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NUCLEAR REACTIONS OF IRON WITH 340 MEV PROTONS
G. Rudstam,* P, C, Stevenson, and R, L., Folger*#
Radiation Laboratory and Department of Chemistry
University of California, Berkeley, California

December 7, 1951

ABSTRACT
Nétural iron has been bombarded with the full energy proton beam of
the Berkeley 18j-inch synchrocyclotron and a number -of radioactive spalla~
tion products have been isolated and identified gnd their formation cross
séctions measured against that of the reaction 6127(p,3pn)Na24. A simple
mechanism has been postulated to account for éhe observed product yields.
A new isotope of chromium, assigned to mass 48, has been observed and

partially characterigzed.

#Now at Department of Physical Chemistry, University of Uppsala,
Uppsala, Sweden.

##Now at E. I. du Pont de Nemours and Co., c/o L. C. Peery, Box 314,
Oak Rldge, Tennessee.
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I. INTRODUCTION

A series of bombardments of iron with 340 Mev protons has been
carried out in the circulating beam of the Bérkeley 184=inch cyclotron
with the purpose of studying the cross section for formation of the
various spallation or fission products. It has been found possible to
isolate a number of radioactive product nuclides by standard radiochemi-
cal techniques using inert carriers, and to identify the nuclides so ob-
tained by observing their half-lives and radiation characteristics. Both
absorption measurements and low resolution magnetic beta spectrometer mea;
surements were used where appropriate to differentiateubetweeﬁ isotopes of
the same element with similar half-lives. ‘

& mechanism of spallation has been postulated which contains.the
basic assumption that the probability of emitting a proton from a highly
excited nucleus of low atomic number (i.e., less than 36) is approximate-

ly equal to the probability of emitting a neutron from the same nucleus

¥Now at Department of Physical Chemistry, University of Uppsala,
Uppsalea, Sweden.

##Now at E. I. du Pont de Nemours and Co., C/o L. C. Peery, Box 314,
Oak Ridge, Tennessee.
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under the saﬁe copditions, From fhe‘postuleted hecﬁanism it can be de~
duced that tﬁe Spallation'pfeducte fop a giveh nuC1ide can be divided in-
to groups a prio;i, the yields{of'the-products in any given group falling
on a smooth curve when plotted againet mass number, Five such groﬁps'were
predicted for the spallation products of iron, considering only the abun-

dant isotope Fe56, Experimental results show satisfactory agreement with

the hypothesis,

IT. EXPERIMENTAL TECHNIQUES
) Target Makeup
Two types of‘tefgets were used whlch may'pe referred to for con=
' ﬁenlence as Wthin" and "thlck " Each thln target con51sted of a single
iron f01l approx1mately ten onemthousandths of an 1nch in thlcknes39
thrpugh which the beam passed perpend;cular to the plane of the foil, On
\either side of the tafget foil were "guafd feils".of 00001Linch thick
aluminum, and outside and parellel to these were foils of 0,0005 inch
thick aluminum (see Figure 1) used to monitor the total beam through the
target by use of the A127(p93pn)Na24 reaction as descrlbed by Stevenson
and Folger,l Energy degradatlon of a 340 Mev proton beam in pa331ng
through such a foil is negligible.
Each thick target consisted of a stack ef from four to six 0,01 inch
ireﬁ feils, the-dimensions of the Steck being about 1 3/4 x 1/2 inches,
. the beam passing through the stack parallel to the 1/2 inch dimension.

The energy degradation undergone by a 340 Mev preton beam in 1/2 inch of

iron is calculated to be about 20 Mevo2 The beam in this case was moni-
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tored by observing the yield pf Fe52, previously calibrated against the
A127(p,3pn)Na24 reéction in thin target bombardments.

The iron used was of high purity. 4 spectrographic analysis performed
by Conway and Moore of this laboratory showed very slight amounts of a

small number of impurities. These impurities are tabulated in Table I.

Table I

Spectrographic Analysis of Target Iron

- Impurity ’ Amount, parts per million by weight

As o ‘ Not detected (<100)
Co , 60
Mn Not detected (<100)
Ni 150

Cu <50

Seven bombardments were made, Table II lists the data pertinent to

each bombardment.
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Table II
Summary of Bombardments
C ' Duration of Type of Elements

Bombardment No. Bombardment (Min) Target ... Isolated
FePl 20 Thin Fe, Co
FeP2 46 Thin  Fe, Co, Cr
FeP3 L6 Thin Fe, Co, Cr, Mn, V
FeP4 17 Thick Fe, Mn, Ca, Ti, Se
FeP5 109 Thick Fe, Co, Cr, Mn, Na, S, P, Ca
FeP6 65 Thin  Fe, ¥V, Se, K, Si, C1
FeP7 55 ° Thin Fe, Ti, K, C1, Si, Cr

B, Chemical Separations

Usually 10 mg of each element to be isolated was added as carrief to

the dissolving médium'prior to addition of the target. The chemical me-

thods used in the bombardments consisted of specific or group precipita-

tions or solvent extractions for each element sought, combined with pre~

cipitations of unwanted elements (added as carriers) by reagents not pre-

cipitating the desired elements (so-called "scavenge" precipitations).

