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Recoll Properties of Bigogiﬁp,pxn) Spallation Products* -

William R, Piersqnfaand'Nathan Sugarman
Enrico Fermi Institute for Nuclear Studies,
University of Chicago;

Chicago, Illinois.

ABSTRACT

Recoil properties of products of Bieog(p,pxn) reactiohs
at a bombarding proton energy of 450 Mev have been measured and .
compared wlith those predicted from the Monte Carlo cascadev' |
calculations of Metropolis et al. Agreement is good; althbugh
At appears'that the calculation ovepestimates the transvense 
.mdmentum component and does not predict as rapid a'change in -

this component with mass number as that observéd.

The effect on the results caused by scattering'of‘the
recoiling nuclel during the stopping process is shown to be

important.
Approximate values for the yield ratios 51205/34296;

206/31206

P0205/Bi2o5, and Po are presented. The latter two

‘Seem higher than those previously reported.
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I. INTRODUCTION-: -

Reactions of nuclei with particles of kinetic energy
of the order of lOO Mev are thought to proceed by a two- step
process first suggested by Serber(l), In the first step,_
| commonly called the cascade, or prompt cascade, the incident
.particle makes collisions with individual nucleons and generates
a prompt shower or cascade of fast nucleons, some of which may
escape the nucleus. The residual nucleus is left with excita-
tion energy, usually much less than the bombarding energy, and
some kinetic energy. The second step is the loss of excitation
energy by particle evaporation and gamma-ray emission. :Fission
may occur during de-excitation. Monte7Carlo'calculations of the
cascade step have been performed 55? for-a variety of nuclei
and bombarding -energies in order to provide a basis for:testing
this description of high-energy nuclear reactions. These
calculations can be made to yleld estimates for the probabilities
(cross sections) for formation of the various poss1b1e product
nuclei and the momenta of these nuclei, provided that the |
effects of the de excitation step are considered Cross
section measurements have been made (3 7) and many have been
compared with the Monte Carlo calculations However,.the
momentum predictions( *) of the Monte Carlo calculations(Q}
| have been less entensively studiec{E}_lE)° The purpose of;the
'.work reported in this paper is to obtain recoil data(l3)ffor

certain spallation products, as a test of the momentum
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predictions of the Monte Carlo calculations. The products of
209(

Bi p,pxn) reactions (where the hotation (p,pxn) signifies
also all other reaétions which lead to the same pfoducts mssae
(p,pTxm)) or(p,mH(x+1)n), for example) at a bombsrdingAprotbn
energy.of 450 Mev were investigated. The results obtalned are

14)

consistent with the results of earlier.experiments( and‘in

4 fair agreement with the Monte Carlo predictions(s’g),

II. EXPERIMENTAL METHOD

The 1rradiatioﬁs, two hours in length, were done iﬁs
the circulating beam of the 450 Mev proton synchrocydiotron1 
of the University of Chicago. The_recoil-target assemblies
irradlated may be distinguished as "thick-target" or "thin-

. target", depending on whether W, the thickness of fhe bismuth
target, 1s large or very small compared to thé ranges of the

recoll nuclel.

Both tybes of assembiies employed catcher folls of
sufficient thickness to stop éll-recoil nuclei which eséépe
from the bismufh. The two types of assemblies are depicted
in Figs. 1 and 2, where T indicates the bismuth targets,'F
and B (or U and D) the forward and backward (or up and down) |
catchers, respectively, A the activation foils, ahd G the gﬁard
.foils: Thé whole assembly was wrapped inil-mil éluminum. The

thick bismuth targets (Flg. 1) were prepared by rolling 5.5-mil
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bismuth ribbon, With'frequent heating;'down to about 1.2 to g
1.8 mil (W ~ 30 to 45;mg/cm2) and cutting out pieces from this
”With'é template, usually.1,5 cm x 2.0 cm. The targets prepared
in this Wéy are not brittle and appear to have veéry smooth '
surfacesQ:'THé value of'W'wds”detefmined by-Weighing and divid-
ing by'thé kﬁéﬁﬁ'aréa;"and should be accurate to about 2};'A‘

exclusive of inhomogeneities.

The catcher folls were either of 6.9,mg/cm2 (1 mil)
alumingmvér 2,6’mg/cm2 (0.05 mil) gold, of dimensions adequate
4(2,O.cm X 2.5 cm)‘to-overlap the edges of the bismuth térgets
in the assembly and thus catch all recolls escaping the bis-
muth. Activation foils identical to the catchers were included
fdf’dorréctinéﬂfor'impuritiés in the catchers which might give
rise to' the product activitiés being scrutinized. Guard foils
6f'g5id were Used in those cases in which the Catéhers were
gold;'bthérwisé they were dispensed with, since the wrapper
ofjtﬂé'éSSembly was of the same material as the catchers.
Tﬁe”poééibility of effects afising'frdm thin ﬁlaces or pinholes
in ﬁhéigold foils was checked by cérrying ouﬁ”an"expériment
with a stack of these foils as catchers. The results showed

no evidence of thééé'effééfs,w

The thin bismuth targets Were pféﬁared by evaporating
a thin film (about 0.2 ug/émg) of'bismufh, 2.5 em x 2.5 cm,
onto 3.2 em x 3.2 cm aluminum or gold foils; These latter

foils served as catcher foils; as shown in Fig. 2. Since
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- targets sufficiently thin to allow escape of more than about
958 of the recoils could not be achieved; it was necessary to
'héve two complete sub-assemblies in each thin-target assembly;
with the target evaporated onto the backward catcher in one
sub-assembly and onto the forward catcher in the othgr; as
shown. The evaporations were carried out for both‘térgets
simuitaneously and in such a way that the thicknesse$ deposited
Were always within IOZ of each other as estimated from the total
adtivity produced. With thié arrangement, 1t was a simple .
mattey to correct for the effect of thickness of the target,

by subtracting the calcﬁlatéd_target~activ1ty from‘the_acﬁivity
of fhe foil on which the target had been deposited. -

The bismuth used in the thick-target experiments was
cleaned before rolling and again afterwards by washing in 0.5M
HNO3, water, and acetone. Afﬁer the target assemﬁ;y ﬁadvbeeh
put together, iﬁ was stored in vacuum until bombardment time..
Failure to observe these precautions and to clean the rpllérs
carefully ordinarily led to la:ge,errors. For example, allowing
a target assembly to stand in the open air for about 6'm0nths'
pfior to bombardment resulted in a reduction of about 15§ in

the amount of activity escaping from the target.

