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ABSTRACT

2k and Mgza fragments

Several features of the production of Na
produced in the interaction of protons and He ions with Cu, Ag, Au, and
U. have been investigated. Formation cross sections were determined for
He ions of different energies between 320 and 880 Mev and for protons of
T00 Mev. Thick-target recoil experiments were performed at bombarding
energies of 0.7 and 3 Bev for protons, and 880 Mev for He ions. Also
given are some recoil measurements of Na2ljr from Al.

Analysis of data obtained with target materials heavier than
Al shows that for the bombarding energies used in this work Na2lL and
Mg28 are probably produced by the cleavage of the target nucleus into
two heavy fragments. One of these fragments has a mass approximately

equal to the mass of NaglL or Mg28 and the other contains most of the

remaining mass of the target nucleus. However, NaglL and Mg28 are very
probably not slowly evaporated particles nor products 6f a slow fission
process. .

The experimental information covering fragmentation from photo-
graphic emulsion studies‘and radiochemical studies is discussed. The
various mechanisms proposed are considered and a new one suggested.

28

According to this new mechanism, Nae', Mg~", and the more energetic
fragments observed in nuclear emulsions are ejected promptly from the
parent nucleus by very complex nucleqn—nudleon cascades and by collec-

tive effects.
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I. INTRODUCTION

This thesis presents the results of a radiochemical study of the
mechanism of high-energy reactions. In ﬁarticular we study the mechanism
by which relatively complex aggregates of nuéleons such as 1\Ta2llr and Mg28
are produced during the bombardment of Al, Cu, Ag, Au, and U by charged
particles of hundreds or thousands of Mev energy.

Before we outline the purposes, methods, and results of this
study, it 1is necessary to review a number of general features of high-
energy reactions, and to consider the findings of previous research made
by radiochemical, nuclear emulsion, and other techniques.

The main features of nuclear reactions induced by high-energy
particles (more than 100 Mev) have been described by a mechanism proposed
by Serber,l in which the nucleus is considered to be a degenerate Fermi
gas in which the high-energy incoming nucleon has a mean free path compar-
able to the nuclear radius. Because of its large mean free path, the
bombarding nudleon may pass right through the nucleus, or it may collide
with one or more nucleons. Except for the restrictions imposed by the
exclusion principle, any collision is to be treated as a collision of
two free nucleons. The particles involved in such a collision may escape
the nucleus or may strike other nucleons. This prompt cascade will con-
tinue until all the involved particles either leave the nucleus or are
slowed down to such a degree that they cannot directly escape.

Those nucleons which do not escape share their energy with the
residual nucleus. This excited nucleus in turn loses its excess energy
by evaporating a number of particles. Weisskopf's treatment of the
statistical theory2 leads us to expect evaporated particles with a modi-
fied Maxwellian distribution of energy, in most cases having a center-of-
mass angular distribution symmetric about 90 deg.5 The statistical theory
predicts that most of the evaporated particles are nucleons, deuterons,
and alpha particles, but does not exclude the possibility of emission of

5=

heavier aggregates. Indeed, calculations have been made of the pro-

bability of emission of particles with 7 = 3.



We designate as fragments those clusters of nucleons produced in
high-energy nuclear reactions which are heavier than an & particle and
lighter than the lightest species produced as a residue of a cascade-plus-
evaporation process, and that cannot be identified beyond doubt as fissiop
products. The process or processes by which they are produced arelcalled;
for the sake of brevity, fragmentation. In the framework of the cascade-
evaporation model of nuclear reactions, fragments have to be produced as
evaporated particles. Other possible mechanisms for the production of
fragments are discussed later.

Fragment production has been studied by two different techniques:
nuclear emulsions and radiochemistry. A brief review‘of the results ob-
tained is given, in which nuclear eémulsion studies and radiochemical studies
are treated separately, since the masses of the fragments dealt with by
.the two methods have been different, and the mechanism responsible for
the fragments observed in nuclear emulsions may not be the one that pro-
duces those identified in radiochemical studies. »

In the nuclear emulsion studies, the target materials most fre-
quently used have been the heavier constituents of nuclear emulsion, silver
and bromine. In a few cases, however, other target materials have been
used, either as external targets or in loaded emulsions. Using the latter
“technique, Denisenko et al°8 studied uranium fission accompanied by pro-
duction of fragments; by means of external target technigues, Katcoff9
has studied the Li fragment production from Cu, Ag, Au, and U; and DeutschlO
has studied fragmentation in Ni, Ag, Au, and U. As projectiles, protons

9-22 have been used as well as’ﬂ-20’25-26

ranging from 100 Mev to 9 Bev
28,29

7 1 10
mesons, w mesoné?(fast-neutrons, deuterons, © a particles, and

20,30-36

cosmic rays.
As a parenthetical comment on the last set of references, it should

be noted that many investigators saw heavy fragments in the early work
with cosmic rays, but owing to very poor statistics their observations do
not give much information about the formative mechanism of the-”heavy

splinters". The works quoted give these early references.
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'Generally speaking, it is impossible to identify the masses of
the fragments (7Z>2), and difficult to identify their charges. Only Li8,
Be8, and Li9 are readily identifiable, through the two O particles that
result from their decay. Since the cross section of formation of frag-
ments decreases exponentially with Z of the fragment,lh’l5’l8’21’51 and
because Li~ i1s the fragment more easily identified, one finds that most
of the data obtained with nuclear emulsions pertain to Z=3 fragments.
Through nuclear emulsion technigues it is possible to study the energy
spectra and angular distributions of the fragments. The observed speétra
show a large number of forward-peaked high-energy particles. Analysis

of the spectra in the framework of the evaporation theory requires tem-
20,26,3%6

peratures greater than 10 Mev, too high to be acceptable. Also, the

forward peaking of the more energetic fragments is not clearly understood.
Katcoff found that the spectrum of Li8 produced in the interaction of
2.2-Bev protons with silver agrees with that calculated by using the
cascade evaporation model, but not the Li8 spectra from Cu and Au.9 These
results are contrary to the assertion made heretofore that fragments have
to be produced as evaporated particles. This inability to explain the
results fully by the cascade-evaporation model of nuclear reactions has
led many workers to suggest that the more energetic fragments may arise
directly from the prompt cascade process.10’12’14’18’21’26’BO’BE’BM
A behavior similar to that found for Z -2 % fragments has also been observed