The precise combinations of extractions, specific precipitations and sca-

venges used varied depending on which combinations of elements were to be

isolated. However, the more important steps in the isolation and purifi-

cation of the different elements are given below.

The percentage recovery

of the activities formed was determined gravimetrically by weighing.the
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recovered earfier, complete exchange being assumed. The target was dis-~
solved in approximmtely 12 N HC1 (bombardments FePl to FeP5) or in approxi-

mately 3 N HNOj (bombardments FeP6 and FeP7).

1. Cobalt. Cobalt was preqipitated from ammoniacal sqlution with
hydrogen éulfidé gas., The svifide was dissolved in hydrochloric acid
containing potassiﬁm chiorate, and cobéitnwas then precipitated by the use
of potassium hydroxide. This precipitate was dissélved in acefic.gcid,
and potassium nitrite was added to precipitate K3Co(NO2)g°H20. -This‘
precipitate was washed, dried at 110° C on an aluminum dish and weighed.

In bombardments FePl and FeP2 an extraction of cobalt—thlocyanate complex

into ethyl acetate was used as an additional purlflcatlon step.

, 2. Iron. The pr1nc1pal step in the iron 1solation was fhe extractlon
"of ferric chloride from 7.5 N HC1l into 1sopropy1 ether. - The extraction is
specific for iron in this region of the periodic table. The ethe; layer
was washed three times with 7.5 N HCl, then iron was fe—extracted into
water and ferric'hydroxide precipitéted by the addifion of ammonium_hya
droxide. This precipitate was dissolved in 7.5 N HC1 and the cycle re-
peated. The final ferric hydroxide.precipitate was washed, dried and
ignitéd on a platinum dish to Fep03 and weighed. .In bombardment FeP2,
ferric~thiocyanate complex was also exiracted into ethyl acefate‘apd';e—»
extracted into aqueous-ammonia. In bOmbardménts FePl and FePZ{?iron,was
precipitated as ferric phosphate from dilute hydrochloric acid, washed,

dried and weighed as FeP(y°H0.



-8 : UCRL~1586

3. Manganese., Manganese was precipitated as manganese dioxide by
potassium chlorate from a fﬁminé niﬁric;écid s51utioh° The prééipitaté
was dissolvéd iﬁ hyarochloric'acid contéinihg hydrogen pe‘roxid‘e-° Tar—
taric acid and small amounts of chroﬁium,'titanium, énd‘Vanédium were
added and manéanous sulfide was then precipitated from alkaline'solutiono
The sulfide was dissolved in concehtrated dtrie acid ana'manganése dioxide
was brought down from fﬁﬁing nitric acid solution as before. The whole
cycle was repeéted'oncé. The Mn02 precipitaté was then dried at 110° C

“and weighed.

he Chromiﬁm. “InfbombardméntiFePB, chromium was separated as ﬁhé
iodate from 1 N HOL (afﬁer removing titanium and iron), The iodate was
destroyed by'feductioh With’sﬁlfur dioxide,”and chromiuﬁ was precipitated
as the hydroxide. The hydroxide was oxidized to chromate with basic
pefdxide solutioh and the chroﬁium>was.extraéted as perchromic aéidffrom
dilute perchlofic acid inté amyl'acetate.”'The_amyl acétate layer was
washed andﬁchromium was re;extracted into aQueous ammonia. .The perchromic
aqid extfaéfion was repeafed; Finally, chromium was precipitated from
aéetic acid éolution as BéCrOA,_waShed, dried at 110o C énd ﬁeighed;

In bombérdment FeP5 chromium was first brought.down as barium chro-
mate, then extracted into émyi acetafé from a perchloric acid solution
containing hydrogen peroxide. In bdﬁbardment FeP2 chromium was oxidized
with potassium bfomate in perchloric acid and then extracted inﬁo ether

after cooling and addition of hy&rogen peroxide.,
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5. Vanadium. Vanadium was separatedvas sulfide from ammoniacal
solution. The sulfidé was dissoi&ed in concentrated‘nitric acid, sca-
venged with manganese d10x1de prec1p1tated with potassium chlorate and
fumlng nitric a01d and then with yttrlum hydrox1de in ammonlacal solu—
tion. Vanadium sulfide was again precipitated. The sulflde was dis-
solved and the solution was buffered with sodium acetate-acetlc a01d
Chromium was then added to act as holdback and vanadium was ox1dlzed by
hydrogen peroxide. Lead vanadate was preupa.tated° (The pre01p1tate was
dissolved in 2 E_HNOB’ and lead was removed as the sulfide, Tﬂe solution
was then buffered with sodium acetate-acetic acid and oxidized and
Pb(V03)5 was again brought down., This was washed, dried at 100° C and

weighed.