There is some evidence from this laboratory(ls) that
increases in catcher-foll activity may be observed in thick-
target experiments on magnesium, phosphorus, and pptassium

recolls from a copper target if the target foil has a rough
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surface of coarseness comparable to the recoil ranges'being'

measured. Measurements for Bi203

using rough arnd smooth
bismuth targets did not show this effect.” Of greater import-
ance were high values of .catcher-foil activity in thickatarget
. experiments when the target was so ‘thick:(~5 mil) that the -
number of recoil nuclei escaping from the edges of ‘the targét,
foil was appreciable. Most of these recoils'are stoppedzin
the catcher foils; for 5 5-mil bismuth targets this results
in catcher foil activity values some 5 to 103 higher than the
correct values in the case of the backward catcher foll, and
“T 1 to 22 in the case of the forward catcher foil This effect

is not serious for the target thicknesses (~1.5 mil) used in

'these experiments

-'Thelthickrtarget assemblies were oriented as shown
in Fig. 1(a)) for the "forward-backward" experiments, and as
shown in Fig..1(b), for the "perpendicular" experiments.  For
the latter.experiments, the'plane of the assembly is canted:
at 10°. to'the incoming .beam rather than parallel to it, in
order'to avoid a decrease of the beam intensity deep-inside
-the target from multiple scattering. If this precaution is
~not taken, the measuredvcatcher;foil'activities will be hilgher

than they should be.

The maximum intensity of the circulating beam for

thick target runs was about 1/8 full beam, so chosen to avoid
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melting'the.bismuth. Louer beam_intensitiesfgave the same. -
recoll results, indicating that thermal effects_are”unimportant
‘at 1/8 full beam. - On the other hand, it was apparent from. .
comparison of thin-target runs at-various intensities that the
recoil results in that case were independent of<beam intensity;

consequently the;thin—target assemblies were irradiated at full

beam.,

'After irradiation;itne assembly was taken apart, the
folls were dissolved and a-knownvweight.of bismuth oarrieri
was added to each solution. Separation of bismuth'(see Appendix)
was begun immediately 1n order to minimize the contribution of
polonlum precursors. Later steps in the separation were delayed
until the bismuth 1sotopes of mass A < 203 had mostly decayed -
away. -The final-precipitates were~weighed in ordercto determlnev
the radiochemical.yield.\ These precipitateS‘then were_dis—'.
solved and known weights of lead carrier were added, The lead

203 204m

daughters 52-hr Pb and 68-min Pb were then removed from .

their bismuth parents (poth about l12-hr) after an appropriate

period (about 33 hours for Pb203, four hours for- Pbgoum)

and
purifled (see Appendix), and the yields determined gravimetric-
ally. The:bismuth parent fraction was then precipitated about

5-6 days later for the determination of B12°95 ang 31206'

The
samples, normally about 10 mg/cm thick, were mounted on

aluminum cards and counted wlth gamma ray spectrometers.
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203

"Decay of Pb generally was followed for about seven

half-periods. Decay-curve analysis was necessary for Pbeouﬂ’

206, The latter two species were counted for

81205 ang Bi
about four months, beyond which time background problems made

it impracticable to continue. _Duplicate analyses were usually
~done on all but thé_backward-cétcher and activation foills,

and agreement was usually'bgtter than iX for the bismuth samples

and 43 for the lead samples.

The determination of the recoil properties of B1203

(via Pb03), 81205 ang 1200

, was made with 1/8" thk x 1-1/2"
diameter NaI(Tl) crystals as detectors. The single-channel
spectrometers were set to accept the K x.rays accompanying the
electron-capture decay of these species. For 31204 (via Pb20dg)’
a 7/8" thk x 1-1/2" diam NaI(Tl) crystal was used and the
spectrometer was set for the peak of the 375-kev gamma ray

which follows the isomeric transition. The energy selection

and the use of crystals of minimal thickness, together with
shielding, reduced the background to 3.3_to 8 counts per

minute, depending on the crystal and‘channel setting. The
phototubes used (EMI 9536B) have no measurable gain dependence
on couriting rate, ét least over thé range of rates encountered

- in this investigation° The instruments were checked frequently
with appropriate standards, and minor electronics adjustments

~were made as needed to keep the window of the single-channel

analyzer centered at the proper energy and of the proper width.
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Simultaneous counting of the gross activity was performed
with another scaler, the purpose of which was the determin-
ation of the coincidence correction (7 ~ 6 usec)‘and-the;

parallel collection of data.

The resﬁits of these experiments afe reported in"theA
-following terms: If Fy equals the activity oan'given'speéiés
in catcher~foii X divided by the total activity of that species;'
‘in the entire assembly, then for the thick-target expefiments
(see Fig. 1) the quantities‘FFw, FgW, ‘FyW, and FpW (and the
average FPW of Fbw and EDW) are given. For the thinétargét
expefiments (Fig. 2) the quantity Fp 1s given (FB =1 - FF.,

for W = 0).
III. RESULTS

A. Preliminary Experiments

Preliminary experiments were conducted for the purpose
of ascertaining the extent that thermal effects (during bompard-

ment Jand polonium precursors affect the results.

1. Thermal effects. As mentioned earlier, bombardments

conducted with high- and low-intensity beams were found to give
the same recoil results, indicating that thermal effects were
of no consequence in this work. The followlng experiment was

performed to make this point more.secure.
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A foll of bismuth was irradiated with 450-Mev protons
for two hours and then clamped:betwééh'Sevéral sheets of 2.6
mg/cm2 Aﬁ.-‘Thié stack of foils was‘ailoWed'tb stand for a few
hours at room témpérature, 100°C, and 200°C, counting théfgdld
foils after'each'péfiod,"‘NotiCeéble activity was found in.the
gold foils after heating attl66°c, and considerably more after
heating.to gQQ°C, with.substantial amounts appearing in the
fgrthgr foils{_vGammarray;spgctra of. the fqils indicated that
the chiefxcomponent was probably the K x-ray of an elemeht in
the neighborhood of bismuth;‘subsequentﬁchemical separations
showed ?h§?~9?¢_??t1Vify.W?5 not bismuth. Therefgre thermal
effecﬁs plqyno_role_in,the,cése of bismuth, but thgs méy~not'

. he true for recoll nuclel of pearby‘élements.

2. Polonium precursors. Polonium was removed as soon as

practicable (about one hour) after bombardment (see Appendix).:
Nonethgless, a sizab;e part of the observed bismﬁth actiVity‘
ig_formgd fpom dggay of polonium, Judging from cross section
“_gapa(3f4’7)5_'$herefore{ it was deemed adviséble to test the
.effect of polonium precursors on the bismuth regoil results.'

