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FRAGMENT PRODUCTION IN THE INTERACTION OF 5.5-GeV PROTONS WITH URANIUM
A. M. Poskanzer, Gilbert W. Butler  , and Earl K. Hyde
Lawrence Radiation Leaboratory
University of California

Berkeley, California 94720

July 1970

"ABSTRACT

The energy spectra of nuclear fragments produced by the interaction of
5.5-GeV protens with uranium have been determined at several laboratory angles
by means of dE/dx.— E measurements with semiconductor detectbr telescopes. Indi-
vidual isotopes of the elements from hydrogen to carbon were resolved and from
nitrogen to argon the study was continued for the elemenfs without isotopic
separation. The evaporation-like energy spectra were intégrated'to obtain angu-
lar distributidns and total cross sections for the isotopes of helium through
carbon. Total cfoss sections for many rare isotopes were also estimated. The
yield sﬁrface constructed from these cross sections has a ridge-like shape
positioned one neutron in excess of the line of beta stability. The yields fall

off more steeply on the neutron-deficient side and exhibit odd-even effects

- reflecting those of the mass surface. The energy spectra of the neutron-defi-

cient isotopes differ from the others in that the high-energy parts of the spectra
areAmore pronounced and flatter, and the angﬁlar diétributions are more forward
peaked.

Some of the energy spectra were fitted with calculated curves based on
the isotropic evaporation of fragments from a system moving along the beam axis.

The apparent Coulomb barriers obtained from this analysis were about one half
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the nominal Cdulomb barriers and the apparent nuclear temperatures fell in the:

10 to 13 MeV range. For the highest energy fragments observed at 90° the apparent
temperatures rése to 20 MeV. From the forward-backward shifts in energy it was
deduced that the average velocity of the moving system is about 0.006 ¢ and that
there is a positive correlation between this velocity and the velocity of the
fragments in thg moving system. However; all of the data.are more peéked forwgrd
. in inteﬁsity than can be explained by this simple two-step model.

Radiochemical cross sections are also presented for the production of

T

. . . 22 SR
Be from uranium, silver, and sluminum, and for Na from aluminum.
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I. INTRODUCTION
This paper describes an'experimental study of fragments ejected from
uranium targets bombarded with 5.5-GeV protons. Fragméhts emerging from a
thin uranium target located in the external beam line of the Berkeley Bevatron
were observed with a telescope of silicon semiconductér defectors. By simul-
taneous measufement of the partial energy loss in a thin transmission detector
and of the total kinetic energy it wés possiblevto distinguish the‘mass and

atomic number of each fragment. Formation cross sections and energy spectra

were recorded at five angles to the beam for the individual isotopes of hydrogen,

helium, 1ithium, berylliﬁm, boron, and carbon. Beyond carbon isotopic resolution
wés lost but it was still ppssible to distinguish individual élements up ﬁhrough
argon (Z = 18) and the high-energy portions of the energy spectra were measured
at three anglgs fo the beam. | |
The substantial formation cross sections, the broad energy spectra, and
the wide variety of the products which were observed reflect the complexity of
these high-energy interactions. Every known particle-stable isotope of the
light elements is formed with appreciable yield'in fhe high-energy breakup of
uranium. We took advantage of fhis fact during the early stages of this research
to search for isotopes which were pfeviously unknown and succeeded in making
the first ideﬁtification of llLi, lhB, lSB, and 170, as feported in two earlierr
publica'tions..l’2 Other new iéotopes in this region have been reported by the

use of a similar technique by a group at the Princeton-Pennsylvania accelerator,3’

and by the use of different techniques, by groups from Dubna5-7 and Orsay.8’9
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Thevcharacteristics of the light fragments cannot be discussed or
interpreted without some consideration of the heavier mass produéts. The.
_general yield pattern for these is known mainly from radiocheﬁical measurements
- on many dozens of nuclides produced by the interaction of uranium with prétons
in the 1 to 30 GeV range. Other products have been determined by mass spectrom-
etry, counting of volatile products in gas counters, neutron counting of delayed-
neutron emitters, measurement of tracks in nuclear emulsions, etc. Although
_theée measurements have beeﬁ extensive they are still quite incomplete because
of the massive task posed by the formation of hundreds of nuclear species. Most
of the work has been done in the mid-mass region as reviewed by Friedlander.lo
Fission products constitute a major part of this group but the yield distribution
is quite unlike that observed for uranium fission for pombardment energies of
50 fo 500 MeV. Méasurementé of other characteristics of those products suggest -
that some mechanism other than normal fission contribﬁtes significantly. Above
mass 170 there.is a gradual rise in cross section Whigh can be attributed to
the spallation prod.ucts.ll

The ¢§ﬁ§éntional description of the mechanism'of high-energy reactions
:divides the process into two stages.l2‘ In the first stage the incoming particle
interacts with the individual nucleons in a quasi-free manner and devélops a fast
nucleonic cascade during which.many nucleons or possibly even small nuclear aggre-
gates are ejected. By the end of this first stage a group of interacting target
nuclei is converted to a distribution of excited nuclei differing in Z, A; and.
excitation energy . In the second stage of the reaction the nuclear excitation
is dissipated by the evaporation of nucleons or nuclear clusters, or by fission.
Becaﬁse the eicitation energy is quite high many nucleons or clusters must be emit-

ted before ‘de-excitation is achieved. :An assumption of this ‘cascade-evaporation

A&
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mechanism is that the two stageé are so well separated.that the.momentuﬁ of the
final nucleus can be decomposed into momentum vector components from each stage.
Critical tests of the applicability of this conventional two-stage model to the
interaction of GeV protons with heavy nuclei have focused.on the study of these
momentum componen'lﬁs.'-]'3

It has been suggested by some authors that_the conventional model must
be supplemented by other reaction mechanisms for GeV bémbardment energies.lh’l5
One such mechaniém was formulated by Wolfgang gz_gi.lh under the name "frag-
mentation" to explain results obtained in the interaction of GeV protons with
lead targets, particularly the behavior of such products>as 18F and 2hNa. . Frag-
mentation is envisioned as a fast breakup of the nucleuévinto two massive partﬁers
induced by the breaking of many nucleon-nucleon bonds in & local volume of the
nucleus. The complex cascades required for fragmentation might include as an
essential element the formation and reabsorption of mesons.

" Literature reports are éontradictory on the necessity to invoke a frag-
mentation mechanism to explain observed fragment characteristics. Crespo,
Alexander, and Hydel6 measured yield and energy characteristiés of 2hNa and
28.Mg produced in GeV proton bombardments of uranium and by an indirect analysis
they concluded that the two-stage model could not adeéuately account for the
data. Cumming, Cross, Hudis, and Poskanzerl7.ihvestigated 224Na production from
bismuth bombarded with 2-GeV protons. By measurement of energy spectra at 3 |
angles to the beam and cross section as a funqtion of angle they were able to
make a direct teét of the model uncomplicated by assumptions applied during the
analysis. They were unable to obtain a self-consistent set bf parameters to

explain the angular and energy distributions on the basis of the two-stage

model.
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On the other hand, several attemptsquzo to account for light fragments
as evaporated particles in the de—excitation stage have been moderately suc-
cessful. Parﬁicularly significant is the calculation by Dostrovsky, Davis;
Poskanzer, ana Reeder21 of the formation cross sections for 9Li,vl6C, 17N, and
other fragments as a function of bombarding energy for many targets including
uranium. These-cémputations involved extensive Monte Carlo calculations of
the evaporation stage starting with a distribution of eﬁcited nuclei taken from
previous Monte Cdflo_calculations of the caséade stage. The computed yields
for these evaporéted products repréduced the experimental trend of cross section
with target mass‘quite satisfactorily.

Studies of energy spectra and angular distributipns have béen made by

Crespo, Cumming, and Poskanzer22 for ngr, 99Mo, 103Pd, }31Ba, and lLLOBa from.

lh9Tb from gold. Both sets

uranium and by Crespo, Cumming, and Alexander23 fbr
of authors cohcluaéd that the obser&ed spectra and angular distributions of
all these isoﬁoﬁes‘were consistent with a two-step model.

Kaﬁcoff, Béker, and Pbrilégy measured’BLi fragments by -emulsion. tech-
niques from Cu, Ag, and Au targets bombarded with 2-GeV protons and compared
the observed energy.spectra with spectra computed from the cascade-evaporation
model. Distributions of residual nuclei obtained from é previous Monte Carlo
calculation of the cascade step were subjected to a second Monte Carlo calcu-
lation to determine the properties of 8Li fragments formed by evaporation from
these excited residual nuclei. The authors concluded that evaporation theory
can account for some of the features of 8Li emission in high-energy interac—
tions. The main shortcomings of their calculation lie in its failure to match

the strong forward peaking of the angular distribution and in its inability to

L
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account for the emission of the highest energy fragments.' Grigor'ev gE_g£.25
used nuclear eﬁulsions to study the characteristics.ofzaLi emiﬁted by thorium
targefs bombarded with 660fMeV.prot6ns. They alsovemployed'a tascade~-evaporation
Monte Carlo technigue to compute the expected energylsPeétrum for.
comparisdn wifh the data. fhése authors found very boqr,agfeement of theory
and experimeﬁt?énd concluded_fhat the observed fragménts éould not b¢ described
by statistical é#apdration‘.theory.

