;

The half-life of a radioactive species is determined by counting
its radiation at different times and plotting the counting rate on
semi-log paper. The obwerved counts must be corrected for background
radiation and coincidence counts. Usually the observed counting rate
curve represents a mixture of two or more radioactivitieé decaying at

different rates, the counting rate of the longer-lived activity is

- subtracted from the total curve, to yield the component due to the

shorter-lived isotone.

The maximum energies of beta particlés are obtained by counting
with aluminum absorbers interposed between the sample and counter
window, and thus deéermining the maximum ranie. A system known as
Feather analysis can bc applied to cdetermine the energy relative to
the known energy of some standard, such as P32, The energies of elec-
tromagnetic radiations are obtained by determining the half-thickness
for absorption in lead or aluminum. X-ray energies of elements in
this region are determined by measuring the half-thickness in aluminum

with a 1 gm/cm® beryllium absorber placed between source and counter,

to stop electrons and bsta particles, while only cutting the x-ray
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intensity in half.

A simple beta~-ray spectrograph has heen used to investigate the
rac¢iation characteristics of various isotopes. This apraratus con-
sists of a semicircular chamber >laced between the pole pieces of a
poweriul clectromagnet. Charged mrticles are bent around the semi-~
circular path into a Geiger counter, according to their sizn and
ENersy. he majnetic field can be varied continuously and the count-
ing rate recorded synchronously, yilelding a plot of counting rate
versus field strength. Thus the maximum energy of charged particles
and the sign of the raciation can be determined. Another chamber
permits direct counting of electromagnetic radiations, charged par-
ticles being deflected before they can reach the counter window.

The decay of a neutron deficient isotope by electron-capture
(usually K-capture) 1is indicated by a hiszh ratio of x-rays to elec-

trons and beta particles. To wverify that this is a decay process and

not merely a K excitation, one can show that the xz-ray energy is that

of the daughter : element. A simpler procedure is to show that there
are no soft conversion electrons which might have orizinated from
K-excitations. The use of the windowless counter!'' Nucleometer! ig
recommended for measuring the absorption of soft particles.

The measurements of the sign of a radiation and the half-life
suffice to characterize most of the isotopes already known and re-
ported in the literature. If an activity is observed which does not
porrespond to any that is known, the determination of the sign of
radiation or the extent of decay by electron capture will place it on
one side of the stable isotores. To decide the correct mass number,

one can look for active daughters of know n mass number, oOr e¢lse per-



‘n

UCRL-312
Page 18

form cross bomﬁardments.
E. Determination of Yields.

It is of interest to “ncw the yields of isotones formed in the
spallation of arsenic with 190 Mev deuterons. The term ' atom yield "
refers to the number of atoms of a particular isotone formed in a
bombardment. A more useful value, the !'"relative yield!, refers to
the ratio of the number of atoms of an isotope to the number of atoms
of some one easily determined isctope. The yields of all isotopes
are determined relative to this one. These figures are éonstant from
bombardment to bombardment within experimental error. To obtaln cross
sections, it is only necessary to measure the cross-section for the
formation of the standard isotope ané multinly by each relative yield.

Tc determine a relative yield, the fraction of radiocactive atoms
of a ziven element which follow through the chemical procedure must
be known. This value is taken equal to the fraction of added carrier
recovered in the final solution. Ve assume eomplete exchange and no
loés of activity before the addition of carvier. |

The chemical recovery is determined by precipitating and weigh-
ing some compound of the carrier and comparing with the weight ob-
tained from a solution of known concentration. The perticular pro-

cedure emnloyed has been indicated under the section on chemical

. Separations.

After correcting for the chemical recovery, the number of radio-
active atoms formed during bombardments must be calculated from the
number of counts recorded by the Geiger tube at a later time. 'rom

the equation,

(1)  w= - Ie
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where N is the number of atoms at time t and Tl/z is the half-life;

0.693
A )

it is seen that,by extrapolating the disintegration rate back to the
midpoint of the bombardment, and multiplying by the hallf-life and
constant 1.445, one obfains the number of radioactive atowms present at
that time. If the decay has been appreoiable( 30¢,) during the time of
bombardment,; one must correct for those atoms which have decayed

during that time. The correction factor is
” - )
T{I-exp( =UEYSE ]
T :
where t represents the duration of bombardment, and T is the half-1life,

(2) F =

Equation (1) involves the disintegration rate. To obtain the
total disintezration rate from the sample counting rate, one must
correct for. self-absorption, absorption, counting ef“iciency, and
aliquot size.

Corrections for the ébsorption of VPeta particles in air and the
counter window were maCe by obtaining absorption curves in aluminum
and extravolating to zero thickness absofber. This procedure asgssumes
the absorption to be linear over the first six to eight mg/bm2 of
range. If the sample had a weight of several m;/cm?, one-half this
value was assumed to act as an absorber. No corrections were made fao
back-scattering, all samples being mounted on glass over cardboard or
filter paper cver cardboard.,.

Geometry corrections Were'applied using the relative counting
rates of a UX, source placed at the different positions. Assuming
27% geometry for the first shelf, the factorrfor the gsecond shelf 1is

10, for the third 21, for the fourth 38, and the fifth 55. Because of
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variable scattering these factors should be determined for each radia-
tion. TFor uniformity, our measurements were all obtained on the
second shelf, where possible.

The counting efficiency of electrons and beta particles is as-
aumed to be unitys For x-rays varying efficiencies were used according
to the encrgies of the x-rays of the element concerned. For As the
value 1.3% was used, for Ga 2.3%, Cu 3.5%, Co 5%,Vand Cr 8¢, Dividing
the counting rate of x-rays by the counting efficiency ylelds the num-
ber of x =-rays per minute.s In cases of orbital electron-capture it
was assumed that each capture process is accompanied by one X x-ray.

