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CROSS SECTION AND RECOIL STUDIES OF REACTIONS OF U238

WITH PROTONS OF 0.5 TO 6.2 GeV ¥
John M.,Alexander, Christiane Baltzinger>end
M. F. Gazdik '
iawrence Radiation.lLaboratory

University of Californis
Bekkeley, California

ABSTRACT

| 99 vlll

6&,67, Mo””, Ag s

We report radiochemical investigations of Cu
PdllzJ and Ilzl—135 produced from irradiations of U238 with high energy
protons. . Cross sections are given for proton energies bet#eeh 0.5 and 6.2
GeV. Recoil properties from thick targets are repérted for irradiations with
0.72 and 6.2 GeV protdns.

-Al1l the products investigated at 0.72 GeV result from nuclear fission.
Deposition energies are of the same order aé calculated for all nuclebn-

nucleon collision cascades. -Excitation functions and the relative values of

the deposition energies are reasonably well reconciled with nucleonic cascade

followed by fission.

2
99, Aglll, Pdll , and

Proton irradiations at 6.2 GeV produce Mo
131-135 NP s . _ .
I by nuclear fission after depositing an average of < 200 MeV in
the struck nucleil. Cu6l‘L is probably not produced by binary fission. The

neutron-deficient iodine isotopes are probably produced by a fast proceSs.”

A correlation 1s suggested with fragment (A % 20 to 60) production.



S UCRL-10268

' o 238
CROSS SECTION AND RECOIL STUDIES OF REACTIONS ‘OF U 3

WITH PROTONS OF 0.5 TO 6.2 GeVk

John M. Alexander, Christiane Baltzingerfand
' M. E. Gazdik

Lawrence Radiation Labérétory_
University of California
Berkeley, California

I. INTRODUCTION

It has been rather well establishedbthét reiatively long-lived conm-
poﬁnd nuclei‘can bé formed with exéitation ehéfgies:bf many tens of MeV.l’z
Aléo there 1is a'iarge body of experimental information'rromvnuclear reactions
at higher energies'thét is'conéiétéht ﬁith the develdpmehf of.a fast nucleon-
nucleon collision cascade. The'mbst'common theoretiéal’approach o under-
standing these high energywnuclear reactions invoives a rather arbitrafy
'separatiéﬁvih£o.a fast nucleon-nucleon’coilisibh éascade foilbwed by slow

35k

evaporation and (or)'fissibn processes. This separation into fast and
slow processes neglects collective or clustering effects on a.fast time scalé;
Also calculations of the excitation ehergieé at the end of the fést cascade
lead to some residual nuclei excited t0 energies approaching.total binding
energies.5 Tt is conventional to calculate the decay froperties of these
very highly'eXcitéd nuclei with‘the equilibrium assumptioh'orvstdtistical
model.

It is reasonable to expect that this approach will not correctly
predict all the features of reactions induced by beams currently available
with energies up to 30 GeV. 1In this paper, we try to reconcile measured
cross sections and recoil propertiés with this model. In most cases an

internal consistency results. In some cases, for 6.2 GeV bombardments, the

model appears to be inadequate.
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Studies of fragments of Z ;:4 indicate the probable existence of
6,7

more complex reaction mechanisms. The evidence for more complex mechanisms

L

of heavy fragment formation has been summarized by Perfilov et al.é-_ﬁ—angular

distributions, energy distributions, fragment multiplicities, etc. Also,

8

Crespo has reported recoil properties of Nazn and Mg2 that indicate more

7

complex beﬁavior. It is possible that the fast-cascade-slow-décay approach
may be modified to include‘these featureé; But the weight of available
evidepce'points toward more complex processes. |

:_‘.In thig_sfudy we.réport,cross sections and range measurements:for Cu,
Mo{,Ag{;and.I nuciides produced by irradiation of U2§8 with»protons of 0.5 tQ 6.2
GeV. energy.  We assume the fast-cascade——slow-decay description and deduce .
average_velogitiesrof the excited nuclei before breakup and thg average
veloéitie; Qf,phe_final‘products in the moving_frame‘of reference. We try =
to correlate these velocities and the measured cross sections with the
qual;taﬁivg;predigtiqns»of fast cascade and slow decay. The products Mo9?,

Ag:?}, and 1}337exhibit_the expected recoil properties. The_other_products

exhibit some different property. We suggest that the neutron-deficient
iodipgﬂ;§ptqpes?»Il?%flg3, are produced at 3 and 6.2 GeV by a process similar
to thgtLPrqgucing,of Nazunfragments} At energies of 0.72 GeV all the products

studied are. consistent with a fast nucleon-nucleon cascade followed by fission.
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" 1I. EXPERIMENTAL PROCEDURES

Foil stacks of 0.00l in. natural U metal targets and 0.00Ll in.

Al recoil catcher foils were ekposed to beams from the Berkeley lSh-in.