206 Samples at'

‘This.was done by isQlating a sepvof Bi205 and Bl
the usual time, and comparing the FFW values with the Fﬁw‘
vqlues_obtained'from a set in which the‘chemical separation of

bismuth from polonium was delayed several days.

The contribution of polonium precursors caused the’

activity in the second set of samples to be some 13 to 148
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(depending on the time) higher than that in the first'set.

205 was 0.7Z lower, which is not significant._

206

The F W for Bi

F
However the FFW for Bi
206

was 6f lower, which implies, that ..

the F
206

ﬁw fop Po

. The accuracy (+28) of the measurements limits the'Fﬁw

dlsparity between:Pogo

‘must be - _about half.that,fpf
Bl
2 and B1295 to <258. .

From these results it follows that polohiﬁm hao a -

negligible effect on the Fyl of 81290 getermined in the usual
way (i.e. with samples separated ‘soon afﬁer”bombardment);

206 o e
in that case 1is formed

205

because only about 0.16¢ of the Bi

2O6.d‘ecay. The error in F_W for Bi as normally

F
measured is less than 48, estimated from the measured

by Po

Po205/'381205 yield ratio and the aforementioned limit of disparity

206 205

in F W between Po 5 andu312955 (About lBX,of the B1““~“, when

- separated at the usual time, is formed ffom Po?os decay.) . .

If the isobaric yield ratio and diffefence*in'réédii'“
béhaviof between'polonium and bismuth at mass nﬁﬁbeﬁ 205.are '
typicalxof'maSS numbers 204 and ‘203, then the;maximu@ errors in
F.W attributable to polonium precursors should be abéut 38 and

F
204 20

78 for Bi and Bi _3 respectively. However, the‘déta'for mass

numbers 205 and 206 suggest that the disparity in Fﬁw‘between
polonium and bismuth might decrease with mass number, in which

204 203

case the errors for Bi and Bi would ‘be less than these

figures. .
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- Half-periods adopted for these'calculations are: : 15 day

for BL% and 6.0 day.for4B1296, as determined in the: present

205 | 206

work; 1.8 hr for .Po and 8.8 day for Po , from the Nuclear

" Data Sheets(16)

Me yie1a ratios 2025/, 2206/, ang 34295

B1206

were calculated from these experiments and are presented
" in Table I For the B1205/31206 yield ratio,. it was necessary
to make an assumption regarding the counting efficiencies.
Equal counting efficiencies(within +2OX)were assumed: for the
two species with the counting arrangement used - (counting K

' x'rays wlth the source 0.1 cm from a 1/8"-thick crystal). The
Bi?QB/B1206.ratio is concordant with earlier work(u)i The
P0205/51295»and P0206/B12064yield ratios are, howeven, higher
<than,thosetcalculated-from.published(3’4) data. Recént
(7) 205

measurements.
206

at a proton energy of 135 Mev give Po and

Po yields which are much higher (about 70 mb) than those

found Ly Hunter and Miller(u) (about 10 mb) at 380 Mev.

B; Recoil Measurements

The experimental data are presented in Tables II and-

FW-values for -

with aluminum catcher ,

III. Three:determinations of thilck-target F

composite samples of B1205 206

and Bi
foils gave results identical with values obtained from three

simlilar experiments with gold catcher foils. Therefore, Table
II shows the-thicketarget data averaged without regard to the

catcher-foil material. - However, the results of the thin-target
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© - experiments depend strongly on the catcher~foil:material, as
is-apparent in Table. .III. Therefore, Table II.shows the_thine.
target data for aluminum catchers Only..'The errors quoted in
the tables are the estimated standard deviations'of'the mean
due to random errors. They do not include systematic errors
due to polonium precursors or, for thick target experiments,
target surface effects The number of acceptable determinations

F
203,3, mass 204, 3; masses 205 and 206 6; for the FPW values

”made for the F.W and FBW values given in Table II are., mass

of Table II' mass 203, 4 masses 205 and 206 l and for the

EF’§a1ﬁés; masses 203, 205, 206 1 each

For the data of Table III, an initially pure‘bismuth=
fraction was isolated at .the same time ‘after the end of .4
bombardment in each case (6 hr) and counted about 2 hours
later.“.In this way the‘several decay chains.present'(mostly
mass numbers 203 and 204, with some 201 and 202) were always
present in the same proportions for each run at the time of
counting, enabling the effect of the catcher-foil material to
be studied without having to isolate any narticular'nuclide.
The number of acceptable determinations made for the quantities

2; Aug-Aup, 1;:

given in Table III are: Alg-Alg .63 AlB Augy

B
AuB-AlF, 1.



TABLE I.

Ratios of ylelds of bismuth and polonium isotopes of masses 205 and 206

Ratio? No. of Ratios from literature data

determina- 5 S

tions Bennett Hunter & Miller

812051206 (.93 4 0,209 1 1.014 + 0.186
P05 /1205 0,39 +.0.06 2 0.133 0.258'+ 0.192 -
_P0206/Bj.206 0.28 + 0.15 2 0.125 0.156 + 0.115

- a. Most of the quoted error arises from uncertaintles in the half-

periods or, for Bi

205 /31206

, relative counting efficiencles.

b. Reference 3. Thls work was done with 375- and 450-Mev protons.

¢. Reference 4,
d. Counting efficiencies‘for Bi

within + 208 (see text).

205

and B120

This work was done with 380-Mev protons.

were assumed to be equal,




'TABLE II.

Recoil Results,

Nuclide Sgsgézg Thick target, Al and Au catchers Thin target, Al catchers
P FpW Py LAY FpW® Fp Fo/Fp
1203 52-hr Pb03  0.0434 0.0057  0.0261 0.0217 0.0239 0.8275 4.80
. 40.0004b  +0.0002  +0.0009 +0.0007 +0.0006 40.0027 +0.08
p1 204 68-minPb2*™  0,0366  0.0053
40,0024 +0.0004 _
B1205 15-dayB1?®  0.0275 0.0053  0.0200 0.0160 0.0180 0.774 3.42
) +0.0003  $0.0002  +0.0005 +0.0006  +0.0004 40,004 40,06
B1 206 6.0-dayB12® o 0220 0.0054  0.0163 0.0142 0.0153 0.745 2.92
+0.0004  +0.0002° +0.0004 +0.0005 +0.0003 +0.004 +0.05
b. Errors quoted are random errors. For systematic errors, see text, L
plane

pr 1s taken as the average of

beam 1s responsible for the differences between these latter quantities.

F.W.and F.W.

U

D

The influence of the 10° angle between the target/and the




TABLE III.