23,28,3k4,37-k2

for some helium particles.
Radiochemical techniques are best suilted for studying particular

radionuclides that show convenient radioactive properties. With the excep-

tion of part of this work, only the total production cross section of low-

7 products has been measured radiochemically. The products that have been

observed are Heo,(13) gl (44-52) (11 (15-17,53,54,61,63) 113 () g

(45-47,52,53,55-57,61 69) .22 (h6 49,54,56,58,59,69) | 2h <u5 49, 55 54

56-67,69) 1,28 (45- 19,56,65,69] o171 (47-18,59,63) 32 "16%49,56,58,59,
’ .

62-64,67,68,61,69) and P55.(M6—M9,56,6l,69) Among the data avallable we

should single out the determinations of the exc1tatlon functions for the

N
production of F]8 Na 2 , Mg 28 and. P52

SR S S S N P G v,
S 2 : N ot

from lead’g ) and the studies at

FIRd RN v [ RIS Y



one or more energies of the cross-section dependence on the mass number

6 (43) g7 (K4;50) (13 (7) £18 (55:57) 2k

of the target nucleus for He ,

(57,67) 4 p32.(67)

These works represent a systematic study of the
behavior of products of nuclear reactions lying in the mass region where
fragmentation is known to occur. Another study of fragmentation is the
determination by Wright of Li8 cross-section dependence on the target

70

The excitation functions show a sharp rise from about

43,50,56,57,67

mass number.
200 Mev up to about 2 Bev and then become almost constant.
This same behavior is observed as well with the fragments identified by
nuclear emulsion techniques.22 It has also been found that, for the

same bombarding energy, the cross sections of Fl8, Na2u, and P52(55’57’67)
decrease with increasing mass number of target material up to about mass
140, and then increase with increasing target mass (see Figs. 15,16,17).
On the other hand, the cross section of He6,(45) Li8,(70) Be?)(h4,50)
and NlB,(7) do not clearly show the same trend. These always seem to
increase or decrease with increasing target mass number. To explain
the excitation functions they obtained, Wolfgang et al. proposed a

56

mechanism for fragmentation. According to these authors, fragmentation

is a fast process involving creation and reabsorption of mesons. The

absorbed meson creates hot spots and gives rise to fragment production.

18

The dependence of F '~ and I\TaglL cross sections on the mass number of the -

57

target nucleus was explained by Caretto and co-workers, assuming that
different mechanisms take place in different target mass regions: spal-
lation in the Cu region, fission and spallation in the Ag region, and
fragmentation by the Wolfgang mechanism in the Au-U region.

The cross sections for production of a group zf fragments have
3-7,1

been calculated by using the evaporation theory. Agreement between

the calculated cross sections and the measured ones is in general poor,
although acceptable in a few cases. '

can also give infor-

T1-76,54;58

The study of secondary reactions
mation about the behavior of low-Z products. Secondary reactions result
from the interaction of the target nucleus with particles heavier than

the bombarding particle. These heavy projectiles are.thémselvéé‘products

v



of the disintegration of the target nucleus. In order to react with a
nucleus identical to the one from which they are formed, these heavy

bombarding particles have to be emitted with energies exceeding the
Coulomb barrier. The super-barrier particles have been considered to
be evaporated particles by some workers75 but other workers pOLnb out.

76

1ncon51st9nc1es with the evaporation mechanlsm.

Fragmentation has been recently reviewed by Perfilov et al.77
Some features have also been reviewed by Camerini et al.,78 Hudis and
Miller,79 and Lavrukhina.8o

The work presented here was undertaken to obtain more informa-
tion about the fragmentation mechanism. The recoil properties of Na
and Mg28 originating from the interaction of T00-Mev protons, 3-Bev
protons, and 880-Mev He ions with Cu, Ag, Au, and U have been measured
by using tﬁick-target techniques.8l Thick-target recoil ranges of l\TaLglL
produced in aluminum have also been determined. Formation cross sec-.
tions of l\TaE)+ and Mg28 have also been measured for Cu, Ag, Au, and U
- irradiated with 880-, 700-, 500-, and 320-Mev He ioﬁs, and with 700~
Mev protons. The results are analyzed with a simple model of The
nuclear reactlons.

Sodlum and magnesium have been chosen as products mainly because
of their convenient radioactive properties. Also, they are the lowest-
mass products for which it is possible to get suitable recoil-catcher .

‘materials.
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II. EXPERIMENTAL PROCEDURES

A. Target Assemblies

Two types of target assembly were used in these experiments.

We shall refer to them for convenience as the cross-section assembly
and the recoil assembly.