B

cyclotron and'Bevafron. The U metal target foilsfwere cleaned before
irradiation Qith approx 6N HNO3 for a few.ninuteslto renoue the o#lde_
layer. Recoil properties were measured by dissolution of the catcher foils;
and the target in separaﬁe vessels and chemical senaration.of the various
elements.8 Standard procedures were used for chemlcal separatlons and yield
meaSurements.g.-Cross sectlons were measured relatlve to the Al(p,3pn)Na2u
reaction. ln general, 0.003 in. Al monitorvfoils were used and theractivity
of tne lS.O hr Na21+ was measured onjfne same sfof'} ray detecﬁor used for
the samples. We have used values of the monitor cross section tabulated in
the preceding paper.lO

For cross section deterninations we measured photon activities with
a Nal scintillation'crystal (TZ acfivated l.SAin: diam. by lvln. high along
with a 100 channel pulse helght analyzer) and B acfivify with an end-window
proportlonal counter The radlatlons used and thelr abundances, along ulth
the half periods are given in Table I-ll Some parent nuclides were studied
by observation of the radiation from daughter activities. For these nuclides

133,5

we give only the half period in the last column. We assume that Xe

13355

daughters of T remained completely in the T£1l samples.. The activity

133,5

of Xe did exhibit decay consistent with the known half periods. The

samples were mounted under pliofilm fixed to Al plates by double-faced

adhesive tape. The relative counting efficiencies of the f proportional

counters were estimated from the work of Blann.12 Relative photopeak

13

efficiencies for the Nal crystal were taken from Kalkstein and Hollander.
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In Fig. 1 we show some typical spectra for the lower energy photons
from I samples. Linear background subtractions were made as shown,and de-

cay cﬁrveé.WerevplOttéa; 'These’curveé were all>cbnsiétent With the decay per-

©

iods giVenlin Téble:ff 'Wé ésfimatevéhat systémétic and random errérs giﬁe
rise to ﬁhcefféinéiés o% afpfox‘éo% gnthé absolufe.vaiues of thé éross |
sectioné. | | .

Thé tﬂick:tafgef,recoilAtechnique ﬁhaﬁ we used. requires rétﬁer
'precisé’réiatibe'actiQify méasufémeﬁﬁé of>the target ;ﬁd the fecoil catcher
foils. Sﬁch precisé activity measurements were‘nbt poésible for(the.photb—
peaks;uéed for cross éection>méasuréments. Of the observed photopeaks only
the x fééiafioniéoﬁld/bé aﬁalyzed with enough'precision for recoil measure-
ments. Thébgroééus radiations were.alsd measﬁredbrathér preéiéely with end-
windOW'prbpdrtioﬁal céunters. The decay curves of both B énd X radiation of
the I samples were too complex to permit separation of the individual activities.
HoWéVér;rit was possible to assign the observed recoll properties to certain
gréﬁﬁgrof ﬁeighboring nuéliaes as will be given in Table III. By this pro;
ceduré We:wérevablé tobget a rathef clear picfure ofvthe change 1in recoil

behavior with ﬁaés of the Ikisotbpes.b
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III. EXPERIMENTAL RESULTS -

The results of the crqss-section measurements at various energies
are given in Table II. "The quoted errors are'standérd de&iationsof the
mean and do not reflect systematic errors. No error is given if there was
only one determination. Where errors are given,two to four measureménts
were madei The resul£s of this work and those of’othéré are combined to
give excitafion functions in Fig. 2.lu Also the iodine cross sections are
given as a function of mass in Figs. 3 and 4. |

In the thick-target recoil'experiménts we measured the.fractions

FF and FB of the total activity that were caught in the forward and

backward Al catcher foils. : The fesults of these measurements are shown
in Table III. The first column gives the nuclides, the second the observed
forward to backward ratio (FF/FB). The third column shows the quantity

EW(FF+FB) where W 1s the thickness of the U metal target. Errors are

standard deviations of the mean value.
Cloud chamber and photographic emulsion studies show that fission

products usually fécoil along a straight path for the initial part of their
15

6 .
range. However, the final part of the range is characterized by scattering

15,16

The scattering effects increase with the mass of

35

along a tortuos path.

15,16

2 : '
the stopping atom. It has been determined for U fission by thermal

neutrons that scattering effects give rise to an increase of very nearly

17,18

3% in the recoil loss from U metal targets into Al catchers. Assuming

1
that this is due to scattering effects at the end of the range, 9 we can

v

approximate the perturbation of the measured recoil loss as follows:

Fabs ™ Feorr = 993 Fops (R236/ () (1)
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The quantity yFO is the observed fraction F or F_; Fcorr is the

bs F B

value that would have resulted 1f there were no scattering and the recoils

followed a straight path. The symbol R denotes the’average range with
236 ' 235

subscript 236 for U fission (U™” plus thermal n). The average value of

the range».(R)k in the forward and backward hemispheres for any fission . . .
process has been approximated by;hW’FF and 4w FB respectively.8

These relﬁtipnships have been used to correct the observed values

of FF/FB and 2W(FF+F ) for scattering effects. The corrected values are

B
shown in columns 4 and 5 of Table III. These corrections are not very large
and probably introduce less than 5% uncertainty in the final kinetic energies,

and less than 10% uncertainty in the deposition energies.
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IV. .ANALYSIS OF RECOIL EXPERIMENTS

Sugarman and co-workers have worked dut eqﬁations fbr the‘analysis

of thi;k-targéf reéoil experiments;8 The analysis is based on the assumption
that the disintéération pfocess can be‘descfibed ﬁ& two veloéity vecmérs.
denoted Xmaﬁd y; The vector y results from the prompt collision cascade
of'thé projectile with the target and has compohents i aloﬁg the bean
and vy perpendicular to the beam. The vector V_results from the slower
disihtegration pfocess,.and in this'work is-assumed‘to be isotropic in the
system moving with Velocitylx; Anisotropy that is éymmetric about 90 deg
to the beam introduces a small error in the value of V that we deduce.
Forward-backward anisbtropy introduces error in the value of v" . {For
a more detailed discussion of the magnitude of these errors see references T ..
and 8.)