In sﬁitélof thé.ébnsiderable-amountaof work that has been done a completely
definitive test §f the'adequac& of'inédequacy of ﬁhe caScade—eVaporation model
has not been made because -of fhe_spafseness of the e%befimentalfdata and the
great cdmpiekity,of the Monté Ccarlo calcuiationé for thé'twoifeaction stages,
which forceS’ﬁhe:usé of many #pproximations. These difficulties are. compounded
by major uncertainties in important details of the tﬁedry; Howéver, interesting
new ideas cohcerning evapofatién from nucleivbefore equilibratién of energy, so

-29

called pre-equilibrium'emissibn,2 suggest promising ways for future treatment
of the indeterminate region between the two stages of tﬁe cascade-evaporation
model.

The experimental results presented in this paper cannot by themselves
resolve fhe questions raised above. It is clear,.however, from an examination
of the published literature,.that the determination of yields and ehergy spectfa
at several angles to the beam for é variety of products is a pierequisité for
a stringent test of the calculated results of any reaction mechanism. It is a:
major purpose of this work to provide an extensive set of such data for a large
number of fragments for a specific reaction system.

The semiconductor detector telescope seemed the appropriate tool to

choose for this purpose. Past developments in particle identification systems
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at this laborator&so provided the capability for cieén identification of parti-
cles by nuclear charge and mass and this capability is ideally suited to the
study of the ﬁide Qaﬁiety of fragments froﬁ high-energy reactions. The method
does suffer from a low-energy cutoff that increases with.fragment chargé but

the majority of the fragﬁents with Z < 6 in the case éf uianium targets have
enérgies exceéding this cutoff energy. The semiconductor detector telescope

then makes it possiblé to measure all_fragments above this cutoff energy which
have lifetimes‘ionger than the time-of~flight to the detectors. Since this time
is of the order bf ten nanoseconds the onlyvfragments.which decay before detection
are those formed.in excited sﬁates unstéble towafd particle emission. Products

9

like 8Be or “B which are particle—unstablebeven in ﬁhé ground state are missiﬁg
'entirely from the particle spectfa. This sahe remark épblies, unfortunately,
to the hyperffagments which are known to be formed in'appreciable yield in the.
intefaction of 5-GeV protons with complex targets;3l the longest decay time fbr
a hyperfragment'is of the ordef of lO-;Q seconds. o

The advantages of the semiconductor detector télescope are that in a
single in-beam ekperiment it is poésible to_idehtify‘all the isotopes of several
elements, including stable and radioactiﬁe forms; In addition, the energy
spectrum of each of the identified nuclides is obtained. In a series of measure-
ments taken at several angles to the beam the change in the energy spectra as
a function of angle can be studied and by integration of these energy spectra
it isrpossible_tQ determine the angular distributions of the producﬁs. This
experimental method is thus much more powerful than thé'radiochemical or emul—
sion techniques used in érevious studies of fragments ffom uranium. In fact,

radiochemical yields have been measured for only those few nuclides which have

suitable half lives, and it has been emphasized that in this light mass region

<
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it is the. stable isotopes which have the higheSt'yields.l5 A summary of all the

previous data on yields of products below mass 30 from uranium bombarded with

32-37

GeV protons is shown in Table I, Previous studies of energy spectra of

fragments from any heavy element bombarded with GeV protbns have been even more
limited. One is the study of ghNa produced in the bombardment of bismuth with

2-GeV protons cited earlier.l’r Others are emulsion studies done by Katcoff on’

38

8Li fragments ffom uranium™  and gold2h bombarded with 3-GeV protons, by Gajewski,

39

Gorichev, and Perfilov™ on 8Li fragments ejected by lead nuclei bombarded with

9~GeV protons, and by Gorichev, Lozhkin, and Perfilovho on Li, Be, B, and C frag-

ments from tantalum and lead bombardedvby 2 to 9+GeV protons.

b1,k2

Semiconductor detector telescopes and other particle identification

43, bk for measurement of Li, Be, B, and other

techniques have been used previously
light fragments emitted as a third particle in spontaneous fission or thermal-

neutron induced fission. The reported fragment characteristics are quite dif-

ferent from those observed in our high-energy study.
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II. EXPERIMENTAL

A. General

i

The expériments were done in a 36-in. diameter evacuated target’' chamber

installed in the 5.5-GeV external proton beam of the Bevatron. The beam con-
sisted of 0.8 séc_pulses éontaining about 3XlOll protons, repeated every six

seconds. This beam was focused by several sets of quadrupole magnets and its

size at our target location, five feet upstream from a focal point, was typically

1/2 in. wide by 5/8 in. high. However, there was a diffuse halo of lesser

intensity ovef'a considerably larger area even though there were no other

targets upstrea@ from ours. The contribution of this halo to background effects

was reduced by the use of large“beam'entrancé and exit pipes and the use of a target

support with a minimal‘amount5of-ﬁateriéi'withiﬁ-sevefal.inches of the central
beém spot. A drive mechanism located in the top of the chamber could be |
remotely operéfed to lower the targéf into the beam or té withdraw it. The
target was rofatéd so that the perpendicular to the target was at either 55°
or 125° to the_Beam depending on whethér tﬁe fragment»teiescope was in the
forward or backward hemisphere. |
The fragment telescope coﬁsisted of three or four phosphorus-diffused

or lithium-drifted siliconvdetectors with associated collimators mounted on an
aluminum block which in turn was mounted on a moveble arm which had its pivot
point in the center bf the chamber directly under the target. The position of
the aluminum biodk supporting the detectors could be‘édjustedvrédially before -
the chamber was closed. The angular position of.the ﬁbﬁable arm could be
'adjusted'remotély. Possible angulaf settings of the télescope with respect

to the beam line ranged from 20° to 160°.

<

[
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The fragment telescope consisted of one or two AE (transmission) detec-
tors of 20 to 250 um thickness,;an‘E detector of 100 to SOOO-um’thickﬁess, and a

rejection detector, E , which was used in an anticoincidence mode to exclude

rej

long range particles which did not stop in the E detector. These detectors

were incorporated in an identifier system of the power-law type;BO The overall

system is shown in Fig. 1 and a detailed description may be found elsewhere.3o’h5_h7
Particle identification was based on the fact that the range, R, of any particle of
interest in' this study could be approximately expressed by the empirical relation-
ship, h = a&p, where.: & is its energy, g_His“aiproporfionality.constant with a
.specific valué for each partiecle . . for a given.value ofvgg and b 1is an

exponent which, in the energy. range.of interest. here, vaties with. 2 appréki-

(mately as follows: b = 1.7 for Z =1 and 2, b = 1.6 for 2= 3 and 4, b = 1.4

for Z = 6—11, and b = 1.2 for Z = 12-18. if"we définev T as the thickness

of the AE detector it is possible to derive from the above relationship the

following expression,

T/a = (E + AE)b - Eb ,

which has the useful feature that the quantity T/a is a constant for a parti-
cle with a given Z and A regardless of the energy of the particle. The
particle-identifier system uses analog circuitry to perform the operations on -
ﬁhe E and AE signals given on the right side of this expression and to genefate
an output siénal proportional to T/a for each recorded particle. This signal
is referred to as the particle ideﬁtification signal. At the same time the
total energy (E + AE) also appears as an output signal.

In some experiments in which the best resolutién of neighboring iso-

topes was required the telescope included two AE detectors and the signals
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were manipulated in a way to derive two different identification signals. The
identification was accepted only if these two signals'agreéd within preselected
limits. In this éase the final output signal was obtained by summing the sig-

"nals from the two AE detectors. (See Ref. 45 for a discussion of double AE
systems ofvthiévtype.)

In the operation of the particle~identifier syétem the'#aluebof the
exponent B_was”determined empirically by collecting particle spectfa for short
periods of time at different settings of the circuit element which controlled
b until the best pérticle specfrum was obtained. Decisions on the most likely
range of éhoices of b and other matters concerning setup for the_experiments
were greatly fgcilitated by the use of range—energy and.energy;loss computer
programs written at thisvlaboratory.h8’h9

The particle-~identifier signsl and the totai'energy signal for each
event were passed to an analog-to-digital converter and from there to a small
compﬁter. After a preliminary collection of data, digital markers were set on.
the oscilloséope display around specific peaks in the pafticle spectrum. Theée

were used in subsequent data collection to sort event-by-event and to construct
histograms of'fhe energy spectr# corresponding to specific nuclides in the par-
ticle spectrum.