Thin-target experiments showing effect of use of gold instead of aluminum for the catcher folls. Activity measured

is a mixture of mass chains 201, 202, 203, and 204 isolated in identical manner in each experiment,

Catcher foil Experimental Calculated FF,/FB from Monte.Carloa
Backward . Forward FF'/FB
Corrected for:
Uncorrected Scattering Evap. Scat., & evap.
Al Al 4.5 +0.2 7.2 T.2 4.7 4.7
A A 2.9 0.2 7.2 2.8 5.7 2.6°
Au Au 3.1 +0.2 7.2 3.3 4.7, 3.1°
Mu A 4.6 0.2 7.2 10.1 4.7 5.0°

a. The calculated F_/F_ value in each case 13 obtained by averaging the f_/f_ values for all events which
B B

ultimately lead to bismuth nuclel of mass numbers 199-207 inclusive, making estimates of the number of

pﬁrticles evaporated after the knock-on cascade.

Because of deficiencies of the evaporation and scattering models used, the total correction had to be

estimated by combining the evaporation and scattering corrections as independent distributions, which

18 not a valid procedure unless one effect 18 very small relative to the other.
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IV. THE MONTE. CARLO CALCULATION

The quantities sought from the dalculation fdr compar-
isnnvwith eXpériment are FFW, B W and FPW of each nuclide for -
thick-target experiments, ‘and FF and FF/F for thin-target
‘experiments. First the quantities f W wa fPW and fF for
gagg'reédil are_obtained from the calculation. "The valuerf
Fﬁw, etc. for any nuclide (Z,A) will then be the average f w; |
etc. of all recolls which are destined to become final nucle1 

of that Z and A. ("Final nucleus" is used to signify the

nucieus remaining after the evaporation process. )

' The method for calculating £d, etc. of a given recoil,
and for determining the Z and A of the final nucleus, 1is as

follows.

The original outputs(g) of the Ménte barlo calculatinn
are: thé'idenﬁity (Z,A) and excitation energy (Ef) of the
_residual'nucleus’(i.e. the nucleus remaining after the knock-
on cascade), the kinetic energy of each emitted cascade
particle (proton, neutron, and pion) as measured inside the
nuéieus; and two 6f.the three direction cosines for each
cascade particle. Staftinngith‘the cascade-particle energies
and direction cosines, and accounting for the nuéfear
potential energy, Porile(g) has computed the comppnent of
momentum along the. beam for each residual nucleus. He could

not compute the transverse momentum component exactly, because
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the Monte Carlo calculation had not kept track of the sign of
,_the third d;rectiqnwcgs;ne for each particle. Therefore he
made'a_qomputation of‘thg transverse momentum_componenq by
chqosihg the Sign of fhe fhifd direction cosine randomly,
which ahounts to assuming that there.is no angular correlation,
abéut:fhe axis'defined'by the protoﬁ5beam, between the par-.

ticles in the cascade.

From the two components, the magnitude of the total
momen‘tum'PO and its direction o, relative to the beam can be
computed for each residual nucleus. ' The excitatidnlenergy“"
,E* of each residual nucleus is also known from the Monte
Carlo datq; from which one can'estimate the number Qf.
partiéleé evaporated and hence the 2 and A of each final ‘

nucleus.

For our calculations,the estimate of the number of
particles evaporated was made without considering the

evaporation of particles other than neutrons. Jackson's

.calculations(17’18)

~on heavy elements indicate that proton
evaporation should be small for final nuclel differing less
than 10 mass numbers from the target, i.e. for excitations

less than about 100 Mev.

There are, however, other evaporation calculations |
which indicateé that, depending upon the values chosen for
various input parameters, proton evaporation might be quite

common, For example, using a value of 10 for the level
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.density parameter a, one finds that the. evaporation calculation
of Dostrovsky gtualflg) would lead to the prediction that at
100 Mev of initilal excitation'one‘residual nucleus'out of three
will evaporate a proton, and a small fraction,will evaporate
other charged particles. This calculation;was performed;with

a radius parameter r, of.l,3 b4 lO—ls‘cm. “Even more extensive
proton (and alpha particle) evaporation is predicted by a more
recent evaporation calculation(zo), which indicates that
chargedfparticle evaporation will occur most of the time from
bismuth nuclei at such initial excitations and that chargeda
particle evaporation is significant (i,e,;one nucleus out of
five) even at 40—50 Mev ofbinitial excitation. This latter
calculatlon was performed with a more recent program(2 )
which allows corrections for pairing and shell effects

(20),choosing 1.7 X 10 %3

(22)

Possibly this calculation cm’ for the

radius parameter and using Cameron s pairing corrections,
overestimates the emtent of charged-particle evaporation, since
the observed yields(q) of the lighter bismuth nuclel do,not
seem to be relatively low as predicted by the calculation. It
does demonstrate that evaporation caleculatlions ‘do not provide

 a sound basiS‘for“ignoring‘proton evaporation.

The number of neutrons evaporated is calculated in
the present work on the assumption that each neutron evaporation
removes 11,4 Mev of excitation.energy,vthe average amount

obtained from Jackson's(18) evaporation calculations. The
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number of néutrons evaporated is thus specified‘by the eXcit-.
ation of the residual nucleus. (Thé general features of.the"
- results of the éalculations are not very sensitive to the
assumption taken, as indicated by_calculaﬁions'made with a
‘choice of 10 Mev per nucleon.) For residual nuclei of 1éSS
than 11.4 Mev excitatibn, one neutron is assumed to evéﬁoraﬁe
if the excitation is greater than the neutron binding

(22); For excitations between 11.l4 and 22.8 Mev, one

_energy
neutron evaporates; for excitations between 22.8 and 34,2 .
Mev, two heutroné; énd‘so on. The number of neutrons
specified'in:this'way is frequently not the maximum number
"that cdgld evaporate, nor the minimum number (see refs. 17,

(20) suggeéts a

23, 245; In particular, one calculation
rather wide spread of residual nuclel for a given final
.Huciéus;' However, consideration of the various actual
‘bompeting processes at a given excitation, rather than what
amounts to an average process, should have little effect on.

the results.

If the effect of momentum imparted by evaporation
'is ignored, the velocity of the final nucleus can be“taken
to be that of the residual nucleus.  If scattering is also
igriored, then the value of thin-target F for a specific
nuclide may be ascertained Just from the N values for the |

recolls leading to that nuclide.’
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The thick-target fW value (mg/cm® Bi) for the final

nucleus is given by the following expressionsﬂiﬁuscattering

and. evaporation- recoll are ignored:-

‘ wa $‘R6 cos 96"(for eo<%§ zero for é sﬂ) & (1),
fgW = = R, cos 6 (for 6, g, zero for 6 <—) - (2),
s = (R, stne ) T T (3).