.. The equationsvthaturelate the measured quantities to the velocities

v. and V are as follows:

v (FF/FB) -1
v T Z.z22 [(FF7FB)+1Tl > end (2)
2W(F+ Fp) = w3 - (3)

In these relationships the recoil rahgé'is_assumed to be egual to
k | 2;*‘315u/3: Terms of secohd order in (v”/V) and (VL/V),héve been
neglected. - This approximation is justified by the small values (< 0.1)
of ,v”/V~ that we deduce. If ﬁheSdiStfibution of values of ¥ is not ex-

tremely wide the average kinetic energy E of the product in the moving
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2
frame of reference is given by;l/2~AV . We agssume this to be the case.
In another study, values of the range-energy parameters KZ 6 have

236

3
fission products (A = 895155).18 It is possible to

beenvdeduced fér‘U
' 64,67

to include Cu Following the dis-

236
1/2

extrapolate these values of Xk

cussion of N. Bohr, we assume that k varies inversely with Z ~ for a

given atomic mass.l6 Also we will assume that all nuclides that we observe
are primary products formed without B decay i.e. that the atomic number Z
that we ldentify was that of the recoil. Thus we have taken k values as

follows

B : 1/2
ko= k236(2236/z)

“where the “subscript 236 refers to U236 fission. The atomic number correction
(Z236/Z)l/2 varies from about 1.08 for Cu and the neutron-deficient iOdiﬁéﬁ
produdts “to about -1.01 for the neutron-rich products. The raﬁge meésurements
for PuZMO fission and Cf§52 fission indicate that this correction is nécess- .
ry,EO’Zl However, at this time the systematic errors in‘E introdﬁced by
uncertainty in the range-energy parameterslcan-only be guessed. We estimate
that these systematic errors in thevkinetié eﬂergies E are approx 15% for Cu,
approx T% for neutron-deficient I nuclides, and approx 3% for the other
products. - The correspoending fractional error in M is about one haif that
in' g.
The values of'ﬂegaverage‘kinetic energies E and impact velocities

vllthat result from this analysis are given in Table IV. The dependence

of these quan;ities‘bn}mass for the iodine products is shown in Fig. 5. As
an aid for comparing products of different Z or-A the kinetiec energy of each
product, is‘div%ded_by its share of the Coulomb energytECoul

of tangent spheres,
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£ 238-A z(9z—.z)e2 ()
Coul — 230 vy (73 4 (238-0)"3 ]

.

where -ro

nucleus are approximated as 92.and 238 respectively. Values of E/E

was taken to be 1.5 F. ‘The values of Z- and ‘A of the fissile
Coul
appear in the third column of Table IV.

Using the nucleon-nucleon cascade .calculations of Métropolis et al.,
Porile has calculated the relationship between v“ .and deposition energy E*
fér several targets and several different incident proton epergies.zz The
followipg relationship approximates the results of Poriles calculations for
all targets and all incident e‘nergiesz\2

*

BY/E gy = 075 PPy | ()

CN
(E* denctes deposition energy; P. denotes momentum; subséript CN denotes
- hypothetical compound nucleus; subscript F denotes componént along the
beam). . Using this relatignship, the values of v” from Table IV, and the
approximation EF = 238 v” ' wgzhave calculated the values of the average
deposition energy,:E* for processes leading to each product. These are
listed in thevfinal»qolumn of Table IV. ‘In Fig. 6 we show fhe deperdence

' *
of 'E/E and- E = on incident energy for several products.

Coul
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V. DISCUSSION
A. General Background
In this sectioh we restate the features of the classical model of

3,4

high-energy nuclear reactions and we point out the relationship of our
measurements to this model. These reactions have been described by.a two-
stage process (a) fast nucleon-nucleon collision cascade (b) slow deex-
citation process by nuclear evaporation or i‘i’ss,J'.c51'1.3"LL ‘This "fast-slow" =
approach leads to the concept of intermediate nuclei:at: the end of the fast
%$ag¢fwaThese intermediate nuclei are expected to have a‘broad spectrum of
excitation. energies (hereafter called depositionrenergy”E*) and recoil
velocities. . - Thése spectra have been calculated;by“seVeral differéﬁtﬂgfoﬁps}’
the most recent calculation being that of Metropolis et al.”’ +Tn the 'fasts '
slow nuclear reactibﬁ“model the final recolil velocitj of any prbduct:is the
vector sum O0f the prompt caséade recoil'ﬁelocityg denoted:b;fﬁband the slow
decay recoil velocity denoted by V. The recoil velocities from the slow
evaporation and (or) fission processes are expected 16 bé symmétric about