Accurate beam monitoring was of great importance. A beam monitoring
device which measured the current of secondary electrons knocked out of aluminum
foils in a vacuum chamber was installed in the beam line downstream from our
chamber and provided us an approximate measure of the beam intensity useful fof
set-up purposes but quite inadequate. for gquantitative work. For precise rela-

tive measurement of the beam intensity we installed a monitor telescope on an

<
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aluminum block fixed at 90° to the beam and located on the opposite side of

the beam line from the fragment telescope. This monitor teleséope, which was
always positioned at the same distance from the target.as the fragment tele-
scope, consistéd of a 136—mg/cm2 aluminum aﬁsorber foiidwed by_lZlmum and 117-um -
phosphorus—diffuséd silicon transmission detectors. This telescope, with
appropriate amélitude and coincidence requirements setvon:its electronic fulses,
recorded a spectrum consisting of 90% alpha particles (the remainder being 3He
and 6He pafticles) with an energy range of 40.0 to 42.8 MeV (incident on the
aluminum absorber). High-energy alpha particles’were used to monitor the experi-
ments because their yield was not distorted by contributions from the inferaction
of stray protoné with the low-Z materials of construction in the chamber or tar;
get mount and . also because negligible corrections to the monitor were required

when targets of different thicknesses were used. In order to convert these

relative yields based on the monitor telescope to an absolute basis it was

necessary to know the yield of at least one product. - For this purpose we deter-

7

mined the radiochemical yield of 'Be, as discussed in the Appendix.
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B. Details of Targets, Detectors, and Electronics

1. Uranium targets. Three different uranium targets 1.5 in. wide by

1 in. high were used during the course of these experiménts. All of them were
centered on a.piece of 0.00025 in. Mylar (l mg/cmz), which was in turn fastened
to an aluminum>frame that héd a 6 in. wide by 3.5 in. higﬁ hole in it. A

27.5 mg/cm2 uranium metal target was used for the inveétigation of the high
energy portioné_of the fragment energy spectra while.é‘lo mg/cm2 uranium metal
target (obtained from Oak Ridge National Laboratory) Qasvused to study inter-
mediate energy spectra. Low energy épectra were recorded on fragments from

a térget made by evaporating UFh to a thickness of 0;7 mg/cm2 (0.53 mg/cm2 bf
U) onto a Mylar backing. Backgfound measurements were made to determine the
contribution'éf‘the Mylar backing to the‘fragment energy spectra and the moni-
tor counting rate. These contributions were usually small except in experimenﬁs
made on the lighfer isotopes with the UFM tafget.

2. Detectors and collimators. Most of the detectors were phosphorus-

diffused silicon transmission detectors 5 mm wide by 7 mm high, except for the
Erej detector which was 8 mm wide by 10 mm high. These detectors were made by
the semiconductor device group of the Nuclear Chemistry Division. Each detector
was supported on an aluminum plate which was'positioned above the aluminum block
base by mounting pins which assured the accurate alignmént of the detectors

with respect to each othef and at the same time the eaéy'substitution of one
detector for another. Rectangular copper collimators with dimensions of 4 mm
wide by 6 mm high were placed in front of the first detéctor and in front of

the E detector. Both collimators were 0.80 mm thick exéept in those experi-~

ments involving the study of Z = 1 and 2 fragments in which case both

Q.

g
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collimators were 1.86.mm thick. The distance from the center of the target fo
the E detector collimator was 21.7 cm for low—yieid»experiments aﬁd hi.6 cm
for high—yield experiments.

In experiments whose purpose was to measure the energy spectra'of
particles ﬁhoée ranges were too greét for the available'phosphorus—diffused
detectors (300 um or less) circular lithium-drifted silicon detectors of 1 cm
diameter werevused; In 6rder to reduce the leakage current and to decrease
the rise time of the pulse from E detectors of this typé with thickness 21.5 mm
a thermcelectric éooler was used to chill the detectors to -20°C. |

Table II is a listing of the many counter telescopes which were used in

"this work. The fundamental reason for the variety of telescopes was that it

was not pracfical to measure the energy spectra over a wide range and to
achieve good particle resoclution fér all particles with a single choice of
thicknesses for the AE and E detectors.. The quality of the particle spectra
obtained.with three different telescopes, all empldyingta 6l-um' AE counter is
shown in Fig.>2. The particle spectra for the telescopes using a 20-um AE
counter were not as good but they allowed us to extend the measurements to
lower energies. Parts of the energy spectra alwayslbfeflapped and in some
cases where thefe was a discrepancy.the 20-um date were normalized to the data
of the thicker telescope. Also in the case of teleécopes usiné a S-mm E
counter, pile-up effects distorted the particle spectré and these results were
normalized where they overlapped with data from thinnérvtelescopes. In cases
where two AE cbunters were used, the valleys between tﬁé peaks were deeper aﬁd
then the rarer isotopes could be distinguished (see Réf. 1,2). Pigure 3 shows
a particle épectrum from a telescope with a 20—um'AE counter’ in which élement

resolution was achieved but individual isotopes were not separated.
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3. Electronics. Each detector was connected by a short length of cable
to the input of avchérge—sensitive preamplifier, which in turn was connectéd by
100 ft of 125-Q céble to the counting area. The signals'were fed into linear
amplifiers with_delay—line shaping and an integrating time constant of 0.1 uéec;
Amplifier clippiﬁg lines were 0.l usec long except for those experiments utiii—
zing thick (Z 3 mﬁ) E detectors, in which case the clipﬁing lines were 0.8.u§ec
long. A pilefup rejector, which had a resolving time of 50 nsec, was used to
reduce the background due to chance coincidence events. The pile—up réjector
(details are described in Ref. 45) genérated two different logic signals; the
firstvoné was‘sent to the Erej_coincidencé circuit whenever one of the leading—
edge discriminators in the pile-up rejector detected an event in any one of the
fragment detectors. The second logic signal, which was the valid event signal,
went to the master coincidence circuit whenever an evenﬁ metrall the require-
ments of the p?le-up rejectér. A crossover pickoff signal from the Erej detector
was fed into the Erej coincidence circuit and if there was a coincidence between
this signal and thevsignal from the pile—up rejector, then an anticoincidence

signal was sent to the master coincidence circuit. This Ere coincidence require-

J
ment greatly reduced the dead time due to anticoincidenqes because most of the
Erej counting rate was not COrrelgted with counts in the other detectors. The
valid event signal from the pile-up rejector was not used as the input to the
Erej coincidence circuit beéause it occurred too late.

The determination of an.energy scale up to 200 MeV was important for
these experiments and it will be discussed in some detail because it differed
from conventional pulser techniques. A pulser, which ﬁas located in the counting

area, supplied both a dc reference voltage and a frequency signal to a transistor

chopper, which was attached directly to the test input of the preamplifier.
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(See Ref. 45 for more details of this pulser.) The maximum voltage step that
was fed into the preamplifier test capacitor vas i.OO V, and this voltage, when
fed into a carefully calibrated L4.425 pF test capacitor, corresponded to an
energy of 100 MeV absorbed in & silicon detector. Thés§ numbers are based on
the accurate determination by Pehl, Goulding, Landis, and Lenzlinger,50 of the
average energy expended for electron-hole pair generétion in silicon; which was
found to be 3.62 * 0.02 eV at room temperature. This pulser was always found
to be in agree@ent with low energy alpha particles whene?er a natural alpha-

source calibration was made,

C. Computer Systems and Programs

1. On-line PDP-8 system. The on-line computer system that was used

to record the data is shown in Fig. 4. A Digital Equipment Corporation PDP-8
twelve-bit 4096-word computer (cycle time of 1.5 psec) was interfaced, through

a data bresk system, to a movable-head disk (Data Disc, Ine.).with 128 different
tracks, each of which contained 29 individually accessible sectors of 128 twelve-
bit words. The disk, which made one‘complete revolution every 50 msec, also

had three fixed-head tracks,.each containing 29vsectorS'of 128 words. Two of
these fixed-head tracks were used, on an alternating basis, for the hardware
oscilloscop¢ display, (this freeing the computer from-continuqus display calcu-
1ations)'while the third fixed—head track was ﬁsed asra buffer storage area.

The large memory of the movable-head disk permitted thé permanent storage of
both compiled aﬁd uncompiled‘computer programs, thereby largely eliminating the
need for paper tape input/output and greatly facilitating the editing and recom-

pilation of programs. The computer was also interfaced through the data break
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system to an Ampex TM7 IBM-compatible magnetic tape upit which was capable of
writing and réading at 556 or 800 bytes per inch. The computér was interfaced
to several scalers which recorded the various counting rates that were essential
for the accurate determination of cross sections relative to the monitor.