The cross-section assembly consisted of a stack of 1.5x2-cm
foils mounted as shown in Fig. 1. The target foils Tl’ Tg, T5’ and
Th were separated from one another by 0.003-in. Mylar foils (My). All
cross sections were measured relative to Na2 produced in the aluminum
monitor -foil (Al-mon). In an actual experiment the number of target
foils used varied from one to four. The Copper target folls used were
0.002 in. thick; all others were 0.001 in. thick. Spectrochemical
analyses of the target foils showed the following contaminations:
copper-«.0,03% Al; silver .= 0.1% Cu and 0.02% Al; gold = 0.3% Cu;
uranium =100 ppm Si and 10 ppm Cu, Co, and Mg; aluminum — 0.05% Cu
and Fe. The stack was mounted in target holders commonly used at
Berkeley. Because most of the beam hits the leading edge of the tar-
get assembly, it is necessary and critical to obtain a good alignment
of the different foils in the stack, in order to ensure that the same
beam flux is received by the monitor and also the different target
foils. To ensure proper alignment, the leading edge was machined after
the stack was fastened to the target holder. The stack was then wrapped
in 0.0001-in. Mylar. .

The recoil assembly is shown in Fig. 2. The target foil (?)
had dimensions 1.5x2;cm, and the catcher foils (a, a') as well as the
blank foils (b) and guard foils (c) had dimensions 1.9x2.2 cm. The
Mylar foils (My) were always 0.003 in. thick (much thicker than the
recoil ranges of Na2 or Mg28). The production of NaELL and Mg28 by
activation of impurities in the Mylar was measured by analysis of the
blank foils. Recoils in the forward and backward directions were
studied by making the normal to the plane of the stack parallel to
the beam. Recoils predominantly perpendicular to the beam were studied
in experiments with an 80 deg angle between the beam and to the normal

target. The standard Bevatron target holders were used for mounting
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My § My | My T, My Tz My T4 My
Al mon

MU-24559

Fig. 1. The cross-section assembly. Tl’ TZ’ T3, and TLL are the target'foils
separated by 0.003-in.-thick Mylar spacers (My); Almon is the Al monitor
foil. The other Al foils are guard foils. E



- ‘ - Feorward
Backward e catchers

catchers ) ——
Mylar tgf. Mylar

MU=24554

Fig. 2. The recoll assembly. The recoils generated in the target foii T
are caught in the catcher foils a and a'. Foils b are used as blank
foils; folls ¢ are guard'foils. All the foils are 0.003-in.-thick
Mylar. '
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‘targets either parallel or nearly perpendicuiar (80 deg) to the beam.
In the perpendicular experiments at the 184-inch cyclotron a special
target holder, shown in Fig. 3, was used.

All foils were cleaned before mounting for irradiation. Copper
and gold foils were cleaned with dilute nitric acid, uranium foils with
2 to 6 M nitric acid, and silver foils with ammonia. All foils were

then washed with acetone and rinsed with distilled water.

B. Irradiations and Beam Monitoring

§

Irradiations were performed at the l84-incﬁ cyclotron and the
Bevatron.: Irradiation times varied between 1 and 1.5 hours.

The l\Ta24 produced in the reactions A]_27(p,5pn)1\Ta2LL and
A127(Ot,ot2pn)l\1a2)+ was used as a beam monitor. The monitor foil was cut
and mounted so as tc have very nearly identical counting conditions
as the radiochemical samples. The monitor cross sections were taken
as 10.7 mb for A127(p,5pn)Na2LL, and 24.0 mb for A127(O£,Oé2pn)l\7a2u

reactions, for all energies. The value of 24 mb for the A127(a,a2pnﬂb
82,83

oL

reaction is the value measured for 380-Mev He ioms. However, since
this cross section has not been measured above 380 Mev, some error may
have been introduced into the cross sections obtained with high-energy

He ions.

C. Chemistry

The chemical procedures used were adaptations of standard

L9,8L

radiochemical methods. The metal folls were dissolved Wi%h'approp-
riaté acids and the plastic foils destroyed with a hot mixture of
sulfuric and nitric acids in the presence of 10 mg of Na carrier and

5 mg of Mg carrier. The sulfuric-nitric acid mixture was evaporated

to dryness and the residue dissolved in distilled water. The target
materials were removed by precipitation of copper sulfide, silver
chloride, or uranium-tetroxide,85‘Qr=by»extf&¢tidn of gold with ethyl
acetate. The volume of all samples was made 20 milliliters. Iron

hydroxide was precipitated once in the presence of ammonium chloride
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ZN-2885

Fig. 3. Target holder used in the perpendicular experiments at the 184-inch

cyclotron.



to scavenge out unwanted hydroxide-insoluble contaminants, and then
copper, antimony, and nickel sulfides were precipitated. The excess
of hydrogen sulfide was removed and another precipitation of iron
hydroxide was performed. Magnesium was precipitated with 8-hydroxy-
gquinoline and the solution kept for sodium analysis. The magnesium
hydroxyquinolate was destroyed. The hydroxide and sulfide precipita-
tions were repeated. The calcium, strontium, and barium oxalates were
twice precipitated, and the solutions evaporated to drynesé. The
residue was taken up in water, and strontium sulphate was precipitated
(nP=6). Iron hydroxide was precipitated and the solution filtered.
- Magnesium was precipitated with 8-hydroxyquinoline, filtered, dried
at 11000, weighed,,and mounted.