90 deg ‘to.the beamjinfthe;frame of reference of the excited intermediate

23

nucleus.. > vThe prompt—cascade velocities (y) are strongly peaked in the for-

i .
7 o L ¥ 22 .
: warq_@irecﬁion and -are correlated with the depositiqn‘energiesiE-. -

. .The thick-target recoil experiments have ‘been anaiyzed'in terms of
this model .- :he impact velocities v” that appedr in Table IVvéfe identified
with the average projection:of prompt cascade recoil veloéity~on*the.beam
direction. Using Porile's calculations22 an average deposition energy.E* has
been associated with each value of V”. The kinetic energy E is identified with
the average kinetic energy from the slow decay process in.the frame of re-

ference of the intermediate nucleus.
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The value of E gives an indication of the type of slow decay proceSsQ
Experimental studies of fission process show that the kinetic energy re;
lease 1s about 8/lO:that of the Coplomb energy éf tangent spheres having a
radius parameter.of 1.5F.2 Also this kinetié energy reléaéé.to'fission prb;
ducts is only véry slightly dependeht oh exéitafionrenérgy'of the fissile

to be about 8/10 or

nucleus. © Therefore we can expect the ratio E/ECoul

slightly less for binary fission processes. We have defined E, . (isee

Coul »
section IV) so that the Coulomb energy is that of spheres of méés A and 238-A
and charge Z and 92-Z. However, the prompt cascade is expected to change
the values A and Z of the fissile nucleus from those (238 and 92) of the tar-
get pucleué. Also the products that have been Qbsérved may.have suffered
changes in Z or A by post—fiésibn évapération processes. Thus we can use

the value of E/E only as a very rough guide to the fission-like char-

Coul

acter of the process. Values of E/ECoul greater than 0.8 indicate that in-
ternal excitation energy resulting from the prompt cascade is being released

in the decay process. . Values of E/E much less than 0.8 indicate breakup

into more than two fragments (multiple fission or emission of many small

Coul

particles).

" Porile and Sugarmaﬁ have discussed the relétionship between observed
excitation functioné and deposition energies in the fast cascadelproeess.
Their discussion"is baged on the idea that the branching ratio fA for the
formation of many products is eXpected to be mainly a funct%on of the
deposition energy E* in_tyg prompt cascade. -Sﬁall differences in Z and A
of the intermediqté.ngglei‘aré npt'gﬁpected té change the dependence of fA
on E% for.many_producfsi Using thisﬁidea,vforile and Sugarman give an ex~
preééion fqr“£he obégrved crosg éeét;og qA ‘fbr forméng a pfoducﬁ A at a
bombar ding e.nelrgy‘ EP‘ s | .
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*
E
max

""'iaA(ﬁp’? =J’ o’g'x N‘(’Ef,. ) x £ () . | T (8)

The notal reactlon cross section is denoted by, Og for incident‘protonx

energy E . The deposition energy spectrum isvgiven_ny N(E*, EP) with

E*nax the‘max;mnm'possible yalue of E*, corresponding to thevsum of kinetic

and binding energies of the bombarding_particle. The celculations of Menropolis

‘et_alf haye‘nrondded‘estinates.Qf N(E*;~Ep)‘for proton energies up to_l.8

GeVT? y |
;‘ The qualitet;ve resuits_of the‘Porile-Sugarman cross—sectien”analysis

*
may'be described in ‘terms of the fA(E ) function and the corresponding

—%
average depos1t10n energy E A As»given_by these workers,
*.
max )
—% -1 T % * ¥, ¥
CEiy (o ) J[ | E n'og~x‘N(E ) Ep);x fA(E ) dE
0 . ‘

(7)

Kh'ébéér%e& eicitetion”functien that is constant or increesingfwith Ep>in-

L .o S0 . — * : . o o N S~ . . - . R g
dicates that E A is increasing with Ep' For incident energies much greater
. . * - ! . " -
than that corresponding to the maximum in the fA(E ) function, the observed
. . - *

eicitationrfuncfionvis‘expected to decrease with increasing‘EP',.andvEA
shouldmne{élr'n.ost'”constant.zlL
Let us summarize the relationships between the "fast-slow" model of

nuclear reactions and the measured quantities. The recoil properties give

ns'e'neasure of tWo Qelocities, Vv and vﬁ. From the former we calculate‘ﬁhe

correspondlng average energy (1/2 AV denoted by E. The value of E/ECOul

glves us a general 1dea of the nature of the decay ‘process (a) E/ECoul 0.8

indivates a fission-like process (b ) E/E > 0.8 indicates a fission-like

. . Coul
excitation o
process that releases #... energy into kinetic energy of fragments (c)
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E/E < < 0.8 indicates a process involving emission of more than two big

Coul
fragments, or two big fragments and many smaller ones.

-From the measurement of the impact velocity Q“, we obtainvan.esti='
mate of the average deposition energy jE*. In principle the excitation
functions give an independent measure of the average deposition energy. 1In
this paper we will use excitatiOh functions to indicate relative magnitudes’
and the dependence 6f E* on the incident enérgchp. This whole correlatién
is based on the "fast-slow” ‘model and in pafticular on thevéalculations of
Metropolis et al.” Internal. consistency lends support to the "fast-slow"
model; internal inconsistency indicates the limit of applicability of the

model. In the following sections we discuss the different incident energies

and various products separately.
B. Results of the 0.7z GeV Studies
. From Table IV and Fig. 5 and 6A we see that E/ECoﬁl

for all products we have observed from 0.72 GeV bombardment. This implies

is 0.6 to 0.76

that all products are predominantly formed by binary, fission-type processes.