In determining the yields of slectron-capturing isotopes, it is
necessary to divide by the fluorescent yield. This factor is the
number of x-rays emitted per ezcitation. The values used are taken
from Compton and Allison. ¢

IIT. Isotopes Formed in the Spallation of Arsenic
with 190 Mev Deutcrons.

The isotope reported below have been found among the spallation
products of arsenic with 190 Mey deuterons. An isotope is listed,
followed Dby its revorted mode of decay and half-lifc. ° Next appears
the obsecrved half-life and yield relative to that of As72, with an
estimation of thc probvable cerror in the yiecld, either as a percentage

or a factor. Thc estimated errors do not take into account inaccura-

cies due to incorrect assumptions of decay mechanisms or counting ef-

ficiencies. Those isotopes which werc first obscrved in the course
B &L

of this work are precoded by an asterisk.
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.

K 127 dayy Obs. 120 cays, Oeld {(factor of 2).°
Thzs clectron-capturing isotoﬁo 18 observed ssveral months
after bombardment, when the 9.5 day Se7g-has decayeds. The
interfering 90 day AsTS (from Se73) must be separated chemi-
cally. The yield of se’° was estimatod by counting the -
rays in a more active sample {from Se + D+(190 Mev);, , and
comparing the total Geiger activity in both samples;

8% 6.7 hr;  obs. 8.7 hr., 0.27(X109).

Measurements of the x-ray activity from this isotope indicate
that the decay occurs by positron emission only 32% of the
time. Decay of the poéitron was observed 1in the spectro-
graph, encrgy.: 1.2 Mov,

K 9.5 days, obse 9.7 fays, 0.0??(tloﬁ).

The positron from the 26 hour As72 daughter gocounts for the
activity decaying with the 9.5 day half-life; After chemical
separation.from arsenic, absorption mcasurcments showed that
the decay of 8872 is accompanied by less than 0;5% positrons
or clectronse.

" 44 min.] obs.-.44 min. 0.004(factor of 2) .

This isotone is formed in insufficicnt yield to observe
dircectly, milking 4589 from the selenium fraction indicates
a half-lifo of 44 * 4 minutes for Se . The yield is cal-
culated from the amount of As69 grown in.

87,8%  17.5 days; obs. 19 days 1.25 (f109).

We find a longer half-life of 19 days through a factor of 100,

Both positron and negative beta particles arc observed in

the spcctrograph.
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K 90 days; obs. long 2(% 509).

This long period appears only after six months when the
As’% is'dead. Due to the low counting efficiency there are
insufficient counts to determine an accurate half-life,

We assumed a counting efficiency of 57,

5% 26 hr.; obs. 26.7 hr. 1.00(assumed standard).

The positron decay was observed in the beta-ray spectrograph.
A search for x-rays indicated that deday by elcctron-capture
occurs less than 2/3 of the time. Absolute cross-section
measurements gave an avera’ie of 0.02 barns for the formation
of Asvz;

K; obs. 60 hr. 0.72(%209).

Between the 26 hour and thc 19 day components of the afsenic
fraction decay curve lies an unresolvable intermediate which
we attribute to this isotope. The half-1life and yicld were
obbained by milking 11 cday Ge7l from the arscnic fraction.
Seven milkings at 48 hour intervals ylelded 60i4 hours

for the half-life.

67 52 min.; obs. 52 min. 0.14(% 507).

Resolution of the 52 minute period 1s difficult cdue to the
masking by As’2., The half-life is obtained from a sample of

As69 milked from Se®9. The positron decay has been observed

in the Dbetasray spectrograph. Bombardments of Ga69 71

and Ga
with helium ions of cnergy 10 to 32 lMev.failed to produce
this isotope, the mass must be less than 71; probably less

than 70.



Ge 9

. . 68
(€{c]

~qe©7

""Ge 66

X 11 days; obs. 11l cays 2.0(%f10%).
Decay of this isotope can only bec scen by counting through
1 g/cm2 bery 11ium, since otherwise 1%t is masked vy the posi-

tron of 68-minute ¢ab8 68,

in cquilibrium with 250 day Ge
The yield was computed from a count of the x-rays.
gt 59;7 hr;; obs; 40 hr. 0.95(%109).
FProm positron decay followed in the 8-ray specctrograph we
obtained 58;0 hours for the half-1life. Measurement of the
number of x-rays indicatcd that decay by positron cmission
occurs 27% of the time. |
K 250 Cay; obs..250 day 0.29(%20:).
This isotope is easily identified since the 68 minutc Ga®®
is soon in cquilibrium. The gallium may be scpar:ztcd and
the 68 minute decay obsorvéd, with a corresponding growth’
in the parcnt fraction.
87 23 min.; obs} 21 min. o.12(t20%).
140 min.] obs. 150 min. 0.008(’20).

Resolution of the goermanium frezction decay curve indicates
a short pcriod of about onc hour. MHowever, milking gallium
dauvghters at recgular intcervals yields ¢ab7 and ¢ab% in
amounts corresponding to half-lives of 23 minutes for
Geb7 and ~;150 minutes for Ge66; The one-hour period may be
a combination of these. The yields of G866 and Ge67 are
calculatecd from the amounts of the daughtcer activities;

If the germanium fraction is counted with an absorber
of 1 gm/cm< beryllium, a half-life of 17 to 20 minutes is

obtained. If the germanium fraction from Ge + D' (190 Mev)