6. Titaniﬁm. For the separdtlon of titanium, the‘pre01p1tat10n of
titanium 1odate from 6 N HN03 wa.s used, The preclpltate was dlssolved
‘in hydrochloric acid contalnlng sodlum sulfite. Titanium was then pre~
cipitated as hydroxide with emmonia. The hydroxide was dissolved iﬁ
0.5 N HN03 and scavengéd with yt.tfium‘ox;alate° Tartaric écid_ﬁas added
and the solution made ammoniacal to‘be scavenéed with irdn and manganése
sulfides. The supernatant from the ldst scavenge was made 1 N in hydro-
chloric acid, and titanium was precipitated with cupferron. The precipi-
tate was then netathesized to T102+H20 with ammonium hydroxide. The
. hydrous oxide was dissolved in hydrochlorlc acid and the lodate predlpl-
tated. The iodate was dissolved in hydrochloric acid and sodium sulfite.
Fipally, titanium was,preqipitated as hydroxide with ammonia, washed,

ignited to TiOp and weighed.
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7. Scandium. Scandiuﬁ was separated by precipitation with oxalic
acid from 0.5 N HNO?. ,Thevﬁrecipitate was dissolved in ééﬁcentratedv-
nitric acid; manganésewéarrier aﬁd fuming nitric acid were then addeda
?6tassium chlorate Qés added to precipitafe manganese‘diéxide and to
destroy the oxalate, Scandium was préciﬁitated as the hydfoxide by add-
iﬁg ammonia gas to the supernatant. After two more éxalaﬂé—h&droxiae .
cycles, the scéndium'hydroxide was washed, ignited to 80203 on a platinum

dish and weighed.

8. Calcium, Calcium was precipitatedbaé calcium»oxalate with oxal-
ic acid (bombarament FePA) or as calcium cérbonate from alkaline solution.
The calcium precipitates were dissolved iﬁ'nitric acid (plus potassium
chlorate in bombardment FeP4). The solution was made alkaline with
ammonium hydroxide and scavenged with yttrium and titanium hydroxides,
then with maﬁganeée diox@de (precipitated by hydrogen peroxide) and
fihéliy with cobalt sulfide., The supernatant was aqidified with acetic
acid; and calcium Qas precipitatedbby oxalic acid. The cycle was repeat-
ed twice, Finally, the calcium oxalate precipitate was washed, dried at

110° ¢, and weighed as CaCn0y*HoO.

9. Potassium. A&fter the precipitation of most elements with
ammonium hydroxide, potassium was left in solution. This supernatant
was made about 0.1 N in acid, phosphate ion added and then ferric ion

in excess to bring down ferric phosphate. The solution was then made
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glka;ine with ammonium hydroxide and scavenged twice with iron and
titanium hydroxides, then twice with chromium sulfide and with calcium
carbonate or calcium oxalate. The solution was ﬁhenlacidified with
hydrochloric acid and evaporated to dryness in a porcelain casserole,

The ammonium salts were removed by fuming over a Meker burner. The rééi—
due was dissolved in water. Perchloric acid was added, the solution was
heated to fuming, then cooled in an icebath and absolute élcohol wvas
added to precipitate potassium perchlorate. This waé carefully waghea
with absolute alcohol to remove ammonium perchlorate and_recrystallized
twice from perchloric acid. The precipitate was washed with alcohol,

dried at 110° C and weighed as KC10.