The solution containing the sodium fraction was treated with

a mixture of benzene and l-butanol. -The organic solution was dis-
carded and the aqueous solution evaporated to dryness. The residue
was dissolved. in water. Sodium was precipitated as sodium uranyl
magnesium acetate and converted to sodium chloride with hot l-butanol
saturated with dry HCl. This step was repeated. The sodium chloride
precipitate was treated with concentrated perchloric acid, 5 mg of -
potassium chloride was added, and the solution ﬁas-evaporated to dry-
ness. . Sodium perchlorate was extracted with l-butanol and converted
into sodium chloride with l-butanol saturated with hydrogen chloride.
The sodium chloride was filtered, dried at 1lOOC, weighed, and mounted.
Whenever only sodium was taken from a particular run, the
gsodium chemistry used was either the one Jjust described, or the one
given in Ref. 84. The filtration apparatus has been described by
Blann.86 In part of this work, glass filter pads were used tc minimize

weighing errors due to absorption of moisture.
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D. Mounting and Counting of Samples

The samples were mounted in the centers of aluminum plates
(350 mg/cm2) and covered with 0.l-mil pliofilm. Double-sided Scotch
£ape was used to adhere the filter paper to the aluminum plate and to
keep the pliofilm cover in place. The aluminum plates were visually
inspected and the defective ones rejected.

The samples were counted, in several counters in rotation, .on
the third shelf (0.9 ecm from the 2.54-cm-diam end-window) of B propor-
tional counter. This procedure eliminated the need for decay and ef-
ficiency corrections, and provided a severe test of counter performance.
The counters used were considered operative only if the following tests
gave satisfactory results: (a) that the 0.00l-in. uranium standard
counted within *0.75% of the average counting rate, and (b) that any
background variation was equally observed in all counters. Use of this
relative criterion for the background was found advisable, since all
counters showed similar variations of as much as one count per minute
(from the average of 7.3 counts/min). These large variations were cor-
related with the operation of the near-by Bevatron. A counter was con-
sidered inoperative whenever it showed small variations of the plateau
characteristics. An acceptable plateau was about 40O v wide with a slope
less than 0.5% per 100 volts. 4

In the sodium recoil experiments, the chemical yields of all
samples were very similar, making counting-efficiency differences negli-
gible. In the magnesium determinations that was not always the case.

It was assumed that within the range of sample thickness (4 to 16 mg/cmg)
the magnesium counting efficiency was constant (see Ref. 86).

In the cross-section determinaticns, however, it was necessary
to apply counting-efficiency corrections; Nagu counting efficiencies as
a function of sample thickness were obtained by bombarding a stack of
aluminum foils of different thicknesses; counting the foils in the
.standard way, and observing_the cohnting réte per unit thickness as
a function of foil thickness.. The results are shown in Fig.. h The
relative efficiencies of Na24 and of Mg 28 and its ‘daughter (Al ) were

taken from Bayhurst and Prestwood 87
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MU —-24558

Fig. 4. Relative beta-counting efficiency vs sample thickness for Na24 on

shelf 3.
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E. Experimental results and analysis

In this section are presented the experimental measurements-—
the cross sections and thick-target recoil properties of 1\18.2)—L and. Mg28
formed in high-energy irradiations of Al, Cu, Ag, Au, and U. The
cross-section data are given first, followed by a brief description
of the thick-target recoil method. The data from the recoil experi-
ments are presented and analyzed with certain simplifying assumptions.

The data are analyzed in terms of a fast-slow reaction as
follows: A fast process imparts energy and velocity to the struck
nucleus. A slow process de-excites the struck nucleus, and gives an
additional velocity component to the final product. From the excitation
functions it is possible to make estimates of the average deposition
energy from the fast process. From the recoil data one may obtain the
average values of the velocities imparted by the fast process and by the
slow de-excitation. The average velocity imparted by the fast process
may be related to the energy deposited and thus a comparison of the

recoil data and cross-section data can be made.

F. Cross-Section Data

Cross sections for the production of Nagu and Mg28 from Cu,‘Ag,
Au, and U are listed in Table I. Column 1 gives the target element;
columns 3 to 7 give cross sections for the various bombarding energies
and particles. Also _shown are the cross-section ratios of Na24 to Mg28;
o 1528 /a2

section is given in parentheses after the cross-section value. The

. The number of determinations made of any particular cross-

numbers given are the average -valuesy and the errors quoted are the

standard error

where n is the number of determinations, Xy the measured values, and

X the average of the measured values.



Table I

Formation cross sections (in mp) of Nagh and Mg28 from various target elements

7 alphas protons
- 320 Mev O 500 Mev O 700 Mev O 880 Mev o T00 Mev p 5.7 Bevp
o NaglL 8.26x10'2(1) 2.80io.15x10‘l(5) 6.98i0.15x10_l(5) 1.38£0.57 (3) 5.68x10'1(1)
o Mg28 1,15x10'2(1) 0.57x10'1(1) aO,9leO;}(1) 0.19 (2) o.u9x10'l(1)
cu | g™ -
Yole 'EEH' 0.1k 0.13 - 0.13 0.13 0.12
Na
2l
¢ 2 7.44% 1.65°
Na
o M2t [3.2551072(1)  9.5240.72x10°2(3)  2.27£0.005%167%3) " k.46+0.0251077(3) |r.00x10 (1)
Ag o Mg28 -0159x10—2(l) 1.10x10'2(1) 0.26x10‘1(1) o.u9x10‘1(2) 0.12x10'1(1) .
'M 28 °
o _§§E' 0.12 0.12 0.12 ° 0.11 0.12
Na
o Na2u4 5.25x1o'2(1) lO.68iO.28xlO-2(5) 5.08:0.87x10‘1(5) 5.94i0.l6x10-l(5) 1.55x10‘l(1)
o Mg28 2.o7x10'2(1) 6.2ux10'2(1) 1.02x10'1(1) 1.98x10’1(2) o.5ux10'l(1)
Au M 28
o ’§§E 0.6k 0.58 0.3% 0.33% 0.23%
Na
ok
o Nagg- ©5.29
Na

(Contined)



_ . Table I (Continued)

alphas

protons

320 Mev @

500 Mev. & . _ 700 Mev & 880 Mev &

700 Mev @ 5.7 Bev p

o Tiaf “éégulxlofz(l)

L

; 6:.?9_‘)(1@_2 ()

21.02¢1.58x1075(2)  5.0240.05x1071(2) 8.750.25x107H(3)

12;29x10_2(1) f 2;58x10_l(1) u¢50x10'1(2)

0.58 ’ o.ﬁy' 0.51

2.30x10™ (1)

1.15x10'l(1)

0.32

5.00

a.

b.