1s placed in the beta-ray spectrograph and the positron
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decay followed, a 24 t 3 minute half-life is obtained.,
Other activities arcec indicated.
BT 2043 min., obs. 20 min. 0.018(factor of 2).
This isotope is only observed by following the negative bcta
decay in the beta~ray spectrograph,; since 1ts resolution
in a Gelger decay cufve is masked by'Ga68. The yield 1is
based on a comparison in the spectrograph of the total
number of positive and negative particles counted in a swoep
of the magnetic field.
st 68 min.,  obs. 70 min; 0.56(<20%) .
The positron decay was followed in a Geiger counter and in
the spectrograph. Mecasuremcnts of the K x-rays indicated
that less than 16% of the decay occurs by clectron-capture.
K 78.5 hre;  obs. 80 hr. 1.0(2204).
This longest-lived gallium isotope can reacily be followed
through a factor of 100. Absorption mcasuroments gave the
number of x-rays prcsent, from which the yield was obtained,

6)

agsuming l.4 K-cxcitations per disintcgration.
. : ° o S R

87 K 9.4 hr., obse 9.3 hr. 0.58(- 15%).

The half-lifc rcsolved from the Gelger decay curve was 1l

€6 and

to 12 hours, indicating a mixturc of 9.4 hour Ga
possibly 14 hour ca’2, Deccay of the positive particles in
the spcctrograph was with a 9.3-hour half-lifc; of the

negative, 12 hours. Absorption mecasurcments on Ga66 from

Cu + He++(lO Mev)} showed considerablc x-rays, the frac-

tional dccay by positron emission was calculated to be 29%.



Zn65

Cu64

57 49 hr.]  obs.~50 hr.  0.00022(L50%).

This period cannot be resolved from the zinc Gelger decay
curve. Identification and yield estimation were accomplished
by milking 14 hour ¢a’2 from the zinc fraction.

I.T. 13.8 hr.; obs. 13.5 hr. 0.0lS(tSOﬁ),

The decay is followed by counting the beta particles of

57 minute Zn69 in equilibfium.

X 250 days; obs. long 0.1€ (factor of 2).

A count of the x-rays indigated the yield of this isotope.
The activity follows zinc chemistry and there are no other
long-lived zinc isotopes.

nt 38 min.; obs; 39 min. 0.022(%30%).

The Ceiger decay curve shows a longer half-life, indicating
a mixture with 57 minute Zn69; Decay of ‘the positron in the
beta sbectrograph gives a 38 minute half-life.

K 9.5 hr., obs. 10 hr. o.oozo(iso%) .

This isotope does not apnear in the Geiger decay curve.

The half-life may be observed by counting x-rays throuzh

1 gm/’cm2 beryllium. The yield was calculated from the
amount of 10,5 minute Cu®2 separated at a given time.

B~ 56 hr.; obs. 61 hr. 0;015(f10%).

Being the longest~lived activity in the copper fraction;
this isotope 1is easily followed. Absorption and speotro-.
graph measurement indicate a maximum energy of 0;55 Mev;
87,4,k 12.8 hr}; obs. 12.5 hr. 0.20(*10%).

Bqth positive and nezative particles are observed to decay

with this half-life. ¥We employed a recently cetermined ratio
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of K excitations to positron Cisints; rations of 5.5i1.0.(7)
62 8+, 10.5 min., obs. 10 muin. O,lO(thf).
A short bombardment time(ten minutes) enabled this isdtope
to e seen. Its decay was followed in the si»ectrogranh.
cufl *,K 3.4 hr.; obs. 3.3 hr.  0.025 (%109).
The decay of this isotone could be followed in the spectro-
sraph by adjusting field strength so that only the most
energetic particles were counted. The extent o electron-
capture is not known.
w1%€ 57, 58 hr.;  obs. 56 hr.  0.008(%207).
This isotope 1s identified by milking the 10.5 minute
cub6. It .s the longest period in the nickel fraction.
¥if5 o7, 2.6 nr.; obs. 2.63 hr.  0.0030(f20<) .
The 2.6 hour period 1s seen as soon as the nickel fraction
is separated and may be followed for several half-lives.
The negative beta particles were observed in the swvectro-
graph.
9157 2T 36 hp.; obs. .34 hr.,  0.00003(50%).
This isotode can only be observed by following the decay of
the positrons in the spectrographe. Since the activity level
is quite low, only an approximate value of the half-life is
obtained. By comparing areas of the positron sweep curve am

57

the negative beta sweep curve, the yleld of Ni relative

66

to Ni is obtained. The extent of electron-capture is not

known .
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co®1 e, 1.75 hr.: obs. 1.3 hr., 0.014(%40%).
The decay of this cobalt activity may be followed through
a factor of ten. The negative beta pafticles have been ob-
served in the spectrograph.

5 8
0 €, B+,I 72 cdays; obs. long, 0.006(factor of 2).

58

C
The long-lived cobalt activity is probably Co The Geiger
decay curve indicates a dec8y period of ~~90 days which ap~-
rarently turns into a longer-lived component, 0057. Absorp-
tion curves ylelded the number of K x-rays in the samnle.
Using the reported positron ratio, 15%, we obtained the
above relative yield.

Co®5 8",  18.2 hr.; obs. ~A8 hr., 0.00022(%50%).

A Geiger decay curve of the cobalt fraction does not show
this period; it can only be seen by counting positrons in
the beta-ray spectrograph. The level of activity i1s too low
to obtain an accurate half-life. The yleld was obtained by
comparing the areas under the sweep curve of the positrons

o5 with the area under the sweep curve of the nega-~

61°

from Co

tive beta-particles from Co
Fe®® B8~  46.3 days; obs. 46 days, 0.005(%z09),

This 1s the only period seen in the iron fraction. A rapid

separation from gallium was performed in an attempt to ob-

gerve 8.9 minute Fe53. The yield of this isotope must be »

less than 0.00005. The yield of Fe® is less than 0.000005.
mnB€ 87 2,89 hr., obs. 2.6 hr. o}ooze(izo%).