The products may be grouped: according to the deposition energies, deduced

*
from VH; as follows (a) E' % 200 MeV; Cu67, M099, 1123’h’5’6 (p) E® 150

111 2 126
MeV; Ag T, Pa e, 10003t
The fact that Cu67

 e) E* < 100 MeV; neutron-rich iodine isotopes.
and the neutfon-dgficieny I isotopes are'in the high
deposition engrgyvgroup>is expectedvbecéusq these products are not formed
in‘lowfengrgy fission (see Fig. 2). Neutron-rich I isotopes are expected
to be_produétsvof events_with very }ow @eposifionvéhergy because they have
been found in”ldw-energyvfission._ﬂHigh deposition energies are expected

to lead to neutron evaporation, and thus away from the very neutron-rich

products.
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: —%
Metropolis et al. have calculated average deposition energies "B

238 5

for proton reactions with U Interpolation of their values gives approxi-

—% .
mately 220 MeV for E , somewhat greater but very similar to the above values.

The excitation functions up to 0.72 GeV fall into two groups (see
- 67 I123,_4,5
) .

Fig. 2).as follows: (a) Cross sections increasing with E, 5 Cu

99 . 111 i13o,134

(b). Cross sections decreasing with Ep;'Mo s, AgT, ". " Increasing

or constant cross sectlons should be associlated with higher average deposition

67 123-125

and I -These products have approxi-

99

matély 220 MeV deposition energy .(from v” measurement). Mo”7, which has a’

energies as:is the case . for Cu

very different excitation function, results from only slightlyllower'de- o
position energy (190 MeV).  From the excitation functions and the qualitative

123,4,5

features of the Porile-Sugarman analysis we would expect Cu67 and I

99

to have considerably higher deposition energies than Mo This discrepancy
is well,within_experimental uncertainties at 0.72 GeV but is emphasized for

6'2ﬁQ€Y-in¢?d?nt protons as will be discussed later.
¢ Results of the 3 to 6.2 GeV studies

"Tﬁe reSﬁlfs of the recoii sfudies at 6.2 GeV and the cross section
meaéu;eﬁeﬁ%s'ffom:3 to 6.2 GeV suggest a mechanism or mechénisms significantly
différent from the 0.72 GeV cases. First we note that values of'.E/ECoul for
'Cu67,'Cu.64'and'Il23 are significantly lewer théh the value of 0.8 roughly ex-
pected for blnary f1551on Second, the dep051t10n energies deduced from VH
measurements are all less. than 0.3 GeV, as compared to the calculated average
deposition energy of 0.45 GeV for a preton energy of only 1.8 GeV.” Third, the
crossréection'measﬁrements of fhe I'isotopes;‘ehown<in Fig. 4 seem to fall
into two groups. This structure in the yield behavior cannot be said to be

established beyond question from these measurements. However, it is definite
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that a distinct cﬁange in the yield pattern has taken place bé?ween 0.72 and
3.0 GeV. Studies of Cs and Ba yields in the same enefgy region By mass-
spectrometer and radiodhemicai techniques do confirm the existence of this
effectJlo A detailed description of the yieid patterns from thése measﬁreﬁents
is given in the preceding paper.

In the‘folloﬁing sectionsmewﬂldiscﬁss the various products separately.

9 pgtll pgll? gpg 1317135

From Table IV and Fig. 6A we see that'E/Ecbﬁl decreases only slightly
from O0.72 to 672 GeV for these products. 'Therefore we conclude that these
are binary fission products with very little change in the parent fissile
nucleus over this energy region. This 1s quite consistent with the constancy
of the deposition energies deduced from v[[measurements. Also the excitation

99

functions for Mo and Aglll decrease ‘with proton energy from 0.72 to 6.2

GeV as expected for products of constant average deposition energy. -

The excitation functions for the very neutron-rich products, Il3h’5,
show very little, if any, decrease between 0.72 and 6.2 GeV. This is in con-
strast to the expected decrease for a low-deposition-energy process. Howéver,
it has been established by other work that the cross éectioﬁs for low-
deposition~-energy processes are underestimated by the Metropolis et al. cal-
culations.Z? ~ Therefore, the excitation functions for these low-energy processes
can only be discussgdvwhen.more_realistic prompt gascade calculations are
available.