. P K

‘Here 6, is the angle between the beam and the directioniof,
motion of the residual nucleus as given by the Monte Carlo
calculation (which is also in this casé,‘e for the final
'nucleus), and the range R of the final nucleus (mg/cm 'Bi)
is: obtained from the kinetic energy E by use of a range- |

energy relation.
R = 0,15 E | | ~ (8).

The value of EO is given by:
‘ P ,

e —'Aozx X 931.1 X A,

with A the mass number of the residual nucleus, A the mass
number of the final nucleus, and P the momentum of the
residual nucleus in Mev/c as given by the Monte Carlo calcu-
lation ' Due to evaporation recoil, the actual o, R, E, and P
of the final nucleus may be quite different from the 9 RO;
Eo,and P obtained from the Monte Carlo‘calculation alone
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The effects of evaporation recoil and scattering will

now be discussed.

1. Evaporation correction.- - -Evaporation was assumed

to be isotropic in the frame of the moving nucleus. Each

evaporated neutron was assigned a momentum Pé ef~80 Mev/b,'
corresponding to a kinetic energy of 3.4 Mev as dietated by
the evaporation assumptions made earlier. ExpresSigns'were
‘then derived for calculating t and t'W vaiﬁes t'or eéeh fiﬁai

niclens,

F 4
1f © is greater than m/2)is:.

The expression for thin-target fo for a recoll with

o, less than m/2 (or for 1 - f

F
fr=1 : , if n P, < P cos 6 - (6),
| JhPe Po | e
fp=1 - 1/2 P cos 6 (1 - ?I cos 90) S, (Pl)vd P,

if n P, > P coe 6 (7).

Here n is the number of neutrons evaporated, P, 1ls the

1
magnitude of the resultant of the Pe vectors, and Sn(Pl)dPl
is‘the.ffaction of the P, vectors with magnitgdes between P,
and Pl + dPl; Sn(Pl)dPl is g;ven exactly and 1in Gaussian |
approximation by Hsiung gg_glﬂ25). (For n = 5 the Gaussian
approximation is in good agreement with the exactveXpression
.and was used for all cases of n >5.) Similarly, for thick
targets, fﬁw and wa are glven by the sum of the following

approximate expressions for eo<w/2 and P, in the three ranges

1
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specified. Here, Pl(max) is equal to PO or nPe, whichever 1is

‘smaller.
_ P, (max) - P.\2 |
_ 1 2 1
£ (1)“-_‘[_ ‘ Ry cos 6,91 +3 (?‘;> } S, (P;)dP;
o
for Pl % Povcos 6 ’ | (8),
fBW (;) =’O | ' | -
‘ " pP, (max) . P ' \
£l (2) = j 1 .' (Ro cosleo) (_E_’_g) cos O, (f_]:_)
(B) Po<9°s,go | 2 P 2 - P
B
P cos~ ©
+ ‘0 _ o
T 2cos B, 12

for P_ cos 6 < Pl < Pj L (9),

.. (nP, P Y2 [ P Vi .
£ ow(3) =] ° RO(—I) J1+8 (—9) cos 6 +3(——————1 — +5
(F) ? ‘J - FF, -3 \P - ° Blcos 2‘90

for P, > P ‘ - (10)..

The F and FW values for each nuclide were then obtained by
averaging'ovef all the appropriate final nuclei as before. In
these derivations, the small mass éhange of the nucleus during

‘evaporation was neglected.

If proton evaporation is extensive, then it will affect

the calbuiation. A prbton‘will normally evaborate'with a higher
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kinetic energy than a neutron, because of the potential
barrier. One consequence of this is that the evaporation
process will tend to give the nucleus a much larger hoﬁent&mm-
than would be expected'without proton evaporation. Another
consequence of ignoring proton evaporation 1s that a proton
generally will remove more excitation than would a neutron,
thus causing the tctal number of particles evaporated to be
smaller than would otherwise be the case. Thus proton
evaporation results in a final nucleus shifted, not only one
unit down in Z, but a few ﬁnits upwards in A and, on the
average, with a higher evaporation-recoil momentum. Thus,
regardless bf_whether or not there are any differences in
recoii behavierkbetween isobaric Z = 83 and Z = 84 residual
nuclei, proton evaporation from Z = 84 residual nuclel may
very well cause the recoll properties of ithe Z = 83 final
nuclel to be somewhat.different from what they wouid be if

. proton evaporation did not occur. One mitigating factor in
this problem is that’ the total number of Z = 84 residual
nucleil from the Monte Carlo cascade calculation is smaller
than the total number of 2 = 83 residual nuclel so that the
bulk of the Z = 83 ﬁiggl nuclel will come from Z = 83 residual
'ngclei, for any amount Qf proton evaporation which might be
reasonably expected, even for the highest excitations in.this

work, ~130 Mev,

The foreQOing statements also apply for the evaporation

of deuterons and tritons, which are expected( 9) to evaporate
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'less~frequently . (Emission of such particles in the cascade

was also ignored(e) )

Similar effects will result. from the evaporation of o
“high-energy neutrons. A recent calculation(eo) indicates
'that at high excitations, ‘the probability of such neutrons

.'1~

may not warrant ignoring them.

2. Scattering correction ~~—The recoil nuclei are

brought to rest by collisions with atoms of the material
through which they pass. This gives rise to straggling along
the initial path, the eitent of which is commonly given in
terms of.austraggling parameter p,viz: |

p = o/R - o (1)
where R is the mean range of the particle, The'probability
that the particle4will come to rest at some point gjis.

commonly expressed by a Gaussian of standard deviation o about

R, i e.:
: 2

W(R)AR = ,,fva—,r exv{ —-——> Jar o

\ The distribution is in faet not Gaussian(26 27) at
~low energies, but consists of an asymmetric peak at a value
bsmaller than R followed by a pronounced exponential tail :The
more nearly equal the masses of the colliding particles, the

‘more the distribution deviates from a Gaussian
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The values ‘of p reported<28’29) and the theoretical-
predictions of »p available(3o’3l) are for the distribution
along the direction of initial motion.of the particle. No
measurements have been made upon the distribution perpendicular
to the direction of the initial motion Fbr the recoils involved
in the present study, the average sin G from the Monte Carlo
calculation is 0.82, so that the lateral component of scattering

is important. The following assumptions. will be used in the

calculations:

(1) If the stopping material is bismuth or gold the distri-
bution of stopped bismuth recoils along any axis is a
Gaussian distribution with p = 0.41, independent of

recoil energy.