This is the shortest period seen in the manganese ffaction,

There is no evidence for 46 minute Mn51; The decay may be

followed through a factor of ten.
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MnB2  27,k; 6.5 days; obs. 6.2 days  0.0003(%z0%) .
The level of activity from this isotose 1s quite small.
Using the reported decay ratio of 35% positirons, an overall
efficlency of 400 was assumed. It is not known how much
of the Mnd2m ig formed.

el X, 26.5 days; obs . 25 cays 0.002(%50%).
The level of activity observed from a one hour bombardment
is quite small, ":50 ¢/m.. An overall counting efliciency of
8% was assumed .

Cr49- %+ 41.9 min., obs; 4C man. 0.00006(i405).
This is the only short-lived component in the chromium decay
curve. No intermediate beriod is sesn corresponding to a 1
to 2 hour Cr°°. The extent of electiron-capture is unknown,

01%9 37 1 hr.;  obs. 2253 min.,  0.00001(%50<).

61°® 8~ 38.5 min.; obs.~ 38 min., 0.00002(£50%).
The decay of the chlorine fraction bends away from a 40
nminute line, and keeps turning unﬁil a long tail 1is reached;
The only way to resolve the 38 min. line is to assume a 53
min. component is also present. The yield of this component,
0.00001, coupled with data concerning the known chlorine
isotojes, places this period at 6159; A similar effect 1s
observed in the chlorine fraction removed Trom
[cu + DT (196 Mev)] (15).
A summary is presented in Table II, listing the observed

isotopes, their decay mode, the literature half-life,; the observed
half-li1fe, the observed relative yiecld and the charge, mass difference

from 88A875.
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Table II
Isotopes Produced by 33A875 + D+(190 MeVv) .
Isotope Deca Literature . Observed Yield Differcnce
Mode'®) Half-Life Half-Life Tel.As’<
5a5e/% K, 127 days 120 days 0.14 -1z, 0a
Sezg 37, K 6.7 hre 647 hre. 0.27 -1z,2a
Se’® K 9.5 days 9.7 days  0.077 -1z, 3a
sef9 gt 44 min, ~A4 mine. 0,004 -1z, 6a
scAs74  p¥,8”  17.5 days 19 days 1.25 0z,1a
AsTS K, 90 days (long) 2 0z,2a
As72 g 26 hr. 26,7 hr. 1.00 0z, 3a
AS71 K 60 hI‘. 60 hl"o‘ 0072 02,48
AsB9- . gt 52 min. 52 mine 0.14 0z, 6a
sale’l K, 11 days 11 days 2.0 1z,4a
Gegg 37 ,K 39.7 hr, 40 hr. 0.95 1z,6a
Ge6 K 250 cays ~.250 days 0.29 lz,7a
Ge87 ot 23 mine. 21 mine. 0,12 1z,8a
Ge66  1*(2) 140 min. 150 min. 0,008 1z,9a
4,020 g- 20.3 min. 20 min- 0.018 27,52
Gagg gt 68 min. 70 min. 0.56 2z,7a
Ca K, 78.3 hro 30 hr. 1.0 2z,8a
Gaft g 9.4 hr. 9 nhr. 0.56 2z,9a
soZn’e - 49 hr. ~/50 hr.  0.00022 37, 3a
Zn8dMm I.T.  13.8 hre. 13.5 hr.  0.015 52, 68
Zn K 250 days (long) 0.16 3z, 10a
ang K. 38 min. 39 min. 0.022 3z,12a
7Zn° g% 9.5 hr. 10 hr. - - 0.0020 32, 130
67 - |
20U 5] 56 hr. 61 hr. 0.01l3 4z,8a-
cu4  87,87,K 12.8 hr. 12.8 hr. 0.20 4z,11a
cub2 o+, 1C.5 mine. 10 min. 0.10 4z,13a
cubl gt 3.4 hre 3.3 hr. 0.025 4z,l4a
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Table II(cont!'d)
Isotone DeoaY Literature Observed Yield Difference
Mode'5) Halfr-Life(5) Half-Life wrel. As72
Lali8€  g” 56 hr. 56 hr. 0. 0006 5z, 9a
NiéS  g- 2.6 hr. 2,6 hr. C.0030 5z,10a
NiB7 o+ 36 hr. 34 hre 0.00003 5z, 18a
. .08t g- 1.75 hr. 1.83 hr, 0.0l4 62,148
Co®3  a+,K 72 days long 0.006 62,17a
Co®° g+ 18.2 hr. 18 hr.  0.00022 625208
LeFe®? g7 46,3 days 46 days 0.005 7z,16a
.sMn2% 8- 2.59 hr. 2.6 hr.  0,0026 8z ,19a
Mn®2 87,k 5.8 days 6.2 days  0.0003 8z ,23a
s Crot K. 26.5 days 25 days 0,002 9z, 24a
cr49  » 419 min. 40 min. 0.00006 9z,26a
170122 58" 1 hr. 53 min. 0.00001 16z, 36a
Clv B~ 38.5 mine. 38 mine 0.00002 17z, 37a

IV. Discussion of Results.

Introduction.
A high energy deuteron approaching an arsenic nucleus may be
pictured as a dumbbell shaped object - moving at hizh speed(~—~.0.4c)
In a collision with the

towerds 2 spherical assembla e of nucleons.

arsenic nucleus, the relctively weak deuteron binding will be broken.
The effect is that of two high encrgy »articles, a neutron and proton,
approaching an arsenic nucleus together.

If the deuteron avproaches the arsenic nucleus at the edge so

that only one of 1ts nucleons will collide with the arsenic, this
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nucleon is effectively separcted from the other, which continues on
its line of flicht. This procesé is termed stripping by serber(8),
The energy of the stripped component may vary from 75 to 115 lMev.

Should the vhole deuteron collide with the nucleus, thcere ars
collisions and resultant excitations due to both barticles.

