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EXCITATION FUNCTIONS FOR Bi(p,xn) REACTIONS AT HIGH ENERGIES
b. G. Karraker
Radiation Laboratory
University of California, Berkeley, California

April 12, 1951

. ABSTRACT '
The excitation functions for the (p,2n), (ps4n), (p,én), and (p,Sn)
reactions on bismuth have been determined at high energy. ‘A hypothesis is
advénced to account for.the ratiq of thé'yields of the polonium products

at high energies.
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EXCITATION FUNCTIONS FOR Bi(p,xn) REACTIONS AT HIGH EMERGIES |
-~ D, G. Karraker |
_ Radiation Laboratory
University of California, Berkeley, California
INTRODUCTION
'Relatively few investigations of excitation functions made. at-
- very high energles have been publiSheds and in no'cese.have the yields
of a series offprOducts of thev(pgxn)breactionsﬁ from a single target,
such as the (p,n);(p,2n),(p,3n),(p,4n),(p;5n), etc., been reparted for ..
the hundred million'volt range. As a result of.the studies of the light

12,3 it has become feasible to 1nvest1gate such -

_ isotopes of'polohium,
a series; produced by proton‘bombardment ofLBizog;.thus with Bi(p,2n)
(ps4n)s(ps6n) and (p;8n) the products are observable through their - -
distinctive alpha particles, '

It was considered desirable to.verify{by:another,method+the,, L
experimental work of Meinke, Wick and Seaborg on the shape of the . .
excitation curve, at high energy’for the (p;xn) reactions.

II. EXPERTMENTAL

The excltatlon functlons were determlned by a series of‘bombardu
ments at dlfferent bombardlng energ1e59 in the 1nternal beam of the 18A—1nch
Berkeley cyclotrono The results of each bombardment were calculated in
terms cross«sectlon by the expre351on o= n/NI, where n is the number of
atoms produced, N is the number of target atoms per cmz, and I is the -
beam inten51ty 1n totel atoms° These quantltles were determlned experle ;
mentally -— N by measurlng thevwelght and area of the target, n by count—A

ing the polonlum products and I by the use of a monltor Wthh was

bombarded slmultaneously w1th the target The monltor chosen was the lh 9 hr,
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2h which is produced by the (p,Bpn) reactlon on A127 lﬁe‘excitatldn -
curve for §a24 has been determined by Stevenscn and Folger,5 so by
using ‘their cross sections and:counting the Nazh;activity, the total
beam intensity could be calculated, |
'J‘The*targets were a'thin,layer of bismuth spread_while @olten f ‘
on 5-mil alduminum fOil for support. _The;targets were‘abodt:lﬁf2qlmg _
Bi/c'mzs---in' thickness,; as determined by weighing the aluminum both before
and after spreading the bismuth on it., In the bombardment,,the.lemll
aluminum“foiltwas‘clamped'toth in front and behind the.bismdthxtarget,vil
and trimméd to cover the same area as the target, After bompardmegt*ho.
the l—milvaluminum foil and the bisnﬁthvtarget were cut simultaqequsly,
from the/target holder with a scapel., The strips of 1-mil alumlnum _ |
foil were used tordetermine‘the beam intensity through‘theryield of
14.9 hr, N’azl+ produced during bombardment,
The aluminum foil with the bismuth coating was dissolved in
1- 2 drops HN03 and 2 ce of concentrated HCl The solution‘was/evaporated
to about 1 cc and the polonlum wa.s extracted thh 20% trlbutyl phosphate
in dlbutyl ether.,2 Plates for counting were prepared by evaporatlon of
the organlc solvent on one’lnch platinum countlng dlsks° Ylelds of the
varlous oolonlum 1sotopes were determlned by pulse analy51s of their

6

alpha partlcles on a h8—channel dlfferentlal oulse analyzer, and com-
parlson of the sample used for pulse analy51s with a measured allquot “of
the total polonlum produced Correctlons were made in the yleld of

polonlum for the geometrlc countlng arrangement and decay from the end
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of bombardment. No corrections were riecessary for decay during bombardment,

~ since none of the bombardments was longer than 10 minutes.

2L

Correctlons were made 1n the yleld of the Na monitor for geo-

metry, absorptlon in air, w1ndcw, covering material, and eff1c1ency of

the Geiger tube by csunting a sample of RaE in equilibrium with RaF
S 2

in the same Geiger counter and under the same conditions.as the Na

samples were counted,' The absolute number of d1s1ntegratlons of the

210)

, RaE standard was determined by countlng the RaF(Po alpha partlcles

o ~from the same sample, The absolute number of disintegrations of the -

“Nazh wss calcﬁiaﬁed aSSuming the same ratio between the number of dis-
ihtsgrstiohs asd nuhber of;counts fbund in the RaEFRaF equilibrium mix-
ture.’zThefe msjvbe some erfor in this correction due to thé"&ifferendes
~in energles of the beta partlcle from Rak and Nazh(l 17 mev RaE, l 39 mev
' Nazh) whlch would tend to. overcorrect the yleld of Nazh, and’ the i
absorptlon>of the beta partlcles in the sample has been-neglected; -The
determinétion of the beam is.éxpscted-to be within ten percent of the