C.

Refereénce: 5h.

‘Référencefﬁ7

Reference 48

_g-[_
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The Na21L dafa are considered more accurate than the Mg28 data
because of higher counting rates, more reproducible chemical yields, and
higher radiochemical purity for Nagu. In very few cases a small amount
of radiocactive impurity was observed in the Mg28 samples. In these cases,
the Mg28 activity was obtained by analysis of the decay curve.

In Figs. 5 and 6, the Na24 and Mg28 cross sections, respectively,
are plotted vs Q-particle bombarding energy for the different targets.
Figure 7 contains a similar plot for 1\1&2)+ from proton bombardments (obtained
from data.found in the literature). As shown in Figs. 5 through 7, the
probability of formation of Nagu and Mg28 increases very rapidly with
increasing bombarding energy, for all targets, in the region of hundreds
of Mev. At very high bombarding energies the cross sections of formation
are relatively more constant. Similar results have been observed for other
fragments.22’15’50’56’57’67

At 700 Mev the yields of Na24 and Mg28 obtained with He-ion bombard-
ments are twice as large as those obtained with protons of the same energy.
Since the monitor cross section is not known for He ions of fhis energy,
little significance can be attached to this observation. The cross sections
obtained with T00-Mev protdns in this study are in agreement with data for
those obtained with 660 to 680-Mev protons5h’67 by other workers. Values
of o Nagu/Mg28

lighter ones (Cu,Ag), and are, within experimental error, independent of

are larger for the heavier targets (Au,U) than for the

the bombarding energy. This same behavior was found for the ratios
l (o]
o 1627 /58 57 o 422" /a2 (Table 1), and o ma2'/p 2,67

G. The Thick-Target Recoil Experiments

Sugarman and co-workers have initiated a very simple technique for
studying recoil proPefties of nuclear reaction products.8l’88 In this
method, é thick targeﬁ is sandwiched between thick recoil-catcher foils.
The stack is irradiated and a radiocchemical analysis made to determine
the relative activities of the product in question that are brought to
rest in the target and catcher foils. Foill stacks are exposed both per-

pendicular and parallel to the beam direction. The average components
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Cross section for Na24(mb)

| I | | I
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Incident helium ion energy (Mev)
MU-23792

Fig. 5. Excitation functions for the production of Nazu from He ion bombard-

ments of Cu, Ag, Au, and U.
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Cross section for Mg2® (mb)
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MU -24556

Fig. 6. Excitation functions for the production of Mg28 from He ion bombard- -
ments of Cu, Ag, Au, and U.
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from Ref. 67; and for U from Refs. 64 and 66. The 700-Mev points are from
this work.
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of the recoil range are measured (a) along the beam direction, (b) opposite
to the beam direction, and (c) in a direction perpendicular to that of

the beam. These values refer to the range in the material of the target
foil. These average components of the recoil range give information about
the velocities of the prodﬁct if the range-energy relationship is known
and if an assumption is made ccncerning the angular distribution of the
products.

The experimentally measured quantities for targets exposed to a
beam parallel to the normal to the target plane are (a) the target foil
thickness W (in mg/cm2), (b) the fraction Fp of the activity of a given
radionuclide remaining in the target foil, and (c) the corresponding
fractions F_ and FB that leave the target foil and are collected in the

F
forward and backward catchers. Similar quantities are measured for tar-

mp> Fpp2 #0¢ Fpp-

The recoll activities were obtained by measuring the activity found in the

gets exposed at 80 deg to the beam, which are designated F

catchers, and subtracting the activity found in the blanks after correcting
for chemical yield and possible thickness differences between blanks and .
catchers. '

should be equal to F

F PB’
The differences found are due to the residual forward-backward effects.

In a true perpendicular experiment, FP

The perpendicular recoil fraction will be taken as FP= (FPF+ FPB)/Q.
The analysis of data is made with the following assumptions:
(a) that the bombarding particle imparts to the target nucleus a

velocity v, in the laboratory system along the beam direction, and a

velocity vi in a direction perpendicular to the beam; N
(b) that the fragment receives an additional velocity qgmponent, v,
from the process that leads to its formation (the velocity V reflecting
the intrinsic kinetic energy of the fragment in the frame of reference
of the moving nucleus);
( ) that the range of the fragments R is proportlonal to the vectorial
sum of V and v (v = an + VLJ) - where 1 and J are two unit vectors paral-
lel and perpendlcular to the beam dlrectlon rﬂspectlvely), ahd the range

is given by R = |v # Vl , k and N being constants;
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(d) that the angular distribution Q(@) of-v in the moving frame is
given by Q@) = a + b cos%?; '
(e) the magnitude of v and V are unique; and
(f) that the path of the fragment is a straight line.
N. Sugarman89 and L. Winsberg9o have derived the necessary equa-
tions for the analysis of these experiments with the above assumptions.
Using the notation: R =k VN, n '/V and ni= v, /V and neglectlng terms

i
of order larger than nug, n and (b/a), one gets for = n <1 89

R 2. 2
o= ﬂ% 1+ % g + [2/5 (N+2)+ =8 LNH%%'*TM [iyﬁil + g H—iglﬁ} +
(1)
R
o} 1b
P mytt8a-
(2)
and

R | NN Y

(%)

It is clear that there are four unknowns (n,, nl,,R;'and.b/a)
and only three equations. We will first proceed assumlng N, = 0 and

b/a = 0, and calling n"— n and v!= V. These assumptlons 1ntroduce only

“gmall errors into the calculated values of v..and E (1he klnetlcwenergy:m

'aslwell aS Y v1olatdons,of aboveV assumptionzm‘ a,unlquenesswof_y and V). e

andw(f-ustrggghtlllne.path)- are dlscussed‘in=Appendix A.

v,®nclu51ons :reached ... ‘Their:effect,
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It will be seen in Appendix B that N (RO = ka) takes the values
of 1 for Nagg in Al and 1.5 for both Nagu and Mg2 in all other targets.