Serber's picture of high ensrgy reactions incorporates the
phe nomenon of nuclear transparency(g)o High energy particles have a
mean freec path of the order of the nuclecr diameter. Thus some iﬁci—
dent particles may vpass through the nucleus without collision. Other
particles may undergo one or two collisions near the edge and then
recoil out of the nucleus.

Thus we have the possibility of excitations over a wide range of
energys from 190 Mev when the whole deuteron strikes a nucleus, and
all ifs cnergy 1s dissipated in collisions;, to smnll excitations of

25 Mev when one nﬁcleon suffers a sur’ace collision and then recoils
outward.

The yields of spallation products of arsenic bombarded with
190 Mev deuterons indicate only the relative occurrences of processes
leading to a certain net chanse in Z2 and A. However, to reach a
gilven nucleus requires a minimum mass encrgy and barricr encrgye
Thus the frequencies of processes requiring excitotions greater than
various chosen values can be estimated. If certain isotones arc found
to have low yields, it is inferred that cither the requisitec excita-
tion is unlikecly, or the particular process lcading to the isotope is
unlikely,

A. Trends in the Obscrved Yields. .
- The yields of isotopes obscrved in the spallotion of arsenic

with 190 Mev deutzrons have been plotted in Tig. II.
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Yiclds of stable isotopes cannot be measured, and very short-
lived or very long-lived 1sotoves could not be observed under the
conditions of our bombafdmcnts, Thus out of some 90 isotopes
contained in the stablec region from chromium through sclenium, we have
measured yields of only 40, or about 44%, of which ncarly half arc
found among the top four elements. This inadequate represcntation
must be kept in mind,

1, TFor ecach element there is a smooth rise and fall of yiecld
as the mass number is varied. This trend holds for each element of
wiiich thce yields of several isotopes have been measurcd, that is for
the seven elecments nickel throush selenium. There 1s no evidence
for any marked periodicity with mass number.

2. ror each isobaric series; the yields increase smoothly
towards the region of stability. This region can be thought of as a
band including the center of the stabletriad of ench cven element,
and ﬁho surrounded atom of cach odd clecment dyad. The rule holds for
cight cases below selenium, including masses 52 and 65, for which
limits on the yields of F662 and Ga®® were obtained. These cases are
2ll on the neutron deficient side; therc are no examples on the
heavy sidee.

S. Yields d§orease as one proiresses from germanium to lower
elements. Looking at the highest yileld observed for gallium, copper,
cobhalt, manganese,; and chlorine, we find 1, 0.2, 0.01, C.u03;
0.00002. The trend holds for the cven elecments as well. Nickel is
an apparent cexception, but is discounted since no measurcment was

made over a rcglilon of scven isotopes, including thc stable ones.
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25,6
4., Among the eloments avove copper the yiclds of ncutron de-

ficient isotongs ~redominate, “olow coppeir the hcavy isotopes arc

formed in grcater abundance. The yield of u. 02 for Crol indicates

an exception to this rule, as Cr55

is not obsgserved. However, the
assumed counting cfficiency of Cr5l mey be low(B%), and tihe reported
characteristics of Cr°° are still open to doubt.

5 The yields of sclenium isotopes are smaller than thosc of
the cdrresponding arsenic isotopes by factors of the arder of ten.
3s Trends in the Complete Yield Diagram.

It is desirable to interpolate (and extrapolate) yields of the
isotoncs which were not observed. This has becn done, using the
principle that yiclds for a given Z shall rise and £2ll smoothly.
Examining the region copper through scienium, it cppocars that the
yields of adjacent isotopes ncer thce maximum value for o Ziven glement
vary by a factor of 1.5 to 2, sevcral maoss units out by a factor of 3,
and farther by 1l0. These rﬁtios have been anpliecd to the observed
yield figurcs to obtain the ylelds of ncighboring isotopcs.

Fig. III includes the interpolatcd yicld valucs as well as the
measured ones. What trends arc to be found?

l. PFor ecach Z therec is a smooth rise anc {2ll of yield with A
The chart was so conétructed;

2 TFor cach isobaric series the yiclds incrcase smoothly to-
wards a line lying one mass unit above the line of stability from
masses 6C through 71 and approaching the linc of stability at lower
masses. This line has becn drawn in Fig. IITI. In all cases but two
the yields increase as one approaches the line from eithcr sidc. This

linc indicates the most probablc region for the fommation of spallatio:
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products of a given mass number.

If the yields could be plotted perocndicular to the paper and
the rcsulting yield surfacc smoothed, we would have a ridgec running
along the line of most probable formatlon and steadlily <iminishing
in height. Neor the peak, (germanium and arsenic), the ridge breaks
off sharply to the right but decreases gracually to the left.

The maximum yield of an isotope of given Z lies adjacent to tiis
line, or at the top of the ridge. This bchavior can bé cloariy scen
at 3allium and below.

3. Yiclds decrecase as one moves clong the isotune reglon from
germanium to lower - elements; This offect is an overall trend, end
is scen best by comparing yiclds along the line of most »probable for-
mation.

4, The yields of ncutron deficient isotopecs oredominate ébOVO
copper, Dbeclow copper the high yields for a given Z shift towards the
stable and neutron excess region. At chlorine we obscrve only c158
and 139, isotopes with a necutron excesse.

The total yield of isotocoes with a given mass mumber 1is »nlotted
2gainst the mass number in Fig. IVe A smooth curve without inflecfion
is drawn fran mass 76 to 56 and all points lic within - .3C0% of their
valuc from this line. The apparent rise at mass 55 is not understood.
Considering the inaccuracies of yield mcasuiements as well as thosc of
the yield interpolations, there are no erratic yield deviations that
indicatec prefeorred isotope formation.