The preceding paperlo gives detailed cross section data and some
recoil data for the neutron-rich product Baluo. These resulfs show the

same behavior that we report for the neutron-rich I nuclides.
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Cu64,_67

67

for Cu ' is 0.61 for 0.72 GeV protons compared

The value of E/ECoul
to 0.50 for 6.2 GeV protons. This change is significantly greater than that
observed for the broducts discussed ih the preceding section. (The change

in E/E is not affected’by range-energy uncertainties). This change in-

67 67

Coul _
‘dicates a significant change in the mechanism for Cu

pfoduction. The Cu
cross section changes only slightly (3.2 mb to 3+7 mb) over this same energy
regipn. Using the reasoning of Porile and Sugarman fhis demands an increase
in the average deposition energy leading to this product.24 However, the

67

valuevof:Ef for Cu ' deduced from the recpil velocity v” is'gpproximatély
the same for 0.72 and 6.2 GeV protons. This difficulty may indicate a break-
down in.the internal consistency of the fast-slow model,or:itmay be that this
discrepancy 1s due to the failurexéf some of the approximatibns — a likely
candidaté'being,the,relationship between imparted momentum and deposition
enéfgy (Eq. 5) This.relationship seems to change very slightly for proton
energies .of 0.46 to 1.8 GeV, and we have assumed that it is the same at
612YGeVF7>

The value of 0.36 for.E/ECOulvof.Cu64 implies that binary fission
is probably not the -sole process leading?gts formation. If this were the
case, gxtremely.long nuclear evaporation chains or -low kinetic enérgy re-
lease would be required for the binary fission. -This seems unlikely andwso a
triple (or'multiple) breakup process is suggested. These processes have

been observed in low.abundance in nuclear emulsions but the masses of the

final products are not very well known.
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Neutron-deficient 1 isotopes

123

The value of E/E for I decreases by almost one half as the

Coul v _ ]
proton energy is changed from 0.72 to 6.2 GeV. (See Fig. 5.) This demands
- .123

a very drastic change in the mechanism for I b%oduction; A similar re-

sult was obtained by Sugarman et al. for Ba prpduétion'frém Bi targets.

131

Also, Friedlander et a1.10 observe a similar change in the range of Ba

38

2 . Co : o
produced from U at 0.38 and 2.9 GeV. The values of the average deposition

energy, deduced from Wi, that result from these Ba studies increase with in-

creasing bombarding energy. However, it is very sufprising that the avefage

123

deposition energy of I P deduced’ from v”, is altered very slightly by in-

cident energy variation, (see Table IV and Fig. 6B). This result is similar

to that for Cu67

123

but the magnitude of the change in E/E is more dramatic

Coul

for I coupled with the almost

.~ The magnlﬁude of this change in E/ECoul

constant deposition energy (from VH)ASeem;to indicate a breakdown of the
qualitative behavior expected from the "fast-slow” model.

The values of E/E for 1123 (0.67 and '0.35 at 0.72 and 6.2 GeV)

Coul
demand a change of about one half in the mass of the average complementary
product if binary fiséibn is the predominant mechénism; Alternatively the
value of  0.35 for E/ECoﬁl could reflect a mixture of comparable amounts of

. -12 ) . : .
production of Il 3 by binary fission processes and nuclear evaporation
processes. In either case the altered mecharism would be expected to be
accompanied by a change in the deposition energy.

_ 7 e . 2L 28

Crespo et al.' have studied the recoil ppoperties of Na and Mg
formed in the irradiation of Cu, Ag, Au and U by high energy protons and
He.lL They were unable to reconcile their observations with qualitative

predictions of the "fast-slow” model. Tet us consider the possibility of a

2
correlation between Na b and 1123 production. In Fig. 2ZA we have shown
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38

the excitation function for.Na24 in proton bombardment of U2 In Fig. 6A

ul and apparent deposition energies that

Crespo et al. ‘deduced by the method used in this study. The qualitative ob-

and B we show the values of'E/ECO

jectién to the "fast-slow" model for'Na24 production lies in the comparison
of excitatioﬁ functions and deposition energies (from v”) for the various
targetg (Cu,_Ag,_Au,“U). The excitation functions have very similar shapes
for all fargets implying.very similar deposition energies. However, the
depégifion énérgiés, deduced from v“ measurements, increase markedly from
0¥ £0 U:idréspo eﬁ al. conclude that it is very likely that the Nazu and Mg28
prédué%évare formed b& fast nuclear breakup, and that the decay velocity (V
iq ;?r'én;lyéisj dpes not have an angular distribution that is symmetrical
ab6ﬁ£”§b Qég tp the beam. .The apparent valge of the»deposition energy,. for
préégséés‘produqing-NaZ&.from U, that is much larger than for the other tar=-
gets, is»éttfibuted to Nazl'L ejeétion preferentially in the forward hemisphere.

' Ny 2
The values of E/E of 0.5 to 0.9 for Nazu and Mg 8 require a massive

Coul

complementary product. If Crespo'’s conclusion is correct and the emission
AT ' . :
of Na k is more preferentially forward than expected, then the emission of

the complementary product should be less preferentially forward than expected.

123

Indeed this is what we observe for I production at 6.2 GeV —a smaller

apparent value of v, than seems reasonable from the "fast-slow" model.

I

From this reasoning we conclude that in U breakup by 6.2 GeV-protons

2k .
there is probably a correlation between fragment (Na etc.) production

2
3 etc. ). . This proposal

and that of neutron-deficient heavy nuclides (Il
was made previously by others from yield considerations.26 The lighter
product is probably directed more strongly forward than the heavy one.
There is additional evidence for this process from nuclear emulsion studies

27

at lower energies.
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D. Conclusionu' o
: . . . 238. o
Recoll measurements of products of U breakup by 0.72 GeV protons

indicate that cu®l, Mo

995?A8111; Pdllz aﬁd 1123_135'3re produced byibihary
'huclear fission. The deposition energies deduced for these p?éducts (from
the "fast-slow" model and the recoil properties) are of the saﬁe order as
the calculated average deposition energy for all reactions.