“true value.

| III. RESULTS
The results obtained are given as'apparent cross sectiqn, which
is related_to'the true cross section by the equation:
°3PP"°tmw Ihﬁ v
Where.»nu/ﬁ ihy is the fractlon of atoms of the. 1sotope of 1nterest Whlch
decay by alpha emlSSlOQo_VThlS is equivalent to plott;ng the y;eld of
alpha emitters for'the prodgct under consideration, neglecting yield

of the product which decays by electron capture paths, Since the branching
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ratlos of the 1sotopes produced are unknown in moot cases, 1t ‘was dec1ded
to use this procedure,:

The isotopes measured in this work are:listed in Table I, .-,~ﬁ -

Table I .. -~ . . -~

Isotdbé;iﬁélfilifé E,(mev) ~ liode of decay ~ ' Produced by

90208__ 2.9-yrs. (5.0 o« (100%) o l209(p,2n)
pOZOé 9_déy,;' . 5.21 e electron capture B1209(p An)i__ L

P4 3ehr. 537 a0 mi209%p6n)
P°202 . 50-min. . 5.59 a4, £C. 5129%(p,8n).

PO2OO . ll-min. | ‘I 5,8[4. } a.s E_?.C’gi ) » : Bl209(p,lon)

Table II glves the ylelds of the vorioos 1ootooos-ano tho l”t:;:.
energy of the bombarding protons. Where more than one determlnatlooﬂuhhmw
has been made at a given energy, the value given is an average ;aiuo;

The data of Table II are plotted in Figures 1 and 2 to
giﬁé the excitation functions, Fig. 1 shoWing'the (p,Qn)'anda(p;An)
curvos, while Fig. 2 shows thé (p,6n) énd'(p;Bn)3curvesb- Figi: 3"is &
a plot of the (p,8n) reaction with the-cross section on a lirear scale.
It may be seen that the shape, cbserved for the ‘excitation funciion'for-‘7~
the (p,éﬁfereaotioﬁ”oh thorium détermined by Méinke;'Wick;'aﬂd{Seaborgh‘:

persists for the (p,8n). The curve ‘for the (p,8n) reaction may be
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virtually‘§uperimposed‘pn‘Meinke's:curve for the (p,én) by shifting‘the B
A SR S e : ERC SRS SN U
energy scale about 15 mev, |
. The accuracy of the apparent cross section determinations is ™
notuashhiégAas%hadmbeen hoped_fon)mjpdgeéron thg_?gsi§w9§“rgpyg@ggip}}££ié
HowevéfgMthe'maximum;déviation-fouhd befwéen two identical measurements - -
‘ is 50 percent; and it is expected that moét”measuremgnts will be uncertain
by no more- than 20‘percven‘t° "The curves. are drawn b& weiéhiﬁg ééﬁé~p§ihg§
more heavily than others--it is usually appérent fram a-study of thé
(ps2n) ‘or (ps4n) curves: whether a particular determination is expected
to be in error badly and in what direction the error is likely to be.
The (p,2n) and (p,4n) ‘excitation functions appear to be slowly varying
fﬁnctioné‘ét energies of'thi; magnitude,h
‘ﬁfﬁAﬁ energies‘W¢ll above the maximum yield of Po202, it is found:
that the ratic of yields'of the various isotopes to yields of Po208 at ..
the same -energy is essentially constant -for each isotope. Table III.shqws

the ratios of the .apparent cross sections of_Poné, p9204, and Po20

? to
the cross section of Po?08, The constancy of the ratios in each case is .-
well.withih experimental errdr, although a possible &eviation at fuil

energy .may be..1’1.(3\‘;,53@1«“....w o

D LR L TN RO SR

The constancy of the various ratios in Table III definitely
Showé that the yields of the (psxn) reactions are in a constant ratio
at bombarding enérgies past the peak yields and that the ratio of the
'yiélds is not energy dependent, even though any absolute yield is quite

dependent on energy. One expects a regular variation in the cross sections,

at a particular energy, as x changes, An hypothesis, attractive in its
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L » Table III. . - v ST
Eﬂmey)_ %Qapp 206/ Po 208 eappPozoAK:Pozoév;__, iqapppq%P%ﬁng?98
0. 0417 ‘
.;§7§;Jgg.v’.-r-j = vnsg0.13\;
S0 0012
82};;' ST O,lﬂy,
90 | 009
S0 012
mo 0.12 "
120 . el 0,10
150, . . 0.1  o.oe3 0.0k5
200 o 03 0,022 0.046
300 0.11 7 0.028 0.035
W5 . o007 0.020 . 0.02%
Aversge .. . 0.2 . 0.023 S - 0.038, .