The total yield for a given atomic number Z is plotted against
the atomic number in Fig. Ve The deviations from a smooth curve are

morc pronounced. The hump at chromium (Z = 24) may not be rcal, since
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90% of the yield is duc to the extrapolated values, and beccause of the
uncertainty in the counting officionéy of Crol,
Ce Corparison of Seclenium and Arscnic Yiclds.

The formation of selenium isotopes can only occur through the
capture or cxchange of a proton, and subsccuent cmission of ncutrons.
The arscnic isotopcs can be formecd by excitation without capturc, or
by capturing a proton and then emitting a proton and ncutrons, or
by capturing a ncutron and subscquently emit ting neutronses If for
example ncutron and proton reactions on arsenic arc equally likely,
and the cmission of one, two or three particles (neutron or proton)v
is equally probable, then arscnic isotones should be formed . twicc as
often &s selenium. Actually ncutrons arc somewhat morc likely to be
emitted, as shown by the yield distribution maximum lying to the left
of the stability line. Since neutrons arce morec likely to be emitted
than protons, following cqually prohable proton or neutron capture
colllsions with arscnic nucleci, one would expcct the ratio of arscnic
to selenium yields to bc less than two for the cbove examplc. Since
this 1s not the case it is beliceved that the recactions lcading to the
arsonic isotones in this rcgion result from o differcnt mechanism,
namely non-capturc cexcitations in which the high cencrgy nuclcons im-
part a portion of theoir cncrgy to the nuclcus and then procecd,

The sclenium isotopes are formecd from less likely processes
which involve capturc of o charge followed by deexcitation with the
emission of only a few ncutrons. Such rcactions include the stripping
of a proton by the nuclcus and capture of the proton, an exchange

rcaction with this proton, or complete capturc of the deutcrone.
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bince the frecquency of thwcse »rocesscs is thought to Le at
least of thc samce ordcr of magnitude as that of non-capturc excita-
tions, thesc processes mus t invelve hizh cxzcitations ( 100 to 180
' Mev) ordinarily leading to isotopes of clements lying lowcr in the
tablec. That 1is to say, thc resultant high excitation makes the
cmission of at lcast one charged particlc a likely cvent.

To summarize, arsenic isotopes arc formed from non-capturc cx-
citotion processes. Thc low sclenium yiclds are duc to the improba-
bility of capturing 2 charge and causing only a low excitation.

D. ZEncrgy Rcequircments.

A discussion of tho yiclds of isotopes below arsenic and sclen-
ium is cnhanced by a knowlcdgc of thc cnerzy = requircd to cffcct a
given change in Z and Ae Encrgy is nceded to make up mass differcnces,
and to overcome the potenticl barricrs.

In the arsenic rc_ion binding cnergies arc approximetely 9, 8,
and 3 Mev for ncutrons, protons, and alpha-particles. In addition,

5 Mev coulomb cncrgy must be added per charge. Thus to rcach Ga7o
by emitting neutrons ond protons we estimatc 53 Mev 1s rcquirced,
for cuf® 100 Mov, for mifl 180 Mev, and for Fe®® 190 Mev. Those are
rough fizurcs and noglcct kinctic cnergy of thc outzoing productse.
Neverthelcss it becomes apparent that below mass 56 (.- 190 Mev) alpha
emission must account for a large proportion of the rcactioné, since
thesc rcactions arc sncrgetically impossible othecrwisc. The cstimated
yicld of all species bclow mass 55 is only 0.3% of thc total yield so
the many alpha-particle cmission is o rclatively rarc cvente

A more exact trcotment utilizes exact mass diffcercences, and os-

timatcs only the binding cncrgy for isotopes adjaccnt to thosc whose
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masses arc kKnown. Using an orscnic mass 74.947 calculated fran the

75 oy emittiné alphas

. 38
mass oquatlon(lo), the fomotion of Cl from As
and ncutrons requircs 103 Mcv in mass cncergy and -85 Mev to overcome
thce barrierse The coulomb barrier was cstimated from the cxprecssion

2z702 (11) 38
T Thus thc formation of Cl rcquircs 168 Mcv out of a maxi-

mum possible excitation of 190 Mev.

The remaining 22 Mov can be distributed as kinctic cncrgy among
the 8 alpha narticles, 5 neutrons, and the outgoing decutcron compo-
nents. Thesc particlces thercforc must be evaporated with a mecan
kinetic energy less than 2 Mev in cxcess of cnergy rcocquired from pes-
sing over barriers. This particular proccss of deoxcitatién with the
emission of nearly thce maximum possible number of alpha particles is
a rarc event, accouhting for only 10-6 or thc total yicld.

From the exact mass differ.nces ond full barricr height it is
scen that the minimum cnergy requircd to rcach mass 60 by the cmission
of alpha particles and ncutrons is 70 Mcv, to rcach mass 55, = 100

Meve. Thc resion of greotest abundance (93¢ of products) from Ga66 to

A375 requircs cexcitation of 10 to 65 Mov (kinctic cnergy excluded).

(
If only (oxcitation,n,p) rcactions arc considcred the minimum c:ci-
tation for this rcerion of grcatcst abundance ranges from 10 to 80 Mev.
The next group of isotopcs from A = 56 to 65 rcguircs minimum exci-
tﬁtion of 70 to 110 Mcv, if as many alphas arc cmitted as possible.
These minimum requirements arc indicated in Pig. VI, Te97 is the

lowest isotopc which can be rcached through the cvaporation of just

neutrons cnd protons.
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The difficulty with corrclating coxcitcotion cnersics and yicld
data is thot any given ocxcitotion will probobly not be followed by
o deexcltation leading to mnly ono isotopc.

E. Mcchaniam.

It has boen shown that the arscnic isotopcs arc probobly Fformcd
from non-capturec excitations by thc dcutcron, followcd by ncutron
emigsion. This mcchanism should hold for thc formatzon of gormanium
cnd 5allium isotopcs, the cmitted perticles including a proton or
olpha particlec.