10. Chlorine. When chlorine was to be isolated, the carrier was
added as soiid, freshly prepared silver chloride and the target was dis-
solved in dilute (~3 ﬂ) nitric acid. The exéhange between chloride ion
in the silver chloridé precipitate and the'radioactive chloride ion in
the solution is supposed to be répid and compléte.3 After the target
had'completely dissolved, the silvef chloride precipitate was separated.
Silver chloride was then dissolved in 5 g’NﬁQOH and scavehged with ferric
hydroxide. Potassium iédide was then added to precipitate siIVer'iodide,
and after centrifuging, an excess‘of silver nitrate was,addéd to remove
iodide. The supernatant ﬁas acidified with nitric acid to precipitate

silverbchloride‘and the precipitate was washed, dried at 110° ¢ and

weighed.,
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11, Sulphur. The sulphur carrier was added in the form of SOA 5
and the target was dlssolved in concentrated hydrochlorlc and nltrlc
acids. Barlum sulfate was pre01p1tated from 1 N HCl, This was converted
to barlum carbonate by b0111ng w1th 50 percent agqueous potas31um carbonate
solutlon for about 1 hour. The pre01p1tate was dlscarded and the super-
ﬁnatant was‘made 1 Nuin hydrochlorlc acid. Barlum sulfate was pre01p1tated
by the addition of barlum chlorlde solutlon° The procedure was repeated
tw1ce. Finally the barlum sulfate pre01p1tate was washed drled at

1:Lo° C and welghed as BaSOA.

. 12,  Phosphorus. ,Phosphorus was added as POA’B, and the target was
dissolved in hydrochloric and nitric:acids, Phosphorus was then isolated
by precipitation as ammonium phosphomolybdate from:'1l N HNOBo The precipi-
tate was dissolved in ammonium hydroxide,_uanadium holdback agent-was
added, and magnesium ammonium phosphate was precipitatedlby the addition
-of magnesia mixture. The pre01p1tate was dlssolved inl N HNOB and the
cycle was,repeated. Finally phosphorus was: prec1p1tated as magnes1um ammo-
nium phosphate;ﬂuThis was washed, ignited on a platinum dish and weighed
as MgoPoOrm.

13. Silicon. Silicon -carrier was added as (NHy)pSiFg. After the
target had dissolved, sillca was brought down hy.the addition of boric
acid and digestion with hot concentrated sulfuric acid. The silica was
carefully washed with warm diluted sulfuric'acid, then it was dissolved
in potassium hydroxide. The solution was scavenged with titanium hydrox-

ide. Holdback agents of iron, cobalt, chromium, vanadium, and yttrium
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were added, and the mixture was acidified with hydrochloric acid. Sili-
ca was precipitated by digestion. ' The cycle was repeéted. The precipi-

tate was then washed, ignited on a platinum dish and weighed as SiOp.

14i. Sodium. In the procedure sodium was left in ammoniacal solu-
tion. This solution was scavenged twice with iron and fitanium hydroxides,
with cobalt_sulfide and with calcium oxalate, The supernatant was acidi-
fied with hydrochloric acid énd evaporated to dryness in a porcelain
casserole. Ammonium salts were removed by fuming over a Meker burner.
The residue was taken up in water, filtered, and zinc uranyl acetate
was added to the cooled supernatent. The sodium zinc uranyl acetate
precipitate was dissolved in alcohol saturated With hydrogen chloride
gas and coéled, Sodium chloride precipitated. The precipitate was
dissolved in a small amouﬁt of water, potassium holdback agént was added,
and sodium zinc uranyl acetate was reprecipitated. The cycle was re-
peated onéé more. Finally sodium chloride was washed with algohol—hydro—

chloric acid, dried at 110° C and weighed.

C. Gounting Techniques
The furified counting samples were transferred to weighed aluminum
or platinum'diéhes and spread as uniformly as possible ovef the total area
» of the dish (~5 cm?). After suitable drying, the dishes were weighea
again and the sample weight obtained by difference. The samples weré
then fixed in position oﬁ the dishes by evaporating diiute solutions of

. ¥
collodion or zapon on them, and the dishes were fastened to cardboard
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holders with scotch tape, as shown in the diagram (Figure 2). These
'holders were de31gned to fit in any one of flve standard p051tlons beneath
the window of a chlorlne-quenched Amperex Gelger—Muller tube° The posi- .
tion selected for coﬁnting a given semple-wasxas far from the counterl
window as convenient, the criterion belng the de51rab111ty of securing a
sufflclently large number of counts in a short countlng time to glve good
.statlstlcal rellablllty to the calculated countlng rate° Absorptlon
curves were taken with the absorber as close as p0331ble to the counter
w1ndow and the sample as far as p0581ble away, in order to minimize
scattering of radlatlon into the counter by the absorber,4' |
;'The observed countihg'rates were subjected.to‘the followlng correc=
tions: “ .
"l. A correctiohAfor counts lost due to dead time‘of the—counﬁer.
‘ tube (so—called coincidence correctlon)
2. A correctlon for background act1v1tyo.
3. A geometric correctlon to the p031tlon in whlch the monltor sam-
'ple was counted. ThlS was determlned emplrlcally in each case,
4. A correction for air and window absorptlon, determined by back-
extrapolation of the observed aluminum absorption curve,
5. & correction for béckscaﬁterihg from the sample dish. The figures
| used for beﬁe energies greater fhen O;6>Mev‘were 1/1.22 for alu-
minum dishes and 1/1;75 for plétinum dishes, calculated from the
‘saturation backscatterlng deta of Bﬁrtt,5 For beta energieé less
than 0,6 Mev fhevbackscattering was célculated.from the data of