It was mentioned in Sec. A that the output of the particle identifier

)b _ Eb

system consisted of a particle identification pulse proportional to (AE + E
and an Etotal pulse equal to AE + E. These two pulses;\'together with the AE
and E signals, were presented to the computer system for:eéch event. Pulse
stretchers, aimultiplexér,sl and.an analog—to—digital'éonverter of the successive
binary-approximation typesg was used to encode these four input pulses one at a
time and send them to the computer as 10-bit numbers. The ADC took about 25 usec
to digitize each pulse and the multiplexer-ADC—cqmputer system processed one
four-parameter event in approxiﬁatély 200 usec. | |

Because of the pulsed modé. of.the beam, the fol;owing technique was
used for data collection by the computer.53 When the beam-on signal was received
by the computer, a data-taking program was .read into the computer from the movable-
head disk in approximately 0.15 sec. This program used a buffer system (each
buffer contained 127 events) to write the incoming data onto one of the fixed-
head tracks of.the disk, as well as to write the raw data onto magnetic tape;
After the beam went off, the caomputer used the data on the fixed-head track to
update the histograms, which were stored in double precision on the movable-head
disk. Then the display programs were read into core from the disk and the
oscilloscope displays were recalculated. The raw~data magnetic tape could be

used to sort the data after the experiment if necessary. It also provided the

flexibility of reprocessing the data digitally at the Control Data Corporation
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6600 computer to do particle identification and data sorting entirely independent
of the analog electronic system of-particle identification uéed on-line. This
feature of the data reduction system is not discussed further because all results
presented in this paper were obtained.from the analog e&stem.

Three different kinds of histograms were calculated by the computer and
any one of them could be displayed on command. The first histogram was a 512-
channel particie spectrum. Digital markers could be set around any peak in the
particle spectrum and viewed on the oscilloscope. The iﬁcoming data were sorted
on the particle identification pulse, and for%eaqh”pulse'which“fell between a
pair of markers the corresponding total energy pulse was stored in an appropriate
buffer. A total of 24 digital markers was evailable, thus allowing the simul-
taneous storage of 12 different energy spectra, each of which could be displayed
as a 128-channel energy histogram. The third kind of histogrem was a two-para-
meter matrix of particle spectrum versus total energy #hich could Be shown as
either a contour or an isometric display. These lattef displays were quite use-
ful in determining whether the: proper value of ﬁhe expenent b was being used in
the particle identifier.

2. Final data reduction at CDC-6600. Whenever a particular experiment

was completed, the updated histograms‘were written onte magnetic tape and these
tapes were taken to the CDC-6600 computer for further processing by different
Fortran computer progrems written by one of us (G.W.B.). The first program
transformed the raw energy spectra to hisfograms corrected for absorption in the
target and in any absorber, such as the dead layers ofvthe detectors (typically
a total of 1.2 um thick). The analytical method used for these range—energy

54

corrections was obtained from Bichsel and Tschalaer, and was based on an
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exponential fit of the type R = a8 to calculated range-energy tables. In general,

several sets of parameters were needed to cover the enérgy range of each frag-
ment that was studied. It should be pointed out, however, that these corrections
to the energy spectra were usually small. After corrections were made for the
-fraction.of the events rejected by the pile-up rejector, and the fraction of

the events lost'ﬁecause of computér dead time, the correéted counts per MeV
relative to ﬁhe menitor were calculated.. When two AE detectors were uéed the
data were also corrected for the fraction of the events that were not accepted
because of the‘requirement that the two identifications agree. Linear or semi ~
logarithmic plots of thesé corrécted energy spectra were obtained froﬁ this

program, which also produced semi-logarithmic plots of the particle spectra.

The second computer program, which displayed the corrected enérgy spectra.

on a large oscilloscope, was an on-line CDC-6600 program that worked on an
interrupt basis.'vA light pen andva command éonséle were used to communicate
with the compﬁter.- It has been mentioned previously £hat it waé necessary to
take data in fﬁo or more experiments with different telescopes in order to

cover the majqr regions of the energy spectrum. This program was capable of
making background subtractions and plotting the data for each nuclide from the -
several different experiments on.one oscilloscope display. A light pen was used
to draw a smodth.curve through' the combined data points and in most cases it was
possible to eXtrapolate fhis curve to zero energy. Examples of semilogarithmic
oscilloscope displays of three sets of data points.andvof the smooth curves drawn
through the data are given in Fig. 5 for three different nuclides. The smooth
curves were integrated by the computer to determine the relative differentiai

cross sections (d0/dQ). These angular distributions were then integrated to




-19- _ UCRL~-18996

obtain totai cross sections. All of these relative cross sections were normalized
to absoiute cross sections on the basis of the radiochemical determination of

the yield of 7Be produced from the bombardment of uranium with 5.5-GeV protons.
This cross section was determined to be 17.6 mb and is described in the Appendix.
Many of the figufes presented intthis paper were drawn on the basis of a pre-
liminary value of 16.0 mb; in these cases the figure captions indicate that the

data should be raised by the factor 1.10.
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ITI. RESULTS.

Thé results for the laborafory energy spectra'are shown in Figs.‘6 to
12. In general the curves have the appearance of Méxwéllian evaporation spectra
and the data in most cases cover an adequaté range Below'and above the maximum
yield to reveal the major characteristiés of the distribution and to permit‘the
integration of the curvesvin order to derive the angular distributions. For
the hydrogen isbtopes and for 3He the particle ranges were so great that it was
not possible to measure the high-energy regibns of the spectra with the semicon-
ductor detectoré.used in these experiménts. Inspection of the séfies of figures
reveals that the experimental low-energy cutoff moves to higher energies as frag-
ment Z increasesvuntil at carbon it falls near the maximum in the energy sﬁec—
trum. Nitrogen‘isotépes cduld not be resolved using our thinhest A% detector and
therefore near the maximum the energy‘spectrum could not be measured. Thus we
were unable t¢ ﬁerform the integrations requiredvto determine the angular dis-
tributions and total croés.seétions fof individual nitrogen isotopes.

For the isotopes cf the elements helium through_carbpn a feature of the
curves is thét_the eross séctions in the labofatory syétem increase at the more
forward angles apd'the maxima move.fo slightly higher energies, aé would be
expected if the évapqrating nucleué has an appreciablg forward momentum com-
ponent. It may also be remarked that a greater fraction of the energy spectrum

3 T

of neutron-deficient isotopes like “He and 'Be oécups at high energy than is
the case for the other isotopes of these elements. This is much more evident
in Fig. 13 where all the curves at 90° are displayed in a sémilogarithmic plot.
Here all the solid curves display about the same slopes at high energy, but th¢

broken curves, which represent the most neutron-deficient isotope of each elemént,

L
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are distinctly fiatter. Within the framework of the cascadé—evaporation model,
this would indicate a higher temperature or larger deposition energy for those
cascades which lead to neutron~deficient products. Aléo in this figure it can
be seen how the peaks in the curves move to'higher energies as Z increases, as
would be expected from the increased Coulomb barrier.

In Fig. 14 the element energy spectra are displayed for the three angles
that were measured. It is surprising that. the differential cross sections for
carbon through argon are so nearly equal over the observed energy range. Of
course the higher Z elements would peak at higher enérgy; gnd therefore the total
cross sections probably decrease somewhat with increasing Z. In the backward
direction the differential cross sections even increase with Z, indicating that
the angular distributions are becoming more isotropic as the products get
heavier. |

The laboratory angular distributions that were obtained by integrating
the energy speqtra of those isotopes that could be extraspolated to zero energy
are shown in Fig. 15. Except for the hydrogen isotopes, whiéh have a signifi-
cant cutoff on the high energy side, all the angular distributions are similar.
However, closer inspection shows that some of the neutron-deficient isotopes,
for example 7Be and llC, are more peaked forward. If the 3He data were not cut

off at 100 MeV its angular distribution also would be more peaked forward, as

*can be seen from Fig. 7. The angular distributions were also integrated to obtain

the fractions forward and the fractions backward for all the isotopes and the‘

results are presented in Table III.
Integration of the angular distributions yields the total production

cross sections shown in Fig. 16. In the case of 3He an extrapolation of the
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energy spectra to higher énergies was made which resulted in the numﬁer shown
being 2T7% larger than that obtained from the data below iOO MeV. In the case
of the hydrogen isotopes an extrapolation to higher energies was not feasible
and therefore no cross sections are shown. All the othef approximate cross
sections were obtained from ratios of peak areas in our best particle spectra.
For this purpase our published spectra,l’2 as well as a few uﬁpublished spectra
were employed. The proéedure used was to meke a semilogarithmic plot of the
ratio of a knownbcross section to its peak area verSué the channel number of the
peak. Then sﬁooth curves of the experimehtal bilas were dfawn for each Z and
these were simply extrapolated for the rarer isotopes. Ratios of cross section
to peak area were read off these curves énd used with rére isotope pegk areas
to obtain the nﬁﬁbers shown. In addition to the obvious prdblem resulting from_
an extrapolation, this procedure emphasized the high energies and forward angles
because the teléécopes used had thick AE counters and were oriented at 30° to
45° to the beam. This should not cause much trouble for neutron-excess iso-
topes, but it probably means the cfoss sections given for 8B and lOC are too
high. The contour lines have been drawn in Fig. 16 by logarithmic interpolation.
For the purpose of extending these contour lines through nitrogen, rough esti-
mates were mgde_of the cross sections for the nitrogen isotopes.55

The main feature of the ridge-like yield surface is that it is fairly
smooth with small wiggles along the sides. This smoothness is surprising because
many of the isotopes have oniy one bound level. The wiggles along the sides afe
the result of an odd-even effeét. This can be seen from the fact that in most

of the even-even nuclides the contours tend to bulge out and in the odd-odd

nuclides they tend to dip in. In evaporation calculations it is known that
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there are two causes of odd-even effects which go in opposite directions. The
odd-even effects in.the ﬁass surface, which enter through the Q-values, favor
the yields of eQen-even nuclei and disfavor odd—odd nuclei. The odd-even effects
of the level denéity, which enter through thé parameter §, do,the reverse. It

is clear thaﬁ'the odd-even effecté of the mass surface are feflgcted in the
present dsta. In‘the yield surface the ridge lies on the neutron-excess side of
the valley of beta stability, as can be expected because uranium has many more
neutrons than protons. The ridge is about one neutron in excess of the line of
beta stability. 'The yields fall off more steeply on the neutroﬁ—deficient sidé,
perhaps even more steeply than indicated in Fig. 16 because our estimate of the

8 4 | | |
B and loC yields may be too high. As an example of this steep drop off we cite

the fact that we did not observe 9

C. The characteristics of the neutron-defi-
vcient isotopes--namely, low yields, more pronounced forward peaking, and mofe
pronounced and flatter energy spectra at high‘energyé;aré allvéonsisfént with
their formation as a result of higher—deposition~energy gvents in the knock-on
cascade.