(2) If the stopping material is-aluminum, scattering is: '

ignored in the thin-target case.

It can be shown that when Ml = M isotropic scattering will

not lead to a spherically symmetric distribution as assumed
in (1). In order thatm(2) be valid, it is only necessary that
none of the distribution lie in the backward foll. This
condition is very nearly met in the thin target case, because
'the average energy transfer and deflection per collision are

both small for bismuth moving through aluminum (M S>> M2) ’

The case where aluminum catchers are used with a thick

bismuth target or where, in the thin-target case, one catcher
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is aluminum and the other is gold presents a special problem
in that. stopping is taking place in media of Ml ~ M2 as well

as Ml >> M2 Further assumptions had to be made for the case 4
”of thick target and aluminum catchers.' For example, straggling
hin aluminum, both'along and across the line of flight was
assumed to be negligible, the other assumptions will be omitted'

from the discussion for the sake of brevity.

For the thin-target casé'where one catcher-ls alumlinum

and ‘the other 1s gold, the following is assumed%

(3) If a recoil from the thin target initially enters the g
gold catcher, fF and fB are the same. whether the other
catcher 1s gold: or aluminum. (If it:enters the aluminum
catcher, assumption (2) applies, i.e.~fF;and fB are_the

same as if both catchers were aluminum.)

This assumption implies that assumption (1) still holds even

if the tail of the Gaussian scatter distribution lies in
aluminum rather than in gold Thus, the foils should act
independently in their effect on FF and FB If this is true,
then it should be possible to determine any ‘one of the FF/F
ratios in Table III from the other three. Within experimental |

error this is the case.

The justification for (3) is-as follows: If the recoil
enters the gold catcher, then M1 ~ M2, so that the recoill

undergoes a deflection of w/4 and gives up half 1ts energy in
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each collision,”on the‘average. Since at’ these energies total
path length is roughly linear with energy(26 27, 30- 32)
'recoil travels one half its total path length before making

the first collision, on the average, half the remainder before

the second etc The final stopping place for the recoil is

.thus determined by the first few collisions For a recoil
moving initially into the gold catcher foil and then coming

. to rest in the other foil,.the first few collisions will have
taken place in the.gold foll and: the influence of. the other.

foll will be relatively unimportant. Hence assumption (3).

‘Finally, for calculating'fPW;it proved difficult to
usé the Gaussian. distribution of (1), so .the following

assumption was .made:

(4) For wa, the recoils end up on the surface of a'sphere
of radius 0.41 R .centered at R.

This assumption applies for gold catchers : No experiments
or calculations for fPW with aluminum catchers were made
If this assumption is used for calculating f W or f W it
leads to scattering corrections only about 3OZ as great as
those calculated with the Gaussian distribution on the A
average, and it shows also that, on the average, the effect
. of scattering on the value of fpW, in terms of & i ... ...
TR TN TR IR tha fmactisnal percent -of fPW, As about
. twice as great as the effect on‘wa, as a percent of fﬁWgw;

The scattering correction calculated for fPW is, therefore,
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smaller than it should be.

Using the foregoing assumptions, expressions were
obtained for calculating f and fW for a specific recoil from
.‘the Monte‘Carlo calculation. Here © is the angle between’ the
‘beam and the initial direction of motion of the recoil. Be-
cause of: scattering, R 1s no longer unique but 1s the mean

of a distribution Because of evaporation recoil R and 2]
may. differ considerably from the range R and angle 9

obtained from the Monte Carlo calculation alone.
(a) For thin target, aluminum forward catcher, fF is unity.

(b) For thin target,'gold forward catcher,

<]

4 s I
o= ~ exp (- —%=) ax - . (13).
F, pRY2r °-Rcose - 2p€R2‘» C ’

(¢) For thick target, gold catchers,

: fﬁw = R cos © + q i - : . (14))A
P = 6 | - | N (A15A),
where
: } - 2 -Rcoso | 2
: R -1 ,cos © R cos © b
6 = exp [- = . exp (- —=—=) dx (16).
. %2"# pl-3( b ) ) - G P ( 29232) (16)

The above'expressions apply for a recoil with 6 < m/2. For a

recoil with © > /2, they apply with F and B interchanged.
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Finally, for any value of o,

1/2

3 2,02 2 1 2 -1
7= (R sin% - r )‘ + (R sin®e + 2r?) sin (Rsine)
Af sin © > % (17),
2. 2. -
R7sin™® r r
T+ T L if sin 0 < 7 .(18),

where r =0, MlRis the radius of the spherical scattering dis-

tribution in accordance with assumption (4)

Equations (14) and (15) show that §, the scattering .
eorrection for a gilven recoil, 1s the same'for bethrfgw and
fFW, It can be shown that, regardless of the shape of the;
distribution, for a thick target where the atoms of the target
"énd the catcher'materiel have the same Mass; the scattering
correction 6 is always the same for both fFW and fBW. It can
also be proved that & is greater than éero if part of the'.
distribution lies behind the point where the recoll originates,

measuring along a direction perpendicular to the interface,

' "and that otherwise 6 is zero.

The validity of expressions (13) through (18) requires
.that the mean: of the distribution along the beam axis be

R cos e and simlilarly R sin 9 for the perpendicular proJection
This requirement is:met as long as the distribution is

symmetric about some axis,
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Assoclated with the problem of straggling 1s the
determination of R 1tself. After a review of the experimental
(}3’27’29’33) and theoretical(3l’32) work bearing on the .

- subject, the assumption was adopted:thaf R is,proportional-to
‘kinetlic energy for these recoil energles,. with a proportion-

ality factor of 0.15 as given in Eguaf{ldu :4;.

Inclusion of evaporation recoll and scattering in
the calculations produces a large effect, as may bé.seen
from the last three columns of Table III for the thin-target
case and in Figs. '3 and 4 for the thick—target case. Combin-
ing the scéttering and évaporation-rééoil'effects is difficult,
‘first because the. distribution of recoils from écaftériné'ié |
not trﬁly Gaussian, as used in the calculation.' Sééondi&, the
distribution of the:proJeétién of'reCOils rééﬁlting from the
evapofation is quite skewed exéepflfor large Qélués of R.
' Third, the effects are not independeﬁt, in that the ¢ of the
‘scattering distribution 1s not fixed for a given recoil but
varies with the résultant of the Monte Caflo momentum and fhe

various possible momenta from evaporation recoil.