Yaffe and Justus.6
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6. A_factor for self-scattering and abéorption by the sample mater-
ial itself, estimated from the work of Malatesta.” N

7. A factor for relative counting efficiency in_the case of‘x&réy
or gamma activities. ﬁCounting efficiency" is defined as ihe
number of countslregisfered by the céunter pef particie (6r
photon) passing through the tube window. |

8. A factor to correct for the decay of the sample from the time of
the end of the bombardﬁent_to the time of initial measurement of

the activity.

- III. RESULTS
A, New Chromium Isotope. |

In the chromium decay curves a new'activity was found affei subtrac-
tion of the activity due to 26.5 day Cr>l, This half-life was found to
be‘l9 hdurs, 2, hours, and 23 hours in bombardments FeP2, FeP3, and FeP5.
Owing to a very poor chemical yield in bombardment FeP2, however, the last
two figures should be more accuréte. Since the electrons from.Cr?} can
easily be blocked by a thin aluminum absorber (~30 mg/cmz) the growth and
the decay of an isotope of a half-life of 16 days cbuld be obéerved. In
bombardment FeP5 two sets of absorption measurements were made, one after
about 15 hours and the other several days after thé bpmbardment. These-
measurements showed the growth of an activity with beta radiation of about
0.7 Mev maximum energy. Furthermore, part of the pﬁrified chromium frac-
tion from bombardment FeP5 was left to‘decéy for two weeks in the presence

of inactive vanadium carrier., The vanadium was then separated chemically.
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This vapadium?sample showed an activity with a half-life of 16.2 days

gpd_éﬁ.ehergy of 0.78 Mev‘(determiﬁed from aiuminum aEsqféﬁion ﬁeasﬁréu
ments). The'chromium.isétope CAn; from these experimeﬁﬁs, be assigned ‘
the mass number 48. Furthermore, the éounting éfficiencj of thelisotope
was determihéd from £he counting-rate of its daughter té be about 4 per-

cent which indicates that it decays mainly by electron capture.

B, Spallation Yields

1. Cobalt,
Table III
Yield of Cobalt Isotopes
Reported in Literature#* ' Experimental Results
Mass No. Ty1/2 Radiation Bomb. No. T1/2 Yield '
_ B . (1 mb = 10~27cm?)

55 18.2 e BH,T FePl 18,3 hr 0,42 mb

FeP2 18.1 hr 0.1, mb

FeP3 17.6 hr 0,53 mb

L FeP5 17.6 hr 0,53 mb

56 72 d B ,Y,EC ‘ FeP3 78 d 0,21 mb

FeP5 72 4 0,26 mb

It was assumed in determining the yield of Co% that all long-lived

activity was to be attributed to Co56, Co58 can only be formed from Feo’

and Fe58 and these isotopes are in low abundance in ﬁatura}biron

‘*Any previously reported data on half-lives or radiation characteristich

is taken from G. T. Seaborg and I. Perlman, Revs. Modern Phys. 20, 585 (1948) .
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(together 2,5 percent). This yield of Co%6 is not correéted for an
. y

branching decay by electron capture.

2. Iron.
Table IV
Yield of Iron Isotopes

Reported in Literature | - Experimental Results

Mass No. T1/2 Radiation - Bomb, No, T1/2 Yield
52 7.8 hr gt FePl 8,1 hr 0,55 mb
o FeP2 8.3 hr 056 mb
FeP3 8.3 hr 0.66 mb

_FeP4 8.4 hr —_—

FeP5 8,3 hr -
FeP6. 8.3 hr 0,71 mb
FeP7 8.6 hr 0,67 mb

In bombardments FeP4 and FeP5, Fe? was used as a monitor. The
counting efficiency of the isotope was determined by'obsefvation of the
growth of Mn>? and by chemical separatioﬁ of Mn??, The dounting:éfficiency
was thus determined to be 1,72 for the eqﬁilibrium mixture. For Fe’? )

only, it is 0,70 which indicates that the parent isotope decays to the

extent of about 30 percent by orbital electron capture.
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3. Mangénese.
Table V

Yield of Manganese Isotopes

Reported in Literature . Experimental Results

Masgs No. T1/2 Radiation Bomb. No, - TL/Z - Yield
51 46 min g - FeP3 46.8 min 4,09 mb
. FeP4 42,7 min 3,95 mb