Therefore one gets as working'equations:

\ / X
F =(/RO 1+ 2. + 1.56 ) h
. ‘\W)( 533n + 1.562 " ), (4)
W(FF- FB) = 1.1661 R | | (5)
R 2
WF,= op (1 + 0.156 1), (6)
P - ,
for N = 1.5, and
R
0 N2 v
Fp = g (1+ )%, (1)
W(FF- FB) =R n = kv, (8)
R
oP
WE, = = » (9)
for N = 1. -
By means of these equations, the rangeS'Ro of the fragments have been
calculated.
The results obtained are given in Tables II and III for NaglL and
IV and V for Mg28. The tables are arranged in the following way: column

1 gives the target materials, column 2 the .number of determinations,
column 3 the bombarding particles and their energies, columns 4 and 5

respectively W x Fy and W x Fp; columns 6 (Tables III, V) and 8 (Tables

II and IV) the ranges (Rglofibeﬁﬂ@gmentseThe errors quoted are the stan-
dard error.

From a knowledge of the range of the fragments it is possible to
obtain their energy provided that the range-energy reldtionships are
knownm These relationships afe.diécUSééd in'Appendix_BQ By making use
of the results there obtained, the energy E of fhe fragments was calcu~.: .-
lated and is given in column 9 of Tables II and IV. Note that the energy
E in this analysis is the average kinetic energy in the moving frame of

reference.
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Table II

) .
Summary of l\Ta“LF recoil results from the forward-backward experiments

1 2 3 b 5 6 T 8 9 10 1 12
' W oF. WF R E < v P E%/P
] B B . e} T ” CN
Tgt. No. | ABeam (mg/cm:2 ) (mg/cmz') FF/FB " (mg/cm2 ) (Mev) (Mev/azm )1/2 (am Mev)l/'?"
5 880 Mev a- 0.301+0.001  0.0319+0.0007 9.42%.21 ‘0,22 5.81 . 0.06
a1 7 660 Mev @ 0.365%0.002  0.0296+0.0008 12.40%0.32 0.27 7.27 0.09
-3 320 Mev & 0.572t0.004  0.0199+0.0009 28.72+1.39 0.4k 11.95 0.23
2 660 Mev p  0.220%0.002  0.0483%0.0000  L4.56%0.05 0.14 3.71 0.10
2 880 Mev &  1.678x0.055  0.202 *0.000 8.23t0.29 0.42 2.99 1h.h 0.46 29.4 0.33
- 1 700 Mev p  1.18k4 0.352 3.37 0.25 2.81 13.2 0.27 16.9 0.38
1 3 Bev p 1.036 0.370 2.79 . 0e22i 1.2.63 12.1 0.22 13.8 0.10
1 320 Mev @ (2.440) (0.338) (7.19)
2 880 Mev & 3.345%0.072  0.654+0.002 5.09+0.13 o¢33;‘ 6.88 30.2 0.53 57.3 0.6k
Ag 1 700 Mev p  2.253 0.969 2.32 0.18 6.18 25.7 0.26 28.1 0.63
1 3 Bevp 1.848 0.813 2.27 0.17 5.10 20.4 0.23 24 .4 0.21
3 880 Mev @  6.576%0.096  2.166*0.072 3.03%0.06 0.23 16.22 60.0 0.52 1102.6 1.15
N 1 700 Mev p  k4.728 2.796 1.68 0.11 14.92 54.0 0.23 Lo .4 1.05
U
1 3 Bev p  4.560 2.184 2.09, 0.16 13.05 45.6 0.30 59.9 0.52
1 6:2,4.5 Bevp k.u52 2.202 2.01
1 320 Mev @ (5.370) (2.718) (2.01)
5 880 Mev &  6.200£0.035  2.230%0.024 2.77£0.03 0.21 15.82 58.1 0.47 112.6 1.26
U . <3 700 Mev p  4.165%0.081  2.520+0.043 1.64+0.006 0.106 13.30 h6.1 0.21 49.3 1.12
1 3 Bev p 5.450 2.635 2.06 0.15 15.66 56.6 0.33 79.5 0.68

_Ez_
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Table IIT

24
Summary of Na  recoll results from the perpendicular experiments

1 2 3 4 5 6 7
Target g?mber- i;?:iii;ng W'FPF WNEbB RoP . RO/ROP
S irme. . tits (mg/em®)  (mg/en®)  (mg/cm?)
energy ]
2 880 Mev-a- 0.162 0.114
AL 3 660 Mev O 0.174 0.125
. 2 320 Mev O .0.223% 0.127
2 660 Mev p 0.1k 0.116
i 880 Mev 0.818 0.642 2.84 1.05
Cu 700 Mev p 0.664 0.63%0 2.56 1.10
3 Bev p 0.742 0.576 2.62 1.00
' 1 880 Mev O 1.866 1.494 6.60 1.04
Ag 700 Mev p 1.506 o 1.443 5.86 1.05
1 3 Bev p 1.335 1.155 h.o5 1.03
| 1 880 Mev o 4.218 3.498 15.30 1.06
Au 1 700 Mev p 3.816 3.720 15.04 0.99
1 3 Bev p 3.702 3.198 . 13.73 - 0.95
2 - 880 Mev 4,025 %.285 k.51 1.09
+0.001 +0.169
u ' 700 Mev p 3.340 3.2%5 13.11 1.01
3 Bev p 4.140 3.515 15.24 1.03