The cfoss sections were summedvat each A and also at each Z to give
the mass-yield and charge-yleld data shown in Table iV. In order to extend the
charge~yield.data up to sodium the element energy spé¢tra of Fig. 1k were inte-
grated with the help of the curve fitting program to be described below. The
cross sectioﬁs ére plotted in Fig. 17. Of course theré are no pérticle—bound
nuclei at mass 5 and the dip at masses 8 and 9 are dﬁe partly to the absence
of 8Be énd 9B. If one corrects both curves for the missing particle-unstable

nuclides as estimated from the contours of.Fig.'l6, then the dips fill in some-

what. In the mass yield curve, except for mass 9, the odd A isotopes are higher
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and, in the charge yield curve, even though the effect is much smaller, the even
Z nuclei tend to be slightly higher. BSince for each even A there should be as
many odd-odd nuclei as even-even, one would expect the odd-even effect to dis-
appear in the mass yield curve. The residual effect seen is probably due to the
narrowness of the yield surface and the position of the ridge with respect to
these particular isotopes; The charge yield curve has decreased to a level of
31 mb at Z = 11.- This would indicate that the mass-yiéld curve should continue
to decrease to about the 15—mb level at an A of about 2&. The iﬂtegral of the
charge yield curve frém lithium through sodium is 850 mb.

The éétimation of experimental errors‘on all the results presented ﬁere
is ‘quite diffiéult. Same of the better energy spectra Wefe shown in Fig. 5.
Repeated integrations of these curves with different extrapolations to zero
energy always gave agreement to better than 5% for the areas under: the curves.
However, of the angular distributions shown in Fig. lS,lthose for 8He, 9Li, and
the carbon isotopes are less accurate. The cross sections .shown in Fig. 16 are
probably accurate to 10% for those obtained by integration of their angular dis-
tributions and to 30% for those estimated for the rare isotoPes from particle
spectra at only one angle. In addition the 8B and loCvcross sections may be
systematically.high. Of course to all these errors must be added the 9% abso- .

7

lute error of the Be cross section which is described in the Appendix.
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IV. DISCUSSION
A. General
Although the data presented in this work are useful for learning the
characteristics of fragment production, the ultimate purpbsé of these measure-

ments, as mentioned in the introduction, is to obtain a better understanding

‘of the interaction of high energy protons with complex nuclei and also the

de—excitation>of highly excited nuclei. As a preliminary.form of analysis we
have done qualitative curve fitting to some of our spegtra employing a reasonable
functional form having a small number of parameters. The purposes of this curve
fitting were threefold. First, we thought it desirable to test the data for
consistency with the two-step model. This ié a necessary requirement for later
interpretation. of the data in terms of the cascade-evaporation model as it has
been applied in the past. Secoﬁd, because of the mass of graphical data in this
paper,‘it waé-thought that a few parameters describing the data and the trends
in the data would be useful. However, it was realized that quantitative fits
to all of the spectra with a simple functional form would not be possible.
Third, we wanted to integrate some of the element energy spectra to extend the
charge yield curve beyoﬁd carbon. It was thought that.fitting a simple functional
form and extrapolating the parameters of this fit to the incomplete higher 7
curves would be the best method.

The.functional form chosen was that of a smeared Maxwellian shifted by
an effective Coulomb barrier and isotropically distributed in a system moving
forward with respect to the laboratory system. Thus in the moving system the

energy spectrum of a fragment was taken to be
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(k.)+A

-(e~kB) /T

P(E) = (E—k.B) e 1 £ > kB )

k-—Xk)-A

where T can be called the nuclear teﬁperature and (kb>B, the effective Coulomb
barrier. The smearing, needed to reproduce the widths of the experimental spectra,
was achieved 5yvsumming calculations for several values of k from A below {(k?

to A above (k). The nominal Coulomb barrier, B, was éélculated with a radius
parameter of 1.44 F and with the assumption that the emitting nucleus was 2§2Rn.'
The energies were corrected for recoil and related to a velocity in the moving .
system, V, by the equation

2.

2208 o oLy vE

220

N+

The law of cosineS'waé neglected and for the 90° spectra, the velocity in the
lab, VL’ was:taken-equal to V. Thus at 90° the laboratofy energy, E, was equal
to 8(220—A)/220.v To calculate V. for the 20° and 160° spectra the velocity

of the moving system,lv; was simpiy added to and subtracted from V, respectively.

The laboratory cross section was calculated from

This is proportional to P(e) VE/e /(dVL/dV). The quantity dVL/dV was not

equal to unity because it was found necessary to introduce a correlation between

v and V. The correlation function adopted wase3

v-S{v) _ v -(v)
BECE I €7 N
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The quantity (V) was taken to be the root~mean-square V obtained from the
average energy,‘(s ), which is equal to <k,)B + 21 for'Maxwellian spectra.
Thus the parameters used in this fitting procedure were T, {k?), A, {v), and
n. The’ flttlng was done simply by comparing families of computer -calculated
curves to the data and selecting by eye the best fits. An example is shown
in Fig. 18. The parameters T, (k) , and A were adjusﬁéd for the 90° data,
(v ) from the shift of the peak between the 20° and 160°.data,eand n from the
change in slope above the peak between the 20° and 160° data. A more sophisti—
cated flttlng procedure was not Justlflable, because even w1th these five para-
meters good fits_were not obtalned. 'The major discrepancy was that the data
. indicated that more than one ?alue of T was necessary. However, instead of
complicating the functionai form by adding more psremeters we fit the data
mainly near the peaks of the curves, and in addition ﬁe obtained the apparentb
T at the highest energiés meagured, |

The fesuiting parameters are shown in Table V for some representative
isotopes and for the elements through Na. The second column lists B, the
nominal Coulomb barrier calculated by the simple prescription described above.
The third column lists (k ? , the fraction of this nominal barrier which appears
to fit the data. For the last few elements this parameter is less well deter-
mined and obtained partly by extrapolation from the lighter elements. For the
lightest elements the effect of tunnelling through the Coulomb barrier is included
in this constaﬁt. However, the striking feature is the constancy of the effective
Coulomb barrier at about one half the value of the nominal Coulomb barrier. This
conclusion is only slightly affected by uncertainties in the choice of the
radius parameter or in the choice of the evapora-

ting nucleus. The fourth column, A, is not the uncertainty in (k ), but the
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amount of smearing of k needed to fit the widths of the spectra on the low energy
sides of the péaks. This is the least well determinéd of all the parameters since
it is sensitive to the data points.just above the low energy cutoff. The fifth
column lists-the_experimentally observed energies of the peaks in the 90° spectra.5
The sixth colﬁﬁn liéts T, the apparent temperature ébtained from energies just
above the peak. .The values are all 10-13 MeV éxcept thosé for hHerwhich.\is lower-
(6 MeV) and 7Be which is higher (15 MeV). The sevenﬁh column lists T the
apparent temperéturé obtained frbm the lepés of the 90°.spectra at the highest
energies measured. It is seen that the spectra of the heavier elements tend to
exhibit a single temperature up to the highest energies measured, while the
lighter isotopes, especially the neutron-deficient ones, exhibit very high apbarent
temperatures in the high energy portion of their spectré.. How prominent thesev
high energy regions are is not éonﬁainedkin.Table v but éan be seen in Fig. 13.
For most of thevisotopes they represent a tiny fraction of the total yield. .How-
ever, for all the neutron-deficient isotopes thej are more signifiéant. The last
column contains {v ) /c, the average velocity of the moving system in units of the
velocity of light. This was taken from the shifts of the peaks between the 20°
and 160° spectra and should actually be divided by the cosine of 20° (0.9h4).
Except for hHe iﬂ appears to average about 0.006 which is 0.18 /ﬁéﬁ?@ﬁﬁi

In the aﬁsence of a correlation between V and v the slopes at high enefgy
would be equal at all angles. It is obvious in Figs.ﬂlh and 18 that the high
energy data are flatter at the forward angles and steeper at the backward angleé.
~This was accounted for by a positive correlation with a value for n, the cor-

relation parameter, equal to 2 in.all cases. A positive correlation is con-

sistent with the higher energy evaporated fragments coming from the higher

¥
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deposition enefgy'knock-on cascadés which are known to havé higher deposition
momenta. Thié value of n was well determined for thé eleméntrenergy spectra

but not éo wéll detérmined for those isotopes which pr@ﬁinently exhibited multiple
values of T. ‘HOWeVer, there is no doubt thét in all éasés the vaiué 6f n was
positive and éignificant. Suéh,a positive value causes the peak héights at the
forward angles to'be lower than at the backﬁard angles;v'This is clearly at-
variance with all the data shown in Figs. T7-11. The_casé fof llB is shown in

Fig. 18. Thé‘calculated cur&es c#nnot account fdr the'amouﬁt of forward peaking
exhibited by the data., This is also true for all the other data in this paper.