simpiieitf;visihhatnthe cress.section is'inAébeAdent'of'x;"fbr”aﬁcShsi&é}ABie
range of values of'x, as'long as one is well above the maxiha.feuﬁd:af
venergles several mev above the respectlve thresholds. On thls hypothe31s,
the ratlos of the apparent cross sectlon of each 1sotope to the cross:“'”
sectlon of P°208 represents the degree of alpha decay each 1sotope .
undergoes. On thls ba51s, since the ratao of °app for Po206 tOC!for

208 is O 12 Po‘?'o6 decays about 12% by alpha decay. Tt is 1nterest1ng?
to note that Fung7 has obtalned the average value of 0. 116 for the ratlo“.
of °app for Po206 to<7for Po208 in a study of the (d,xn) ex01tatlon

functlons on blsmuth
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The alpha branching ratios for PoZOé, Pozoh, and P0202 obtained
by the hypothesls of equal yields are shown in Table IV, together with the‘
partlal alpha‘half-llves calculatedqu51ng these branch;ng:ratlos. A'plot
of the partial alpha half-lives vs, alpha-decay energy for the even—event
polonium isotopes ie_shown in Fig., 4., The solid curve has been calculated®
for even-even 1sotopes whose nuclear radlus follows the relatlon r=1, MBAJ'/3 _
x10-13 cm, It w1ll be noted that all the isotopes whose branching ratlos.

Table IV

Isotope Alpha-Disintegration Energy(mev) aBranching % Partial afHalfilife

206 5432 S - 82 days'i.
204 | 5.48 | C.2,3 0 180 hrs..~

. 262. 1“~' ' 5,82 ' Lo 3,.8 . 14 hrs,
200 < 5,96 - - L w20 55-min;f

have ‘been calculated on the basis of equal yields"lie,above.the curve
indicating, if these values- are correct, that these isotopes show an -
'abnormally small nuclear radll, but w1th dev1atlons less than those at
Po 208 and P0210 ' o H o
No proo% of'the hypothe81s.used to obtaln these brahchlhg ratlos
oan be glven, although a study of the (p,xn) reactlons on thorlum would o
yield a dlrect verlflcatlon of 1ts plaus1b111ty; The data plotted in d:ﬂ
Flg. h 1nd1cate that an error of a factor of lO or more 1s veny unllkely
1n these caSeso It is hoped that further work w1ll be undertaken tojd; B
clear up thls p01nt | )

The author acknowledges hlS 1ndebtedness to A Ghlorso for ald

in the use of the pulse analyzer, to J To Vale, Lloyd Hauser and the‘mpwiv
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crew of the 1854inch cyclotron forjtbeir co-operation in the bombardments, '
- to the Health Chemlstry Group for the. transportatlon of the targets, and

to Professors G. T, Seaborg, I. Perlman and D H. Templeton for contlnued
interest and encouragement. Thls work’ was done under the ausplces of the

U. S. Atomic Energy Commission.

" Note Added May 23, 1951

Since the bismuth foil is in contact with the aluminun'monitors, the
effect of multiple traversals by the particies of the beam is to cause an
uncertainty in the energy:spectrum of the incident particles; EXcept for
 edge effects, which are winimized by careful trimming, the‘beam through the.
bismuth in each case is the same as that through the monitors.' Since the
cross sectlons are slowly varying functlons of energy in the energy reglon
considered in this paper, the error due to energy spread of the beam is

probably not important.

1Templeton, Howland ~and Perlman, jPhys.vRev. 12, 758 (l9h7).
2p, G, Karraker and D. H. Templeton, Phys ‘Rev. 81, 510 (1951)
3Karraker, Ghiorso, and Templeton, Phys. Rev. (to be published).
-Y.QMelnke,,Wick, and Seaborg,‘Unlver51ty»of California Radiation Lab-»
oratory Report UCRL-868 (1950). _ |

%, c. Stevenson and R. L. Folger (unpubllshed)

_6Ghiorso, Jaffey, Robinson, and:Weissbourd, National Nuclear Energy
‘Series, Piutonium Project Record, Vol. 1B, "The Transuranium Elements:
Research Papers,m paper No. 16.8 (MbGraw~Hill BookVCompany, Inc., New York,
1949). . | | "

s, c. Fung, unptblishedvdata. _

81. Perlman and T. J. Ipsiiantis, Phys. Rev. 79, 30 (1950).
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'LIST OoF ILLUSTRATIONS  '
Figurevhl' f B o o
1. Semllog plot of the (p,2n) and (p,hn) excltations° .
2, Semllog plot of the (p,6n) and (p,8n) ex01tat10ns B
3. Linear plot of the (p,8n) exc1tat10ns

h Semilog plot of partlal alpha half-life vs. dlslntegratlon energy
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