Accordingly, there is no really valid way to combine
the two corrections. For the thin-target case (Table III), ~
the effects are combined by assuming'that the‘square,of the
combined effect forAFF 1s equal to the sum of the squares of
the two independently. The error of doing -this is not too

serious, since one effect or the other 1s always dominant in

¢
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the thin-target case - scattering when the forward catcher
-is.go0ld, evaporation when it is aluminum, Scattering pre-
dominates for FgW in the thick-target-case (Fig. 4); however
forfFﬁw (Fig. 3) scattering and evaporation effects are-
comparable, so this procedure-cannot'be*used; Therefore -

the calculation is corrected only for scattering in the thick-

target case,
-V. -COMPARISON OF CALCULATION AND EXPERIMENT

The thin- target data reported in Table III for the

201 204

Bi mixture demonstrate that scattering is important

Included in the table for comparison are values from the Monte

199 207 mixture, which should be a

201-204

';Carlo calculation for a Bi
”good representation for the Bl mixture (The latter

is mostly 203 and 204, ) In the column headed uncorrected":
is the FF/F value calculated for this mixture with no
correction for evaporation recoll or scattering | The next
'column shows this value with scattering taken into account

The value with consideration of evaporation recoil alone is
shown in the following column. In the last column are
estimates of: the FF/FB values with evaporation recoil and
scattering both considered.- The difficulties of combining

the effects have already been discussed. - The FF/FB~Value
which would be obtained with a more proper combining procedure

would probably differ from the listed values by less than 0.3.

The rather good agreement-between the experimental results
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and the figures of this last column suggests that the effects
of evaporation recoil and scattering are adequately treated

by the methods used in the calculation for dealing wlth them.

' Calculated and experimental values of F, for aluminum

F
‘catchers (Fig. 5 and Table IV) are in goodvagreement, both

in the magnitudes' of FFl and in their trend with mass number.

Calculation and experiment are in good accord for FW

B
magnitude and in trend with mass number. It appears that

and F_W with gold catchers (Fig. 6 and Table IV), both in

FBw'is5due~a1most entirely to scattering, which explains why

its value is about 0.0055, irrespective of mass number.

. cheter, the scattering model is not successful'in
'predicting the experimental fact that there is no difference
%Tbetween the values of F W and FBW obtained ‘with gold catchers
| andchose,obtained with aluminum catchers. Any reasonable
etaluationcof scattering leads to the prediction that there
should be an observable difference, particularly for FFW ;
(say, iOX),; The deficlency of the model might be‘the result
of'the neglect of straggling:in aluminum along the initial
direction of mction,.which may have a large effect in the
thick target case even if it does not have a significant

effect in the thin -target case where all the recoiis originate

at the interface
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Experimental and calcﬁlated Féw,data areicomparéd in"
Fig. 7fand Table IV. Although it is perhapa not‘apparént
in Fig. 7, the Monte Carlo calculations, in geﬁeral, .
pradict(g) only a slight increase_in FPw.with decreasing mass
number. .Apart from the matter af trend, there appears to.be
only fairragreement'between the calculated and .experimental
data. Correctlion for evaporation reaoil and a more realiséic

scattering correction would increase the disagreement.

.A better comparison of,calculation and experimeqt.is_.
affopded by Fig. 8, which shows calculated and_experimental
FPW/EFw”ratiost (One advantage of plotting the ratio, rather
than the FW values alone, 1s that the ratio is less sensitive
to the asaumptibns, approximations, and extraordinariiy large
of small récoil momenta in the calculations, as well‘aa'to
- the Systematic'errors in the experiments.) It may be ééen in
Fig. 8 that the experimental ratios are slightly lower than
the calculated ones = the difference would be larger if a
proper estimate of scattering had been made in the FPW
calculations e— and the difference seems to increase with’
mass number. These observations imply that the experimental
FPW values are lower than the calaulated ones, particularly
at the higher mass numbers (Fig. 7). This presumably means
‘that the éalculation(g) .Overestimates the aVerage transverse
momentum imparted in the knock-on cascade, particularly at the

higher mass numbers.



TABLE IV.

Results of the calculation for bismuth recoils'.

Mass No. of FFW an - PP" FP

Fo.  #vents  g,), a Expt. calc.®  Expt. cale,® Bxpt. calc.® Expt.

108 15 0.11609 0.00194 T 0.0%003 -~
40.023299 +0.00046 +0.00682

199 1 0.02675  0.08° ’ 0.00184  0.007° 0.01293 0.838 --
+0.00655 40.00104 +0.00246 +0.054

200 12 0.05291  0.07° 0.00152 0.007° 0.02242 - 0.963 --
40.00809  (Bi+Pb) 40.00043  (Bi+Pb) 40.00437 - 40.015

201 10 0.06686  0.05° 0.00670 ~0.007% 0.03089 0.831 --
40.01950  (Bi+Pb) #0.00259  (BL+Pb) 40.00559 40.099 )

202 12 0.03733 -- 0.00440 - 0.02130 - 0.746 -
+0.00847 +0.00147 +0.00372 40,089

203 17 0.05325 0.0434F 0.00990  0.00577 0.04836 0.0239F 0.901 0.82758
+0.01168  +0.0004 ' 40.00316  +0.0002 40,0123 +0.0006 40.035 +0.0027

a0l n 0.03893 0.03667 0.00127  0.0053° 0.0ck11 0.935
£0.00619  +0.0024 40.00144  +0.0004 40.00388 40.031

205 9 0.02681 0.0275° 0.00799  0.0053° 0.02510 0.0180f 0.804 0.7748
#0.00818  40.0003 +0.00343 40,0002 40.01030  +0.0004 +0.107 #0.004

206 15, 0.01432 0.02207 0.00533  0.0054° 0.01300 o0.01537 " 0.675 0.7458

) 40.00348 - +0.0004 +0.00178  10.0002 #0.00237 40.0003 +0.084 20.004

207 18 0.02508 . 0.00936 -~ 0.02593 -- 0.764 .
40.00695 +0.00294 40.00815 40.092

208 7 0.00500 0.00663  -- 0.00648 -- 0.456 .
40.00204 40.00260 . 40.00165 ’ 40.168

d. Calculated errors reflect only the spread of the data, and do not include errors éssociated with the approximaeions and
assumptions used in the calculation. .

a. Calculation ror gold catchers; includes aausﬁiaﬁ scattering model, no evaporation reeo-il.

d. Caleulation for gold catchers; includes "ball-model” soattering, no evaporation recoil,

¢. Calculation for aluminum catchers; ignores scattering and includes evaporation recoil.

e. Experimental data of Sugarman et al (ref. 14) using aluminum oatchers.