52 5,84  pY(35%), EC,Y  FeP3 . 5.8d 14.5mb
: - S | FeP/, 5,8d 11,0 mb

| ‘ FeP5 5,74 13,1 mb
5. 3104 - pY,EC,Y . FeP3 " 12,1 mb
- | | FeP/, | 11,8 mb

56 . 2,59 hbr  g,Y FeP, 2,72 hr 0,56 mb
- : FeP/, 2,43 hr 0,61 mb

" In thé determination of the yield,df Mn5% it was assumed that all
thevactivity in the manganese fractions after the decay of Mn52 con-
sisted of Mn%. The samples were obserfed for too short a time for a
determim tion of the half-life. The figures for the yield are therefore
uncertain., The counting efficiency of Mn®% was assumed to be 10 percent

(from D. R. Miller's data).”
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4. Chromium.
"Table VI

Yield of Chromium Isotopes

Reported in Literature Experimental Results

Mass No. T1/2 : Radiation Bomb. No, Tl/2 Yield
48 (Previously unrepbfted) " FeP2 19 hr 0.73 mb
‘ ’ FeP3 2/ hr 0.91 mb
FeP5 23 hr 0,75 mb
49 41,9 min gt T FeP2 4l min 4.9 mb
‘ FeP3 40 min 6.1 mb
- FeP7 43 min 3.5 mb

51 26.5 d . EC,Y,e” FeP2 (21d)  53fmb

FeP3 27 d 38 mb

FeP5 28 d 33 mb

For crol a counting efficiency of 3 percent has been assumed. This

figure is very uncertain, and the yield may be in error by a factor of two.

5. Vanadium.
Table VII

Yield of Vanadium Isotopes

Reported in Literature Experimental Results
Mass No. T1/2 Radiation Bomb. No. T1/2 Yield
L7 33 min gt FeP3 35 min 2,42 mb
48 16 d p+(58%),EC,Y FeP3 - 16.0d 9,6 mb
’ FeP6 1601 d 11’00 mb

49 600 4 - EGC,Y FeP3 - 31 mb -
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The yield for V49 is only approximate since it was assumed - that all
activity after subtraction of 16 day'V48 consisted of V49, The counting
efficiency for V49 is assumed to be 1 percent., (Decays solely by orbital

electron capture.)

6, Titanium,
Table VIII

- Yield of Titanium Isotopes

Réporfed in Literature ' Experimental Results
Mass No. ,T1/2 Radiation Bomb, No. T1/2 Yield
45 3,08 hr B, FePJ, 3,13 hr 3,31 mb
. oo . ‘ FeP7 3,07 hr. 4,05 mb

No long lived titanium isotope was found,

7. Scandium.
Table IX

Yield of Scandium Isotopes

 'Reported in Literature R Expefimehtal Results

- Mass No. -T1/2 Radiation Bomb, No. Ti1/2  Yield
43 and 44 both gt v, (EC) - FeP/, 4Ll hr 4,43 mb
. 3.92 hr ' FeP6 4.0 hr 4014 mb
44, 2.44 d e~,Y FePl . 2.614d 2,61 mb
) » | FeP6 ~ 2.48d  2.59 mb
46 85 d B, 7, EC FeP, 8 d 3,27 b
FeP6 - 3,14 mb
47 3.44 " FeP, 3.5d. 0.8, mb

48 4 hr B~ FeP4L 44 hr 0045 mb
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The yield Qf Sl s determined by counting throﬁgh ZéZ.mé/cmz
aluminum absorber to block the radiations from Sc*/ and Sc48¢ It was
agsumed that the decay by ofbital eieetron capture of Sc44 is negligi-
ble. The yield of Sc46,is not corrected for poesible decay by orbital
electron capture. 843 and Sch4 could not be separated in either bdmbard-
ment nor could Sc47 and Sg48 in bombardment FeP6. 6wing to the difficulty
in separating 8047 and 8048 in bombardment FeP4 the figures for the yields

ere uncertain, 8049 could‘not be detected.