Table IV

Summary of Mg28

recoil results from the forward-backward experiments

3

Loz 4 5 6 7 8 9 10 11 L
T ve. Bem FL, B EE ey o) Comam® P o
(‘2 880 Mev @@ 1.5L6 0.176 8.80 0.43 2.70 4.5 0.4k 28.2 31
_— +0.013 +0.011 +0.66
Cu¢ 1 700 Mev p  1.122 0.272 - 413 .29 2.47 13.1 0.29 18.2 A1
\\1_ 3 Bev p 0.990 0.328 3.02 .23 2.4k 12.9 0.22 14.2 .12
2 880 Mev &  3.0k2 0.669 b5k .31 6.50 30.7 0.48 51.6 .58
: +£0.050 +0.014 +0.03 '
Agd 1 700 Mevp 1.995 0.897 é.22 A7 5.53 26.6 0.23 25.3% .57
103 Be§;p 1.749 0.801 2.18 '.16 b.o2 22.9 0.21 22.8 .19
'5»‘880 Mev o 6. 7hh 2.520 2.67 .21 17.49 77.0 0.48 9.6 .07
J/’ ‘ £0.221 +0.041 +0.07 | _ : .
Aud 1 700 Mev p  5.48k4 3.570 1.53 .09 18.02 80.3 0.22 ho.g :§7
\(\1 3 Bev p  5.160 2.51k 2:05 0.15 14.92 63.0 0.32 63.5 }5&
> 880 Mev @  T.h20 3.085 2.6  0.19 19.55 89.6 0.48 11k4.3 .27
Ul %oo Mev p  5.320 3.330 1.52 .09 i8.9u 85.4 0.22 52.9 .20
1 3 Bev p 5.870 3.145 1.86 .13 17.69 78.4 0.31 4.3 .6l

_ga_
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Table V

28 '
Summary of Mg recoil results from the perpendicular experiments

1 2 3 L 5 6 }
Target Number Bombarding W F WF R R /R
of PartiCle and (m :E:EmE) (m ilzmg) (I?IP/CmE) © oP
Determ. its energy & &/ &
Cu 1 3 Bev p 0.688 0.538 '2.h5 1.00
1 880 Mev 4,932 3.68k4 17.12 1.02
Au 700 Mev p L.8Lo L. 6Lk 18.95 0.9
3 Bev p L. 236 3.816 16.04 0.93
1 880 Mev & 4,080 3.710 15.5 1.26
1 3 Bev p 4.800 4,290 18.1 0.98
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The average velocity v imparted to the progenitor of the fragment
is given by v = n(28/A)Y/2. Tables TT and IV, and Figs. 8(a) and 9(a)
give the results in units of (Mev/amu)l/g. The results for aluminum have
been calculated by using Equation (8). Values of 1, R, and E have not
been calculated for Na2 for & bombardments in aluminum because the analy-
sis in terms of 7 and RO is not correct for such large values of FF/FB.

It is appropriate here to make some comments about the experimen-
tal data. 1In the recoil experiments the counting rates were low, especi-
ally in the backward recoil catcher. Nevertheless, the method of counting
samples and blanks in rotation canceled out most of the sources for count-
ing errors in the determinations of Na rahges. In the determinations of
Mg ranges there may be appreciable counting errors because of the extremely
low activities obtained. The‘l\T‘a2 produced by activaticn of impu;ities
in the blank foils was always measiurable, and corresponded to a small
percentage of the total Nagu activity found in the catchers. On the
other hand, the errors in the Mg28 determination because of activation
were not measurable. However, since the counting rates of Mg samples were
very low, especially in the backward recoil catcher, activations of the

~order of 1 count/min could introduce errors up to 10%. Also owing to the-
low counting rates, the possible radioaetive impurities that could not
be detected may have introduced errors dinto the determinatioﬁs of the .
Mg ranges. The Nagu samples always showed a pure 15<hour half period. \
Errors due to counting-efficiency corrections are considered small in
Nag)+ experiments because the chemical yieldé of the five samples of a
given bombardment differed by only a few percent. In magnesium deter-
minations the counting-efficiency errors may be as large as 10%. In most
of the experiments, radiochemical samples were weighed twice as a check
on weighing errors. The selection of mounting plates and careful center-
ing of the samples. should have reduced geometric errors to less than 2%.
Chemical impurities in the target foils were so low that no.appreciable
errors are expected from this source. Cu, Au, and U fodils were quite

.”unifofm in'avefage fhickness; 'The Ag foil, howeVer -Was not uniform;.

:1ts thickness - decreased £Fom: orie: edge- to the. other 'SﬁHCé”the besnm.

pr1n01pally hits the leadlng edge of the target f011 1t g expected that -

the Ag foil 1nhomogene1ty may 1ntroduce err@rs up - 5% Uranlum foils:



-28-

T T T T T
A
NG 22
o6 880-Mev @
(o T —
> 0/ 0\0
0.4} _
p——0
E' — >< Bev
0.2 a—"2 P
l l 7OO-MeV p
—i 1 | l I
B
o
12 o/- _
880-Mev a D/El
1.0 ' -
0.8} -
4
ae o6 -
~
2 oal _
0.2+ _
0.0 ] ! ] |

50 100 150 200 250
Mass number of target

MU=-24503

Fig. 8. Imparted velocityv (A) and fractional imparted momentum P*T/PCN

(B) for NaBLL as a function of the target mass.