. Results of thih work using gold catchers.

g. Results of this work using aluminum catchersa,
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The difficulty may lie in thewassumption(g) that there 1s
no directional correlation, about the beam axls, between emitted
cascade particles. _If instead the particles are correlated, as
is obvigus;y:phe case for a .cascade in which two partlcles
collide and leave. the nucleus without further collisions, then
pW values which are too.
large.. For more extensive .cascades, which generally lead to

the assumption will lead to calculated F

final nuclel of lower mass number, the correlation among emitted
particles should be weaker and hence the assumption should lead
té lééé diffidult& at ﬁhé lbwér mass numbers, congruous with
obéérvation;l' " | .

Measurements.of transverse momentum for other species(34’35)
appear Lo be In good agreement with the calculations(g)° The
Monte Carlo calculations(2).have beén'repeated(l2) for the
A127,,.(p,3pn)Na24 reaction at 360 and 1840 Mev bombarding energy,
antlicorrelating the directions of the first two cascade particles.
~The results.for,FPw, as well as for Fﬁw and FBw,are in:poor
agreement with the experimentally established values at 1840

Mev (ref, 12; see also references quoted therein). Agreement

at 360 Mev is better, but angular distribution measurements(la)

indicate that this agreement is only accidental.’

Measurements of the average forward momentum imparted to

uranium nuclei by 460- and 660-Mev protons give values(35’36>

(9)

somewhat lower than the calculated ones., This has been

interpreted(9) to mean that the Monte Carlo calculation fails



-32-

to predict sufficient probability for collisions of bombarding

" particle and target with transfer of very small amounts of

forward momentum (and excitation). The present work does not
bear upon this interpretation, since it 1is not clear how the
‘recoil properties should be affected in consequence of this

interpretation. Measurements of forward momentum imparted to

(9).

emulsion nuclei(34’37) seem to concur with the calculations

Use of the data as a more severe test of preéent
cénpepts‘of high energy nuclear reactions must await a better
treatment of the stopping process and a Monte Carlo caléﬁlation
with more events and with explicit transverse momentum

" information.
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APPENDIX. CHEMICAL PROCEDURES.

The foils were dissolved in appropriate acids (conc,
HNO3 for Bi, cone° HC1l for Al, aqua regia for Au) and known |
welights of bilsmuth carrier added. The solutions were then
diluted and portions were taken for analysis. Lead holdback
carrier wae~added and bismuth was isolated from these splutions
by the following steps: BiOCl .precipitation, CuS scavenge from
6N HCl (removes Po, which would come through otherwise, and Mo),

Bi S precipitation from 2 4N HCl two Bi 3 precipitations

2”3
with NHMS (removes Sn), a second cus scavenge from 6N HCl a.
second B12 3 precipitation from 2 4N HCl two PbCrO4 scavenges
from a buffered (NHuAc HAc) solution two more BL0Cl precipi—

\tations, and a BiPO4 precipitation from 0. bN HNO " This last

3°
step offers no decontamination of any importance but ie
quantitetive and fast so that all samples may be precipitaﬁed
simultaneously, gives a stoichiometric and easily-filtered
precipitate suitable for weighing, and leaves Pb in solution
so that subsequent Pb growth will be from an initlally pure
parent fraction. Decontamination from Pb is afforded by the
Bi0Cl, Bi S3 (from 2.4N HCl), and BiPO4 precipitations and the

PbCrOu scavenges. Ylelds were about 80,8'°

For the subsequent separation of lead daughtefs, the
BiPOu precipitate was dissolved in HC1l, Pb carrier added, and
Bi was removed by a BiOCl precipitation. Then PbO(HQO)x was

precipitated with NH and purified by a BiPOu scavenge, a PbSOu

3
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precipitation, and a PbCrOu precipitation from4buffered solution.

The Pb was weilghed and counted as PbCrOu, Ylields were about
802.

The bismuth activity, as Bi0OCl from the lead separation,
was dissolved in HCl and decontaminated from daughter activi-
ties by two precipitations of BiOCl and one of BiPOa, in which

form it was weighed and counted.

The effectiveness of thesevprocedures was checked byn‘
tracer expefiments on the various steps and by taking gémmé{ray
specﬁra, with'a‘multichannel analyzer, of samples'separatea '
from irradiaﬁéd‘target and catcher folls. Activation ¢6fre¢ﬁions
weré'rather constant, say_lg of.FBw for thick target.apd gdid

catchers.
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FIGURE: CAPTIONS

Fig. 1. Thickétarget assemblies, showing the two 6rientations
used for studying recoil behavior: (a) forward-
backward and (b) perpendicular. |
G, guard foil; B, backward catcher foil; T, target;

F, rorward catcher toll; A, activation foill.

Fig. 2. Thin-target assembly.
G, guard foil; B, backward catcher foil; T, tafgct;

F, forward catcher foil; A, activation foil.

Fig. 3. Monte Carlo calculations of Fﬁw, showing effects of
inclusion of scattering (gold catchers) and evapor-

ation recoil in the calculations. (Error flags are

omitted.)
AD,....., corrected for scattering only; O,----- B
corrected for evaporation only; o, , uncorrected.

Fig. 4. Monte Carlo calculations of F w, showing effects of

- "B
inclusion of scattering (gold catchers) and evapor-

ation recoil in the calculations. (Error flags are

omitted.)
Aseioos » corrected for scattering only; C),é—--,.
corrected for evaporation only; ", - , uncorrected.

Fig. 5. Comparison of experimental and calculated thin-tafget FF

values (see Table IV), aluminum catchers. Evaporation

recoil is included in the calculation, and scattering



Fig. 6.
Fig. 7.
Fig. 8.
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1s assumed to have a negligible effect.
jF , Monte Carlo calculation, corrected for evapor-

ation recoil;(D, experimental value.

Comparison of experimental and calculated Fﬁw and
FW (see Table IV). A Gaussian scattering distri-
bution is assumed in the calculation, with p = 0.41
along all axes. Momentum transfer from evaporation
is ignored. (Error flags show only the spread of
the calculated data, and do not include errors
associated with approximations and assumptions used
in the calculation.)

i?, calculated, with scattering correction but no
evaporation recoill correction;@l, experiment this
work (errors not shown); D , experiment, Sugarman

et al (Ref. 14)., Values at A=200 and 201 are for

mixed Bi and Pb recoils.

Comparison of experimental and calculated FPW (see
Table IV). A "ball model" scattering is assumed
in the calculation, with p = (6fw%, Recoil from
evaporation 1s ignored.

-
i, Monte Carlo calculation, corrected for scattering;

(), experimental value.

Comparison of experimental and calculated FPW/FFW
ratios (with scattering).

i{, Monte Carlo calculation;(), experimental value.
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