Beginning at the zollium-gcrmaonium rogion and moving down the
table, wc ¢ xpect contributions to the yicld cduc to processcs invol-
ving complcte capture of the deuteron by the arscniece TIsotopes such
as Cr°l (minimum oxcitotion 132 Mev) arc Tormecd from such a ProCCSSe
With thce nuclcous at high states of caxcitation the probability that an
emittcd particle be a proton is always somcwhat groater thon thoe
probability that it bc an alpha. Thus bcolow copper we expocct a smooth
decrcasc in yicld from element to clement, sinec in o stepwisc
decexcitation the probobility that onc bf the cmitted particles be a
nroton becomcs quite large. The yields should gradually shade off to
the onc  elecment below which 1t is cnergeticolly impossiblec to zo.
The yiclds immodiatcly above this clcmcnﬁ will e concontratcd on
the ncutron coxccss sidce. |

The deooxcitotion process occurs in a stepwisc fashion, roughly
following thc linc of most probable isotone formation s the various

particlcs arc evaporateds. The stepwisc path is impliced in the fact

- that the yields dccrcase awoy from this linc. If for coxamplce all the

ncutrons came out first we should cxzpcet larger yiclds on the ncutron
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deficicnt side of the lightcr_clcmcnts thon on the ncutron cxcoss
sidc, which 1s not thc casce Also shiclded isotoncs are formed, the
bcst cxamplc being that of Cu64, surrounded by stcble isotoncse.
F. Comparison with Thcorctical Calculations.

Horning cnd Baumhoff have cxamined the oHroblem of high cncrgy
decutcron bombardment of a nuclecus A = 100 in an attcmpt to predict
the prong distribution of stars formod in omulsions(lg). They have
calculated the probability that a 200 Mcv docutcron causc an cxcitation
X in the range d¥ in a collision with a2 nuclcus of A = 100, This
curve riscs stcadily to 100 Mcv,'drops down, 2and then riscs to 200 Mcve
The drop at 100 Mcv is ower a factor of 3, thc subscquent risc over a
factor of ~~4. Thc most likcly excitation is just below 200 Mev,
the next most likcly below 100 Meve In the yicld curves of the spal-
lation products of arscnic wc sco no such pronounced risc and fall;
a given excitation docs not lecad to onlvy onc mass numbcecr or clcmente.

Since 85% of the yicld is between ¢a8% and A374, Horning and
Baumhoff's curve indicatcs that cxcitotions of the order 140 to 190
Mcv(and 40 to 95 Mcv) have lod to isotoncs in this rcgion. Since
thesc isotopes arc formed by the cmission of onc to 9 particlos but .
require less than 70 Mcv cxcitation, on the averasc the cmittced par-
ticles must carry ofT considcercble kinctic cncergy, some up to -~ 30
Mcv apicceos

Thus-thc corrclation of yiclds with minimum rcquifad cxcitotions
has little significance, since most paths of deexcitation usc up morc
than the minimum cncrgy for that pathe

In Fig. IV the yiclds of masscs 66 and 67 (duc chicfly to aa®®

and Ge67) arc highcr than a smooth fit to the points by about 404,
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This cffcct is Open to somo guestion duc to the inaccuracics of the
data and cxztrapolations. The isotopes et theste masscs, rcquiring

60 to 70 Mcv cxcitation, apocar to corrcspond to Horning and Baum-
hoff's ccntral pcak whorc o~ mazimum coxcitation is found from €0 to

100 Mcv duc to thc stripping rcactions. From thceir curves showing the
(13)

probability that a given cvaporated particlc be an ion We sue

that thc formation of an ion is only 1/10 as osroboble as a ncutron,
Sincc thce probebility that a given ion be an alpha is small(ls)
(cxcitation 100 Mcv) most of the rcactions duc to thesc cxeitations
would involvc cmission of ncutrons and protonse The rcquisitc cnirgy
to rcach masscs 66 and 67 is about 80 Mcv, and assuming an averalc
of 2 Mev kinctic cncrgy per particlc we should nced o total of 9¢€ Mcv.
Thus ozcitations from this vortion of Horning and BaumhofI's curve
can lcad to Ga66 and Ge®7, Howcver sineco 96 Mcv is very closc to
the limit of their peak(100 Mev for a 200 Mcv doutcron), and sinco
therc is a spreoad of kinetic cnurgy of =« huclcon cmitted from o
nuclcus of _iven cxeitotion, it is unlikcly that this hump ot masscs
87 and 6€ is o rcal cffcet.

Horning and LDaumhof f have calculctcd the probability that an
ion cvaporated from a nuclcus of cxeitation X bo o proton(lz). From
100 to 190 Mev this orobability is J20.5, at 30 Mov it is practically
unitye. For high cixcitotion the probanilitics are roughly the soame
that onc of thc first fow ions cvaporatcd by « proton or alﬁha; for
lowcr cxcitntions the cmission of protons is favorcds. Thesc rosults
also lend us to cxpcet o smooth voriation of yicld with Z, without
oronounced oscillotion, as mentioned beforce ‘hon a nuclcus has boeen

decreited to 30 Mcv, there is little chonee that furthor omission
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of alpha particlcs or nrotons can occur, so the last particles cmitted
are most likcly to bc ncutrons.