8. Calcium,
Table X

Yield of.Calcium‘Isetopes

Reported in Literature Experimental Results

Mass No. T1/2 Radistion Bomb. No, T1/2 Yield
45 152 d g FeP4 (152 d) 0.54 mb
: FeP5 (152 d)- 0,58 mb
47 5.8 4 - B,y FePl ' 5,6 4 0,007 mb
_ FeP5 . 5,54 0,006 mb

In FeP4 the decay of the calcium sample was observed for three
months. The decay follows a 152 day line fairly well. The absorption
measurements made about two and one-half months after the bombardment

(FeP5) indicated a B~ energy of 0.3 Mev and no gamma rediation.
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Potassium.
Table XI
Yield of Potassium Isotopes

Reported in Literature _ ' Experimental Results
Mass No. T3/2 Radiation Bomb. No, T1/2 Yield
42 12.4 hr B=,Y , FeP6 - 12 hr 0,26 mb

: ‘ ' FeP7 12 hr 1,15 mb

43 224 hr BT, FeP6 22 hr 0,12 mb

FeP7 21 hr 0,72 mb

The reason for the large difference in the yield determinations in
the two bombardments may be due to occlusion of perchloric acid by the
precipitate in bombardment FeP6. The higher figures for yield are there-

fore believed to be the more reliable.

Table XII

Yield of Chlorine Isotopes

rReported in Literature ' Experimental Results
Mass No. T1/2 Radiation - . Bomb. No. T1/2 Yield
34 33 min  BH,Y . FeP6 36 min . 0,08 mb
' FeP7 27 min 0,14 mb
38 38 min e,y FeP6 45 min - 0,13 mb
' FeP7 37 min 0.20 mb
39 55 min - F FeP6 55 min 0.05 mb -

FeP7 J58 min 0.04 mb
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The C134 and €138 activities were resolved by the use of a recording
magnetic beta spectrometer., The half-lives are obtained by the analysis

of the data from this instrument, and they are not very accurate.

10, Sulfur.

Table XIII
! : Yield of Sulfur Isotopes
Reported in Literature Experimental Results
Mass No. Ti1/2 Radiation Bomb. No. T;/z Yield
35 87 d g , FeP5 80 d 0,23 mb

The sulfur decay was observed for about two months and showed a half-
life fairly close to the repofted one. Aluminum absorption meésurements

showed a B~ energy of 0.1l5 Mev.

11. Phosphorus.

Table XIV

Yield of Phosphorus Isotopes

Reported in Literature Experimental Results
Mass No. Ti1/2 Radiation Bomb. No. T1/2 Yield

31 1.3 d g FeP5 15.0 d 0.044 mb
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12. Silicon.
Table XV

Yield of Silicon Isotopes

Reported in Literature Experimental Results
Mass No. Tj/o Radiation Bomb, No. T1/2 Yield
31 170 min B~ FeP6 157 min 0,12 mb
- " FeP7 157 min 0,125 mb

The half—life repofted in literature seems to be too long. Both
silicon samples were followed for a period of eight to ten halfflives,

~and both showed single component decay with a half-life of 157 minutes,

13. '. Sodium,
Table XVI
Yield of Sodium Isotopes
Reported in Literature .. : ‘ Experimental Results
Mass No. T1/2 Radiation Bomb. No, T1/2 Yield
% ‘14.9 hrv BsY o FeP5 | 15,1 hr 0,026 mb
22 2.6 hr HF,‘Y o FeP5 I 0.021 mb

The yield of Na2? is uncertain because the decay was ngt_followed

long enough to establish the identity of the isotope with certainty.
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Table XVII

Summary of the Yields Observed

Isotope Yield (mb) Remarks

0055
Co56
. Fe5R
Mn51
Mn52
. Mn54
Mn56
cr48
crd?
'Cr5l‘
V47
'V48
v49
Ti45
Schim
Scbhb
Sc47
SclP8 -
Ca4-5
cabd? -

L4
&
O

No correction for orbital electron capture.

Ly
&R

L)

10 percent counting efficiency,9

¢ o
OO

‘ o .
~0 c>k;na#\<><: o -
Iy ‘

o

10

>~

3 percent counting efficiency.

o o

0 |

OOCOO0OO0OO0OO0ODO0OO0ODO0OO0OO0OO0OOWMHDWHOMNMK
.

1 percent counting efficiency assumed.

L]

°

No correction for orbital electron capture.

L]

L

Uncertain,

CoMHONORREYOULIBDON W' ow WO
[N O ;P N eNe]
N’ N

~3

] [ ) o [ ) o '3 . L]
FOEIR
WU

NN
[e)

Approximate.