If n were set equal to zero, the conclusion would not be changed because the
value of n does not change the area of the-curves. The disorepancy ‘in peak héights
would not be és great; but then the regions juét above the peaks would disagree
more and in facf exhibit the wrong slopes. The problem may be stated simply as
follows. When one goes from backward to forward angleé,.fhe value of (v} infer-
red from the increase in energy of the peaks is not sufficient to explain the
increase in heights of the peaks. Thus we ﬁust conclude that the angular dis-
tributions are peaked forward in this ﬁoving system or, conseguently, that the
two-step model is not valid for these data.

Thus high nuclear temperatures and forward-pesked angular distributions
are characteristics of these reactions. It may be that eventually both these
effects will be calculable with a model for pre—equilibrium evaporation which
smoothly describes the transition from the knock-on cascade to the conventiopal
evaporation. Alternatiﬁely, gome other feature of high—energy reactions may be

the cause of these effects.
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Another dramatic characteristic is that the fitted Coulomb harriers are
only about one half the nominsl Coulomb barriers. In order to investigate the

efféct of the distortions57

of the fragment and the heavy residue in lowering
the Coulomb barrier we have looked at the process as very asymmetric liquid-drop
fission. First, instead of considering tangent spheres with a radius parameter
of 1.L44 F, as.ﬁas‘done to calculate the nominal Coulomb bérrier values shown in
Table V, we chose to calculate the separation of the‘two fragments by using a
radius paremeter of 1.22 F and_adding'an extra 1.7 F'fo account apﬁroximateiy-
for a neck between the fragments. For spheres this héépens to reproduce almbst
exactly the nominal barrier values of Table V. Howe%er, how we allow the spheres
to distort to collinear prolate sphefoids; Tables for the poteﬁtial energy sur-

58

face of such a system have been calculated. For example, for the emission of

llB, the minimum potential energy corresponds to both fragmenfs having ratios

of major to minor axes equal to about 1.25, which.resﬁlﬁs in a lowering of thé.
Coulomb interaction energy by about_teh percent. This is in the right direction
but nét of a large enough magnitude to account for the low values of the fitted
Coulomb barriers.’ However, another feature of the pqtential energy surface is
its shallowness. That is, only two MeV in the deformation coordinates produces
a spread of ten MeV in the Coulomb interaction energybénd consequently in the
final kinetic energies of the separatéd fragments.59’§O Thus it is possible that
a reasonable temperatufe,‘say 6 MeV, could produce a_large enough variation in
deformations to explain part of the widths of the experimental spectra. Then,
possibly, it would not be necessary to use such high temperatures (10-13 MeV)
to fit the remaining widths of the peaks. It should be noted that the sum of

the effective Coulomb barrier and the temperature is essentially determined by
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the position of fhe‘peak in the experimental spectrum. Thus a lowering of the
temperature WOuld raise the effective barrier, and possibiy bring it into closer
agreement with predictions. |

It is also possible that some o&f ﬁhe fragménts:obéerved here come from
the neck of a .fissioning nucléus and fall into the cléséeé of light particles
from fission orvtriple fission. Although high energyvfiséion has been studied
both with-track.detectors6lténd~sémiconductof detectéfs,62 this possibility- remains
undetermined at the moment. It ﬁould be desirable to do a coincidence experiment
with semiconductor counteré to find out whatiare the partners of the fragments

observed here.

B. BSuggestions fbr Furthér Analyses

Anothér approach to the analysis of the present data which has more physical
content than tﬁe,curve fitting described above would be a detailed comparison of
our double differential cross sections with the results of thé followiﬁg calcu-~
lation. One would start with Monte Carlo knock—on cascade calculations for the
interaction of the incident proton with the uranium nucleus, and then treat the
fragments as being evaporated from the excited residues of the knock-on cascade.

It would not be sufficient to perform the evaporation part of the calculation

,only from "typical" excited nuclei, because aspects of the knock-on cascade are

reflected.in thevdata,‘i.e., the unusual characteristics of the neutron-deficient
nuclei. Therefore one should take the individual resiaual nuclei of the knock;on
cascade with their deposition momentum and calculate.their de-excitation by
evaporation with the inclusion of the possible evaporation of all the nuclei

studied here. Because of the necessity of keeping track of the double differential
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cross sections of so many nuclei, it is clear that a combination of Monte Carlo

and analytical methods would have to be used. Beéausé of the computer time
involved in such a calculation it would probably be wise to start with a Coulomb-
shifted Maxweliian energy spectra.and then to consider adding the followiné improve-
ments: realistic inverse cross sections, liquid—drop_diétortions, pre—equilibriui
evaporation, secoﬁdary evaporation, fission competition, and angular momentum.

An ultimate aim of these calculations would be to find'thoseuaSPeCts of the data
whicﬁ do not at all fall within the framework of this céscade—evaporation model

and therefore indicateva'more direct process. In this respect the evaporation
calculation would be considered as a phase-space calculation_and.deviétions from

phase-space béhavior would be searched for.

C. Secondary Reactions

It is well known that light fragments produced in high-energy reactions
have kinetic energies sufficient to ihduée secondary'reactions in the target. 
Evidence for the occurrence of such reactions is provided by the radiochemical
identification of products with atomic‘nuiber greater than any possible
from the capture of the projectile by the target nucleus. Examples are the
indentificatién éf thallium and lead radionuclides in gold targets63 and the
identification of astatiné isotopes in lead targets6hvbombarded with protons.
Most such stﬁdieé have invdlved only the light fragments, helium and lithium.

Our déta are intereéting in this context because a significant fraction.
of the energy spectrum of every fragment studied up through argon (element 18)
lies above the minimum required for a secondary reaction on uranium. It is ciear

that a variety'of such reactions must occur. Our dafa also show that many of
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65

the fragments are quite rich in neutrons so that in effect heavy element tar-
gets bombardédvﬁiﬁh.GeV protons supply a source of high energy projectiles of a
type not available in conventional acceierators.66 Although thé fluxes are quite
low it is possible that some exotic nuclei could be prepaied with the aid éf
suéh secondary resctions.

An interesting possibility occurs in the super-heavy elements where

8 v '
67,6 suggests rather strongly that nuclei with atomic numbers near 11k

theory
and neutron number near 184 may have half lives of months, years, or longer.
It is possible that one could prepare for identification enough atoms of such

interesting nuclei by a long bombardment of a large sample (grams to kilograms)

of uranium, plutoniuﬁ, or curium with GeV protons. The beam stop of the accelera-

tor might be the appropriate location for such a target.

Becausé of the lack of data for fragments beyond érgon and for the per-
tinent secondary reaction cross sections it is impossiblé to make order-of-magni-
tude estimatés‘of the yiélds of such products. In lieu of this it may be useful

for purposes of orientation to estimate the yield for 'a simpler reaction. We

238U(1h

consider the case of the secondary reaction C,hn)2h80f and start by assuming

that it has an excitation function similar to that reported by Sikkeland gz'gl.69

238U(120,hn)2h60f; (maximum yield of 0.6 mb at a lgC'energy

for the reaction
of 68 MeV). We estimate the total yield of th with energy sufficient to induce
this reactioﬁ to be 2 mb in the case of the irradiatioﬁ,of uranium with 5.5-GeV
protons. The effective target thickness for the secondafy reaction can be esti-
mated from range—energy calculations for th to be 10 mg/cm2._ If we assume a
Qh-gm/cmz block of uranium bombarded with a flux of 5 X lO12 protons per minute

248

until half saturation of the Cf yield (1 year bombardment) the total number
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of Cf . atoms in the target is about 3 X 10 . Yields of products far above
californium will of course be substantially lower butvpérhaps still within a

useful range. ‘ ‘ : _ -
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) APPENDIX.
Cross sections for 7Be production in the interaction of 5.5-GeV protons

with uranium, silver, and aluminum, and for 22Na production from aluminum.

As mentioned in the text all cross sectioh measurements made in this
study were computed relative to the alpha-particle counting rate in a monitor

telescope and were converted to an absolute basis by the use of a cross section

7

for 'Be production determined by a radiochemical method. The radiochemical deter-

mination is described here. Although there were previousvmeasurements of the cross
section for pfoduction of TBe from U in the literature, the'recent measure-
ment335 were hot at the present irrddiation.energy and interpolation appeared to

be too uncertain (see Table I). Also because of the considerable fraction of

T

the 'Be spectrum with high energy, as shown in Fig. 9, it was thought that the

32,35

Previous measurements were low because of recoil loss from the relatively

thin targets that were used.