Horning and Baumhoff cstimatcd the distribution of prongs from
stars initiated in photographic cmulsions by 2C0 Mcv dcutorons(lz).
The calculated mcan prong number is 4.4, of which only . 3 will be
obscrved in the omulsion. (This valuc is in agrccement with the
cxporimental Work).(l4) ‘About 95% of thc sfars should havce prong
numbcrs equal to or less than 8. If we consider the arsenic spalla-
tion onroduct yilelds, and interpret the yield for a given change in
atomic number greater than one as indicating the number of theoretical
stars of given prong number, then the prong number for 95% of the
spallation'! stars is less than or equal to 4, with a mean of 2.8,
For Z = 29 and 30 the »robabllity is greater that the arsenic atoms
captured the deuteron and the extra proton should count as a prong.
The range of pronzg numbers 1s then less than 5 and the mean 1s 26,
on the new scale. Here is a discrepancy of ~. /1.6 or 1.8 between the
predicted mean prong number and that inferred from the arsenic spalla-
tion yieldss. The discrepancy becomes greater when we consider that
some changes of «Z are due to alpha emission.

Tn their article, Horning and Baumhof @ present a table listing
the number of stars of different prong number observed in the cloud
chamber vhen a 90 Mev neutron beam is passed into water and alcohol

vapor. The overall shape of this distribution is similar to that of

the arsenic !'"stars!" , considering oZ = 2 as a two pronged star.
Only qualitative agreement is to be expected, considering the dif-

ferences~ in tarzet atomse.
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G; Comparisoir with Copper and Antimony Spa'llation Yields.

The general yield pattevrn of the copper spallation products
is the same as for arsenic. One difference is that the yields from
copper do not dvop ofl as fast on the neutron deficient side, as
those of arsenic do. Thus six elements removed from the btarget, the
yields from arsenic are about 10 times smaller than those of the cor-
responding isotopes from copper. Another difference is found "n man-
ganese isotopes from copper, the yield of Mnd4 is reported about 507

56
» Whereas from our work we would ex-

smaller than either MnS2 or Mn
pect it to be larger.

The "piateau" found in the copper spallation yields over the
range of masses 50 to 59 does not show up in the corwvesponding arsenic
regzgion, €1 to 70. Here we have a Jeneral decline in yield, through
a factor of 40. Althouzh yields of elements with odd Z are somewhat
hizher in the case of copper spallation »roducts, there is no good
evidence for this in the case of arsenic.

The distribution of the antimony spallation product yields(lS)is
also similar to that of arsenic. In the case of the antimony region
there is a much broader range of stability for a given Z, as shown
by the greatocr number of stable isotopes for the even elements.

Thus the yield curve of isotones of jiven Z appears to be much flat-
ter than in the case of arsenic spallation productse. For Z = 44

105 and Ru106 all within a factor of 5. In

we find yields of Ru%7, Ru
the case or arsenic spallation products we find a variation of a fac-
tor of 1000 from Fe®°® to Fe59, the comparable case.

Two specific differences may be mentioned. Among the antiriony

spallation products are AglOS ana Ag106 which are formed in yielcls
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more than 100 times as large as the 001?espohding extrapolated yields
of cu®8 andfCu59 from arsenic spallation. -In . the antimony case
however, these isotopes lie very close to stability, which is not true
of the copper isotopes. On the neutron excess side, an exceptionally
high yield is observed at Pdlll, and a yield 1/100 of this is found at
Pdlog, which is situated between stable iéotopes. There is no cor-
responding sase among the arsehic yields.
Ho Problems in Arsenic Spallation.

Two features of the arsenic spallation yield distribution are
not understood. These are connected with the yilelds of the neutrom
deficient isotopes of chromium, manzanese, and iron. Although 0055,

53 was found,

Mnsz,(and Cr49 and Cr5l) are detected, no trace of Fe
the limit being less than 1/10 the yield of Cr49, which is just one
alpha particle removed. |

The other anomaly is the apparent high yield of Cr51, leading
to the discontinuities in the curves of yield vs. mass number and Vs;
atomic number. To repeat, the uncertain counting efficiency of crol
may be the trouble here.

Ve Swmary

The yields of isotopes formed in the spallation of arsenic and
the extrapolation of these yields to the neighboring isotopes has led
to the following statements,

1) The yields of arsenic isotodes are higher than those of
seclenium isotones because the Tormer originate from non-capbture exci-
tation processes.

2)v The large yields of isotones from arsenic to zinc are due

to non-capture excitation »nrocesses for the isoto '¢s near arsenice.
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Progressing(through zine to lower elements a larger fraction of the
yield is due to capture procezses.

3) The lowest isotopes observed, in the region of manjanese ard
down to chlorine are formed fran capture jrocesses in which chiefly
alvhas are emitted.,

4) Since the formation of ¢1%8 requires 168 Mev, 8 alrvha parti-
cles must be emitted with only siightly more enerzy than the barricr
height.

5) A hizh ener:y deexcitation occurs by successive emissions
of neutrons, protons, and alpha particles. The course of the reaction
follows the line of most probable formation, vhich below copper fol-
lows the valley of the energy surface. |

N

6) The yields of isobars increase smoothly towards a curve

v

running from arsenic one or two units above the line of stability at
masses 7C through 67, then approaching the line of stability.

7) The yields of isotopes of "iven Z increase smoothly towards
tihis line o. most orobable formation.

8) The total yield of isobar A plotted against A is a smoothly
decreasin: function. There 1s an unexplained hump at masses 54, 55
and 56,

9) The total yiecld of isoto es of _[iven Z decrecases with Z.
The value for Z = 24 is high.

10) If we consider spallation rezctions which would appear as
nuclear stars, the mean prong number is 1.6 less than that »redicted
from nuclear star theory.

11) There are no pronounced differences with the yield patterns

of spallation products from copper and antimony.
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FIG. ¥

‘YIELD DISTRIBUTION AMONG THE ELEMENTS
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CALCULATED MASS OF As'2: 74.947
D VALUES CALCULATED FROM EXAGCT MASSES (9)

VALUES ARE FOR EMISSION OF THE MAXIMUM NUMBER OF ALPHAS