Studies of U Breakup with 3 to.6.2 GeV protons indicaté very different
behavibr from the 0.7z GeV case. The apparent deposition energies are much
lower than the calculated average deposition energy for ali»reactions. The

99 111 112 131-135

products Mo ». Ag » Pd and T result from fission processes after

energy deposition of < 200 MeV. Tﬁe product Cu6LL (and possibly-Cu67) does
not appear to result éélely from:a binary fission'process. Cross sections
- as a function of mass for the Iodine isotopes suggest two rather different
prbcesSes for the neufrbn-rich and déficienﬁ products. The reéoil properties
of the heutron-deficiént‘iodine isotopes sugééét a fast bfeakup'process that

2l 123

may be correlated with fragment production:e.g; Na " '. Our I results and
the Na24 results of Crespo can be correlatédxby a fast breakup process ip.

which the light fragment’shows a stronger forward peaking than the heavy.
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Photon Energy

Product o Particles or photons - Half
nuclide radiation (Mev) per disintegration period
cﬁ6u  g~ 0.58 12.9 nr
cﬁ6? B 1.oo: 6l hr
Mogd 54, Y : 0.12 5.7 hr
Mo93m Y | 0.65 - 1.00 6.9 hr
.‘Mo99 B | 1.00 66 hr
Aglll B 1.00 7.5 day
54212‘ o 21.0 hr
~£élizuf’ B 1;00 3.2 hr
I;Z%: Y 0.21 0;92 1.5 hr
Xé123 | 1.8 hr
_.I;ééj_. Y 0.16 0;84 13.0 hr
"&}2&’“: . ?nnih 0.51 0.58 4.0 day
éi?S f %-;ay. v} Qﬂu 0;028: 1.39 60.0 day
ilZG | x—r§y>  ‘  | 0.028 0.4l 13.3 day
15 | o . g .
1 Y 8:?? 'é:gg, 12.6 hr
131 8" 8.0 day
32 e 0.67 0.94 2.28 hr
0.78 0.75
P32 77-7 hr
33 Y 0.53 0.9k 21.1 hr
xe 133 T : 0.081 0.35 _5.27 day
et M min
.I134 T 8:3; 8:?; 52.5 min
3% 6.75 hr
Ke13? Y 0.25 0.92 9.13 hr
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Table - II. Cross section measurements

Incident proton energy (GeV)

Product Type 4

nuclide  yield 0.50° | L 0.72 3.0 bo o _ 6.2
0?7 “A‘._ ».c e ©3.280.1 o L 3.7%0.3
Mo e <1.5 B < 2.5
MO95m ; o s 0.45%0.010 " : . 2.2+0.1
Mo?? c 50 %2 R : S 2k.9$0.1
Aglll . : G 22 S 0 21.5%3
pgl12 P - 50 41

[1e1 . o 2.6 *1.0

23 2.9:0.1 k.8 0.k 2:9 3.3 - 2.5%0.3
123 . - R 8.9 - 6.1%0.3
ek 5,171 .1 5.8 £1.0 k.7 5.5 5.8£0.4
1 i 4.0%0.3 5.6 0.7 ~ 2.6%0.5 2.0 2.1:0.6
1125 . 5.8,. : . . v 7,6:
1130 i 7.240.0 7.0:.1  2.40.2 2.3 | 2.1:0.k
1132 : i 11-5¥Q;7 i2,9 2.0 4.9%1.0 5.2 3.1#1.0
o C 8.8H. ‘ u _ | B _V | e
123 s b5 7.0 4.9 5.8
133 . S 9.2

£l5h ‘ i 5.0 ° 7T b0 ' T k.0

e 2F T b2 .k 30T - 3.6
7122 e 4.740.8 53415  k.Br0.3 6.9 L4.5t0.3

The symbol ¢ indicates cumulative yield, 1 indicates independent yield, and
s indicates independent yield plus yield of parents of half-period less than
10-min.
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Table III. -Thick targettreqpil-data o
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o N ’_Observed_v»‘ o ) Corrected”
Product  F./F, ?W(FngB) FF 2w(3F+gB)
'nuclide ' _(mg/ém y (mg/ém Y

0.72 GeV

61
cu .- 1.23%0.02 12.0%0.1 1.25 11.4
Mo .23%0.0k 10.4%0.1 1.25 . 9.9
Aglll .1940.02 9.3%0.1 1.20 8.8
pa e .19£0.02 9.3t0.1 = . 1.20 8.8
1123 _ .34t0.01 8.3£0.1 S 1.35 8.05
Il?4~~4; .32£0. Ok 8.0£0.2 = 1.33 7.8
Il??eé, .38%0.01 7.8%0.1 1.40 7.6
112643;'; .26%0.02 8.6 S - 8.3
Il§}¥ . .21£0.01 - 8.6%0.1 1.22 | 8.35
1130’2*345 .11#0.01 8.9%0.2 1.11 8.6

- o 3.0 Gev
rte3 41%0.01 5.6£0.0  1.43 5.4
1123’%" .3840.02 6.4%0.1  1.39 6.1
1130’233’5 .06%0.02 8.620.2 1.06 8.3
, ” © 6.2 GeV |
Cu64 .2k 8.7 1.25 8.0
cu67 .13%0.05 10.620.2 1.13 ' 9.9
Mo?? .14#0.08 9.9%0.0 1.15 9.3
Agllla, .16%0.02 8.5%0.0 1.17 8.1
patl? . 1.16%0.02 8.5¢0.0.  1.17. 8.1

Number of
experiments
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Table III.~(Cont.)