L)
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IV. DISCUSSION

& cursory examination of £he daté pfesented in Table XVII seems to
show no obviéﬁs systematié trénd in theIYiélds eiéep£ fhaf; asiwéuld be
expected from previous work,ll’12’13514915 the nuclides fgrmed in high'yield
are those which have atomic numbers only slightly below that of iron;

The converse is not necessarily true, e.g., compare Cr48, 0,80 mb, with
Sc44m, 2.60 mb, It is, however, possible to correlate the various_yieldé
somewhat more closely. To a first approximatiqn,rnafural iron can b2
considered to consist entirely of the isotope Fe56 (91.6 percent).lé: At_
the bombarding energies under consideration, the. formation of a compound
nucleus is believed to be unlikely; .Transmission of excitation energy

from the bombarding particle to the target nucleus is believed to take

place by single nucleon-nucleon collisions within the nucleus,r7‘the mbre
energetic of the nucleons involved eschping from the'nuéleus. This will
leave either Fe56 or 0056, in a highly excited state. Let us assume that
these two species are formed in approximately equal abundance. Let us
further assume either that protons and neutrons "boil off" wifh equai
probability, or.that the most likely mode of dissipation of excitation
energy is by emission of alpha particles or deuterons; with neutrons and
protons boiling off with equal low probability. It can be seen that the
most likély nuclide of a given mass to be formed by such a process must
lie on a line represented on a plot of Z versus (4-Z) with a 45° (posi~
tive) slope passing through Co57. Such nuclides are those suéh that

Z2=27-%,4=257~2&, wvhere X = O, 1, 2, etc, This simple picture
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would, of course, have to Be modified for heavier'nuclides, where the
neutrdns outnumber the protons appreciably. Some effects due to nuclear
shell structure might also be observed.

Figurev3 . represents a portion of the "Chart of the Nuclides™ in
whichithé ordinate represents the atomic number (Z) and the abcissa, the
number of neutrons (&~Z) of the nuclides shown. The nuclides predicted
by this simple picture to be formed in high yield are then those lying
along the diagonal line marked "I" in the figure; those next moét proba-
ble by this model lie on the two lines marked "II," and so on. 4 tabu-

lation of the expected nuclides is given below (Table XVIII).

Table XVIII

& Systematic Grouping of Measurable Product Nuclides

Group  Probability Nuclides

I Highest co57,c0r51,749,535 5131

II Next highest  Go0,Mn % Mn52, v48 56, 5ot 2 (138 p32 Nt
TII Third highest Co35,Mn5L,crd9,vA7 1145, 547,047, k43,0137

i Fourth highest Mn%®,Fe??,cr*®,01%4 Na?

v Fifth Highest Ca%’

If one plots formation cross section versus mass number it is
apparent that all the nuclides of a given group (see Table XVII) fall
on the same smooth curve, with almost no exceptions; furthermore, that

the curves so obtained are quite closely parallel on a semilogarithmic
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plot, as shown in Fiéure 4. Since the curves are parallel on a semilog-
arithmic plot, the ratio of.expected'yields for two isobars on different
curves is approximately constant, This fact enables us to draw from
Figure 4 an approximate distribution curve (Figure 5) for the yields

of various isobars of any given mass.

& few iéotopes do not fall on their proper curves, e.g., for curve II,
Sc46 is a little low, However, ﬁhe counting efficiency of this isotope
was not corrected for electron capture., Such a correction should indi-
cate a higher value for the yield. sk’ belonging to curve III is also
low, This yield is very unéertain, however. | |

The'yield of Ti4> belonging to curve III is very high. This can be
partially accounted for by considering that Fe’% is in a rather high
abundance (5.9 percent) in natural iron. With help.of the distribution
curve from Figure 5 the contribution to the yields from Fek has been
estimafed. Tt coﬁes out to be 45 percent of the total yield for the iso-
‘topes Mn5l, Cr49, V47, Ti45 but only 6 percent for Mn52, VAS, Schm,  1f
" the yields are corrected for this and also for the estimated contribution
from Fe? and Fe58, 7445 falls below curve II even if it still seems to
be high.

The picture given above indicates why Fe’? is in such low yield. It
also explains why sc4? (57 minute) could not be detected. It belongs to
"curve® V andAitS'yield is probably a factor of 100 lower than the yield
of Schb (3.9 hour). Tt will therefore be completely masked by the latter

isotope. T:i.5l also belongs to "curve" V. It could not be detected.
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The yields of nuclides of mass 55 and above are not regular in this
system. However, it is expected that these yiéids are low, since the
nucleus is excited to a degree such that at least two or three nucleons
mey be expected to boil out. In this case, the rarer, heavy isotopes of
iron are‘expected to exert a disproportionately large effect of a
megnitude which ié‘difficult to estimate.

From Figure 4 the total reaction cross section of natural iron for
high energy protons is estimated to be 340 mb,
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Assembly of the two types of targets used.

Method used for mounting samples for counting.

Systematic grouping of nuclides formed by spallation of Fe56.
Cross section for formation of various spallation products of
natural iron as a funqtion of mass number,

The distribution of various nuclides of given mass according

to the systematic method of grouping products.
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