In brief the method consisted of the bombardment of aligned stacks of

I

polystyrene and uranium foils, the measurement of the relative number of 'Be

nuclei produced in these foils, and the computation of ‘the 7Be cross section in

T

Be formation cross section in carbon as determined

70,71

uranium on the basis of the

from previously reported work. Because we were in need of a similar cross

section reference in measurements of fragmehts from silver and aluminum targets
to be reported elsewhere, we included foils of these elements in our foil stack

7

and simultaneously determined the Be formation cross section in silver and
aluminum. In the case of aluminum we also determined the 22Na formation cross
section. Resulté are given in Table VI. Experimental details are given below.

A general discussion of foil activation techniques and'associated errors 1s given

70

in the review article by Cumming.
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Foil Stacks and Irradiation Details

Each of'fdur activation runs was done with a stack of rectangular foils
with dimensions 1.25 X 2.55 cm. The beam entered the‘foil staék at right angles
and passed through three foils of each element in.theforder C (polystyrene),
Al, Ag, and U. Each foil was weighed separately; the foil thicknesses varied |
slightly about the following values: 12.k4 mg/cm2 polystyrene, 21.7 mg/cm2 Al,
185 mg/cm2 Ag, and 500 mg/cm2 U. Only the center foil of each set of three was
used for activit& ﬁeasureménté; the outer foiis protected the center foils and
also provided 7Be nuclei to compensate for those lost by recoil. The purity of
the polystyrene, Al and Ag foils‘was > 99%. The polystyrene was assumed to have
the chemical composition (CH)ﬁ. The uranium metal sheet was pickled in dilute
HC1l before cutfing and weighing in order to remove oxide scale. Errors in the
determination of foil thickness were: polystyrene (3%), Al (2%), Ag (2%), and
—— . . : v

The foil stack was faétened with tape to the ﬁpstream side of a 0.003-
inch aluminum sheet attaéhed to the standard target frame in the center of our
chamber. The élignment of the foils was accurate to 1 mm but this alignment
was not critical because the beam was distributed over about two thirds of the-
foil area, as determined by radioautographs made aftef}thé bombardments. The
bombardment periods were eight hours at a beam intensity of 5 X 10l2 protons per

minute.

Chemical Procedure for Isolation of 7Be from U

This procedure was adapted from those described elsewhere.72’73‘ A standard

solution of Be carrier was made by dissolving ultra—pure Be metal in HC1 and
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diluting to make a solution containing 4.80 mg Be/ml. The uranium foil was

dissolved in an HC1-HNO, mixture and a one ml aliquot of Be standard solution

3
was added. 'Urénium wés removed‘from the solution-by absorption on Dowex Al resin
from 10 M_Hci. Beryllium was precipitated as_Be(OH)2; di§solved in dilute acid,
absorbed on a cdlﬁmn of Dowex SO résin, ﬁashed with water, desorbed with.l.S M
HC1 and finally ijrecipiﬁated'as_BaBeEh by addition of HF and a solution of
Ba(NOB)é. Thébprecipitate was filtered as é thin cifculéf deposit of 1 cm dia-
meter onto a wéighed RA-type Millipore filter and weighed to determine an interim .
chemical yieldf The yields averaged 80%. After completion of the 7Be counting
the BaBth precipitate was dissolved and analyzed for beryiliﬁm by é spectro-
photometric method using the reagent 2—phenoxyquinizarin+3—h'—disulfonic a.cid.73’7h
The more éccurate final values for samples from bombardmehtsv2 and 3 were 8%

lower than thevinterim yields determined.by welghing of BéBth. The determination
of the first:sample by the specfrdphotometric method was faulty and the interim
value was used with an 8% downward adjustmenf. The uranium foil from the fourth

irradiation was not processed. vThe estimated error in the Be analysis was 3%

random. and 3% systematic.

Chemical Procedure for Isolation of 7Be from Ag

The silver foil was dissolved in HNO, with the assistance of Nal\TO2 cata-

3
lyst. One ml of the standard Be solution was converted ffom dilute HCl.to

dilute HNO., and';ddéd to the Ag solution. B_e(OH)2 wasvﬁfecipitated w;th NHhOH,
washed, dissolved, and reprecipitated. This precipitate,was dissolved in con-
centrated HCl; From this point on the procedure was identical with that déscriﬁed

for the uranium'targets starting with the anion-exchange resin step. The chemical

yields averaged 60%.
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T

Be and 22Na Radio&étivity Measureménts

The BaBth precipitates on Millipore filter paper were wrapped in a thin
Mylar sheet apd affixed with tape to the center of a 1.5 mm thick aluminum;counting
plate under a 2 mm thick aluminum disc. The polystyréne and aluminum foils were |
similarly mounted without chemical proéessing. The C6unting plates could be
positioned in a>reproducible geometry §.9 cm from the front surface of é planar
Ge(Li) semiconducfor detector. The detéétér'had a depletion thicknéss of 13 mm
and had 8 cm> of sensitive volume. The gaﬁma spectruﬁ of each sample was measured
and the intensity of the photo?eak of the L478-keV 7Be gamﬁa—ray was'computed.
In the case of the Al target thé intensity of the 511-keV annihilation quénta
was also measured; The counting rate in these peaks 18425 days after the bom-
bardment ranged from 5 to 45 counts per minute. All_couﬁts were corrected for

the 53.6-day T

i

Be half life. Counting errors were 1.3% or less in all cases

except for 'Be and 22Na from Al where they were 2%.

T

Computation of

7

‘Be produced in the polystyrene was used as the beam monitor under '

Be Croés Sections.and: Estimation. of Errors

The

the assumption of a 9.45-mb cross section, which is an interpolated value obtained

T1

from a plot of the values determinéd by Stehney and Steinberg = for protons of

T0

3 to 12 GeV apd those summarized by Cumming = for 1o§er and higher proton ener-
gies. The abéolﬁte error in this monitor cross sectién is 8%. The cross section
calculation for 7Be from U and Ag involves the foil thiéknesses, the chemical
yields, and the 7Be activity rates (sample versus monitbr). No determination of

absolute counting efficiency was necessary. The 7Be cross section in Al was

computed in the same way except that no chemical yield correction was needed.
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The random errbf expect¢d from ﬁncertaiﬁties'in foil tﬁiékness, chémical yield,
and counting rates amounted to 5.3% for the U and Ag sets, which is to be com-
pared with the.obéérvéd standard deviation of 6.1%; We selecﬁed‘thé larger of
these twb numbers, divided by the square root of the nuﬁber of deferminations,
: and combinedlthis with the 3% systematic error in the Chemical yield to obtain
a value of h.6% for the total standard error of the measured éross section relé—
tive to the'moﬁifér. When the 8% error in the monitor croés section was included
" the absolute error rose to 9.2%. The cross sections aﬁa errors are summarized
in mb in Table VI.

In the Al set no chemical yield was.involved and the_expécted random
error was.h;B%‘cémpared to an observed standard deviation of 4.1%. Division
of the h.3%-Valﬁe_by the square rdoﬁ'of the number of determiﬁations résultedb
in 2.2% for thé standard error. Inclusion of the monitor error raised'the
absolute errorffé 8.3%

We also consideied the possibility that seéondary reactions in our

7

rather thick foil stacks might have contributed to the observed Be. Basing

70

our estimates on the discussion given by Cumming and the data published by

Stehney and Steinberg75 we conclude that this effect is negligible.

Computation of 22Na Cross Section in Al

In this case no chemical yield was involved but it was necessary. to make

decay scheme corrections and to know the relative counting efficiency'ofvthe‘

£

detector for L478- and 511-keV radiation. For 'Be we used 10.3% as the percéentage

per disintegration of the L478-keV gamma ray and 53.6 days for the half life.