LI

' - - Observed o A » Corrected®
Eiziggzl, ! FF/FB '\-ZW(FFfFB) FF/FB ZW(FF+FB)" Number of
B ‘ (mg/cme) - (mg/cmé) experiments

123 1.25¢0.03 - L4.8%0.1 1.26 k.5 o 3

123 1.28£0.03  5.4#0.2 1.30 5.2 - o3
T1235% 1.30£0.07 * 6.1%0.2 1.32 5.9 2

131 "1.15%0.06 ' 8.4%0.0 1,16 0 81 2
1130’3’3’5 1.08£0.03 ~  8.5%0.1 1.09 8.3 ' 4

aThese’values have been corrected for scattering as described in the text.

IEEP Y
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Table IV. Results of énalysis of the recoil data®

Product Average kinetic . 5 Average impact Average deposi- . ..
nuclide energy, E ) " “coulonb velocity, v tion energy,E
(Mev) (Mev/am) 5 (ev)
0.72 GeV 0
67
Cu ) S 0.61 .. 0,079 230
Mo99 ) 89 ) L 071 N __Ao.o67 . 190
agtt . ™o 0.64 - 0.055 . 150
Pd112 R 72 : _0563 . 0.053 5 150
143 68 0.67 - 0.075 . .. 220
Ilzu 3n 0.64 0.065 190
1125,6. e gyt oL o013 210
pR0sBL i ggt s g qs T gloss 160

I]‘-:‘D)]'.-i LD LAY e T 68A LT 'V_"_f...'v.‘.“ T ,'.O . 72 Lo Ty LT O_. OLI-5 L ST T 130

13925355 70 0.76 0.024 | 70
3.0 GeV

i3 37 , 0.36 0.062 270}

1123’h- 4s 0.45 0.063 270

1+30,2,3,5 66 | 0.71 '0.013 .60
6.2 Gev

Cu&L - 50 0.36 0.062 300

Cu67 68 0.50 0.039 190

Mo 81 - 0.65 0.0k0 190

Aglll 65 0.57 0.038 180

palt? & 0.56 , '0.038 180
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Table IV. (Cont.)

Product = Average kinetic E Average impact Average deposiy
nuclide ,,enefgy;-E .~ .Coulomb 5'VelOCity,'Vg- . tion energy, E
(e (MeV/amu)l/, (Mev)
He3 29 - - .0.28 - 0.036 - 170
el 36 T o.35 4 o.ouk 210
1123’M ) © k2 S 0.k2 - 0.051: . 240
1131 65 0.69 _ 0.032 150

1139:8:3,0 66 o1 o0.019 BRRRR's

aWe assume R=k EZ/3 with k values taken from_reference 18 cprrected for
differences in Z. Niday's.range energy relationsh.ip17 for A > 85 leads fo
v, approx 6% lower E values for the tabulated kinetic energies 3> 60 MeV and
approx 15% lower E values for those £ 40 MeV. The values of v” and E*
obtained from Niday's range-energy relatibnship differ from these value by

< 10%.
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Fig. 1. Typical low-energy photon spectra from I samples on
the (A) second and (B) third day after bombardment.
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Cross section.
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(0]
0.l 1.0 6.0 0.2 1.0 6.0
Incident proton energy (GeV)

MU.27059

Fig. 2. . Bxcitation functions for some representative nuclides.
The solid points are from this work. The open points are
from reference 1k.
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| [ | |B 1 ér"(x. |
o a\
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. | 7\ \_ -
B \_/‘v‘\;
— » Proton energy | |
= ‘ Lo O 0.17 GeV -
/ . 905 Gev |
B / - .. © 0.72GeV .
oL le2 124 126 :I28 130 132 134
' _.Io,dvin,e-- mass. .number
MU-27060

- Fig. 3. Cross section versus mass number for isotopes of I.

Cross sections are cumulative for 1121’135, otherwise
they are independent. The data from 0.17 GeV incident
proton energy are from reference 1h.
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MU-27061
Fig. 4. Cross section versus mass number for isotopes of I.

The

1135 cross sections are cumulative.
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‘ L ¥ 1
Proton energy
A e O,72GeV
a 3,0 GeV
o.osk A6.2 GeV ]
0.06| ' s

0.04}- =

0.02 .

(MeV)

Average kinetic energy in moving system Average impact velocity,v,( MeV/amu)"z(Iab)

20 l | 1 |
122 126 130 134

lodine mass number

MU-27062

Fig. 5. Average impact velocity v (A) and kinetic energy in
moving frame (B) associated uith production of I isotopes.
No systematic errors are included.
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Average kinetic energy/Goulomb energy of tangent spheres, E/E¢

Fig. 6.
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