For 22Na we used 179.7% as the percentage per disintegration of the 511-keV
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photons and 2.6_years for the half life. In'the counting arrangement the 22Na

was sandwiched between aluminum plates of sufficient thickness to stop the posi—

trons. The counting efficiency (composed of geometry and detector efficiency)

was determined as a function of photon energy with the aid of 137Cs, 22Na, Sth’

203Hg standards obtained from the International Atomic Energy Agency. The

TBe was 9.3 x 107" and for SLl-keV photons

and
efficiency for the U78-keV gamma'ray of
was 8.7 X lO_h.‘ Only the error of these values relafive to each other is signi-
ficant for our_ﬁeasurements and it is estimated to be < ;%. Random errors expec-
ted from counting statistics and foil thicknesses totaled 4.3% to be compared
with 4.6% for the observed standard error. Divisionrof the L.6% value by the
square root of the number of determinations and allowing for a 1% systematic
error leads to a Standard error of 2.5%. When the 8% error in the monitor is

included this increases to 8.L%.
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Table I. Previous measurements of formation cross sections for light fragments
from uranium bombarded with GeV protons.&

Product Proton Cross . Product | Proton cross
energy section _ : energy section
(GeV) : (mb) . (GeV) (mb)
11 1.0 . 1.7° Na 3 0.8%
2.8 7.5° 5T 2.0°
T5e 3 7.0 o 2’02
: 30 2.3
5.7 12
10- 20.2% 20y, 3 0t
30 20.2d _ 29 : 38i
13y 1.0 0.0247 21y, 3 10
| 0.067% 29 38t
0.105% oo :
| Ne g 3 10
16¢ 1.0 - 0.31%°8 o9 37t
' 1.8%-8 - '
2hye 1 0.23
Ty 1.0 1.1° > 0.679
6.3° 3 1,74
185 1.0 0.13" 2hya 1 0.61%29(0.38)9
2.0 0.u8" - 2 2.55"3(1.88)"
3.0 .2 . 3 6.00%23 (4. 26)9
4.5 1.68 ' 3.0 b7
5.9 2.6" ks 9.3"
5.7 10°
5.9 9.7
10 16.5%
11.6 12.5%
30 16.1¢
28 ST 3.2¢

(continued)



Table I. Continued
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aOnly fragments below mass 30 are considered.
bCross sections have been normalized to the monitor values given by Cumming.
c

See Ref. 21.

dSee Ref. 35.

e '

See Ref. 32.

fSee Ref. 20.
€lower limit assuming 100%. delayed neutron branch.

hSee Ref. 33.

1See Ref. 37. The 22Ne numbers include 22Na.

jSee Ref. 36. Value in parentheées is independent yieid.

kSee Ref.‘3h.
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Table II.

Telescopes used in this study.

The numbers given are the thicknesses in microns of

b

the AE and E counters, followed in parentheses by the lower discriminator setting in MeV
of the E counter.
Target 0.7 mg/cm2 UFA 10 mg/cm2 9] 28lmg/cm2 U
Isotope
-3y, 3he 61-250(2.2)%,168-1500(3) 250-5000(5)
hHe 20-300(5)% 61-250(2.2)%,168-1500(3) 250--5000(5)
®he 20-300(5)% 61-250(2.2)% 250-5000(10)
®he 38-195(3) ,46-38-1000(5)
6-84 20-300(5)% 61-250(2.2)% 250-5000(10.)
914 61-2;0(2 2) 250-5000(10)
TBe 20-188(5),61-188(10) ,100-61-1000(20)" 250-5000(10)
9:105, 20-300(5)% 20-188(5) ,61-188(10),100-61-1000(20)"
10-135 20-100(5)% 20-188(5) ,61-188(10) ,100-61-1000(20)°
-1k, 20-100(5)% 61-250(10)
150,1h-17N 61-250(10)
C-Na 20-300(10)
Na-Ar - 20-100(20)

®Blanks measured for the Mylar target backings were subtracted.

bTelescopes with two AE counters.

‘_6-"-(—
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Table ITI. Forward-~to-backward ratios and differences.

F is the fraction of events going into the forward hemis-
phere in the laboratory system and B is the fraction in
the backward hemisphere.

Isotope F/B ' F-B
3He? 1.68 | 0.25
3e® 2.1 | 0.35

_ Mo 1.24 - 0.11

' 6He 1.33 S 0.1k
8He 1.46 . 0.19
6Li 1.39 0.16
Tr4 1.33 o 0.14
84 1.42 : 0.17
914 1.46 0.19
TBe 1.81 ©0.29
Be 1.43 ©0.18

105, 1.57 o o.22

10, 1.61 o 0.23

lle 1.56 ‘ ‘ 0.22

125 1.66 - 0.25

13g 1.70 o 0.26

e 2.16 | 0.37

12¢ 1.58 | 0.22.

3¢ 1.56 - 0.22

1k, 1.69 - 0.26

aHas a high energy cutoff of 100 MeV.
A correctlon has been estimated for the m1331ng parts

of the energy spectra above 100 MeV.
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Table IV, Total cross sections in mb as a function of mass
number (A) and charge number (Z).

A o(A) Z - o(z)
2 2 - khoo
3 : 3 ' 301 -
n 3700 Ty 128
5 0 5 117
6 160 6 96
7 182 7 64
8 53 8 - U7
9 63 9 35
10° 71 10 , 35
1 79 11 B 31
12 L8 |
13 W7
1 ~ 30
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Table V. Parameters obtained from the curve fitting.

(o}

B (MeV) (k)£ A . Peak T (MeV) Thm (v) /e
e e
M 22 0.58 + 0.2 20 6 20 0.003
br4 32 0.57T £0.1 29 10 20 0.006
Tri 2 0.58 + 0.25 31 10 20 0.005
Tge b2 0.k + 0.25 38 15",‘ 23 0.007
19 s 0.48 * 0.05 33 12 20 0.007
11y 50 0.47 + 0.10 9 13019 0.006
c ' 58 0.45 * 0.15 k2 13 15 0.007
N 66 - 0.45 £ 0.20 L6 ' 13"1 14 0.006 .
0 ;7h, 0.45 * 0.20 L9 | 13 1 0.006
F 82 0.45 * 0.20 131" ié 0.005
Ne 8 0.45 £ 0.20 1313 0.005
Na 96 0.45 * 0.20 13 ' 13 o.oos.
a

THE refers to the temperature needed to fit the highest;energy part of the 90°

spectrum.




Table VI. Formation cross sections for

Be and ““Na

in targets bombarded with 5.5-GeV protons.®

;Target g standard standard
i (mb) error error
~(mb) (mb)
:'U_(7Be) 17.6 + 0.8 t 1.6
=Ag(7Be) 17.b £0.8 +1.6
a1(TBe) 9.2 0.2 + 0.8
A1(%?na) 12.2 + 0.3 % 1.0

- ®Relative to UC(TBe) = 9.45 mb.

bIhcluding the 8% error in the monitor cross section.

UCRL~18996
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- FIGURE CAPTIQNS

Fig. 1. Schematic diagram of fhe detectof telescope and the associated éléc-
tronies.

Fig. 2; Partiéle spectra from three different experimenté at 90° obtained using
a telescope containing a 6l-um AE detector.

Fig. 3. Partiélevspectrum resulting from the use of a 20 ym AE detector to
obtain energy spectra for Na through Ar. TFor the C‘throﬁgh Na data the
identifier was optimized for better separation at lower Z.

Fig. k. Block diagram of the on-line computer system.tﬁat was used,fof the
collection of the data.

Fig. 5. Experimeﬁtal data for hHe,'TLi, and lOBe at 96°_to the beam showing
the smooth curves drawn through the daté. The data and curves should be
raised by tﬁe factor 1.10.

Fig. 6. Laboratory energy spectra at 20°, 45°, 90°, 1356,'and 160° to the beam.
The five cur&es are arranged at high energies in decreasing order with,
increasing angle, except for lH which is labeled; The dashed lines at low 
energy indicéte the extrapolation used to integrgte_the energy spectra.

All the curves should be raised by the factor l.lQ;

Fig. 7. See caption of Fig. 6.

Fig. 8. See éaption of Fig. 6.

Fig. 9. See caption of Fig. 6.

Fig. 10. See caption of Fig. 6.

Fig. 11. See caption of Fig. 6.

Fig. 12. See caption of Fig. 6.
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Fig. 13.- Laboratory energy'sﬁectra at 90° to the beam. The curves for each
element have been multiplied by a different factor which is indicated in
the upper right part of fhe figure. The broken cur?es'are for the most
neutron-deficient isotopé of each élement. All the éurves should be raised
by the fabtor 1.10.

Fig. 1k, Laboréfory energy spectra at 20°, 90°, and 160° to the beam. The 90°
data have been lowered by one decade and the 160° data by two decades. The
arrows indicate the low-energy cutoffs for each element. The different
broken curves are simply ﬁo aid the eye. All the curves should be raised

'

by the factor 1.10.

Fig. 15. Laboratory angular distributions. For l—BH and 3He the data have high
energy cutoffs which are indicated. The curves werebdrawn by eye and were
used to intégrate the angular distributions. Thevpoints and curves should
Vbe raisediby the factor 1.10.

Fig. 16. A section of the chart of the nuclides with production cross sections
in millibarns indicated for each isotope. These numbers already have been
normalized to the value of 17.6 mb for 7Bé. The contour lines are for 100,
30, 10, 3, 1, and 0.3 mb. The broken line indicates the bottom of the
valley of beta stability.

Fig. 17. Mass yield and charge yield curves. The extensions to A = 15 and
Z =12 are'eStimated, The dotted curve includes estimates for nuclides
without any.particle-stable states.

Fig. 18. The ilB data in the laboratory system together with the curves calcu-
lated with the following parameters: B = 50 MeV, (k.)= 0.47, A = 0.10,

T = 13 MeV, {v )= 0.006, and n = 2. The curves have been normalized to the

data only at the peak of the 90° spectrum. The points and curves have been

lowered by one decade at 90° and two decades at 160°.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, ''person acting on behalf of the Commission’”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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