-29.

I I [ I
A
Mgze
0.6 880-Mev @ ]
> o/c o [o]
041 3-8 .
. ev p
A A
D\ / :
02 A——RB= i
700-Mev p
l | ] ] |
| ! | |
B o
.2 —
880-Mev
o)
1.0 o 700-Mev p —
z 0.8 —
a
~ A
*0_’_ o6~ A/ 7]
3-Bev p
04 _ —
o
0.2 a =
a—"
o.o ] | ] |
50 100 150 200 250

Mass number of target

MU-24502

Fig. 9. Imparted velocity“v(A) and fractional imparted momentum P*T/PCN

2
(B) for Mg 8 as a function of target mass.



-30-

were cleaned with HNO,. A thin layer of uranium oxide remained. The

3

effect of this layer is.not known. However, the reproducibility of these
results, and Niday's range measurements of fission products from polished
and acild-cleaned uranium foils91 lead us to conclude that the errors due
to the oxide layer are small. The over-all error of the measurements of
W x F values for Na is estimated to be of the order of 5% from Cu, Au,
and U, and 10% from Ag.

The Ng; errors are probably twice as large. The values of W x FFP

and W x FBP are not very reproducible because of fluctuations of the

angle between target and beam. However, the sum of these .two guantities

was more reproducible. Since it is the sum of WFFP and WFBP that enters

in the calculations of R the effect of the variations of target posi-

oP’
tion are not expected to introduce appreciable errors in RoP'
Forward-backward ratios of I\TaelL recoils from thick U targets

92

have been measured by Lavrukinina et al. Their results are apparently
very different from the ones reported here. This differehce is probably
due to the large catcher activation in thelr experiments. Volkova and
Denisov have also measured NaguArecoils produced in the interaction of
660-Mev protons with Al.95 vSome disagreement exists (not exceeding 25%)

between their results and the results reported here. Our values of WFF
and WFB are, however, in better agreement with the values obtained by

ol

interpolation of the measurements made at Brookhaven.



ITI. DISCUSSION OF EXPERIMENTAL RESULTS

First we discuss the cross-section results, and then the results
of the recoil experiments. Some comments about the mechanism of frag-
mentation follow. Since the Mg28 results are very similar to the Nagu
results, only the latter are discussed, with the understanding that the

conclusions pertain'to both Naeu and Mg28.'

"~

A. Cross Sections

The energles required for the formation of a given product A
of a nuclear reaction can be obtained from the analysis of the excitation
function data by a method described by Porile and Sugarman.95 In this
analysis the probability of formation of the product A is givén by the
sum over all possible cases of the product of the probability of forming‘
& nucleus with excitation energy E*, times the probability that this
exclited nucleﬁs decays to the product A. In the interaction of a projec-

tile of energy E, with a target nucleus, the probability of formation

of the residual Suclei of the nuclear cascade with excitation energies
E* is given by o N(E*,EB), where oy is the geometric cross section of
the target nucleus and N(E*,EB) is the probability that the projectile
will deposiﬁ the excitation energy E*. The probability that the resi-
dual nuclei with excitation energies E* decay to the precduct A is written
fA(E*). The formation cross section of A at a bombarding energy EB for

a given target nucleus is therefore given by
E*max
CORET *
o, (Bp) =[5 ogN(E ,Bp) £,(E7) aE7,

wherevEfﬁaX is the maximum excitation energy that can be deposited by
*

the bombarding particle. The values of fA(E ) can be obtained by trial

and error from this analysis of the cross-section data. Once fA(E*)

and N(E*}EB) are known, it is possible to calculate the average value
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of excitation energies E required to form the product A. The value

95

of B is given by

- B * % / E% % M
E = fo nax ogE*N(E JEp) T, (EY) aB /fo meX o N(E',E) £, (B) aE* .

Since the fragmentation cross sections have an onset of about
250 Mev, it is necessary only to know N(E*,EB) for deposition energies
larger than 250 Mev. The aeposition-energy spectra necessary for the
analysis are not yet available in the literature. However, the pub-
lished spectra by Metropolis et a1.96 show that as a first approximation
the spectra of deposition energies can be.considered as having, for
the different target nuclei, the same form although not necéésarily the
same area. If that is the case, the tails of the depoéition energy

spectra for targets x and 'y are :rélated by the equation

(N(E*,EB))X - k(N(E*:,EB)>y,

where k is a constant. 7

. As shown in Fig. 5, the excitation functions for production of
Na24 in the interaction of He ions with Cu, Ag, Au, and U are essential-
ly proportional one to another. This is true also of the excitation
functions for the production of Na2u, with protons, from Ag, Au, and

U (see Fig. 7); the excitation function for production of NaZt in the
interaction of protons with Cu increases faster with the bombarding
energy up to 3 Bev, and at higher energies stays more constant than

the corresponding excitation functions for Ag, Au, and U. If the

assumption

YN(E*,EBL)] LTk [N(E*,EB)] ;

. 2
for large E* is correct, one expects the functions fA(E_) for Na

production from Ag, Au, and U to differ only by a constant factor,
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and the function f, (E¥X) for NaglL production from Cu to be displaced

A
*
towards lower energies in relation to the fA(E.) functions for the
other targets. This conclusion can be proved in the following way.
. . . ¥ ~ I~ *
F?r very high bombarding energies, E° % Ep. .For LN(E ’EB)lx =
kLN(E*,EB)]y, where k is a constant and subscripts x jand y refer to

target nuclei x and y, then

. |
- B | ¥ 7 * n ¥* *
'Jo k' N(EXEp) (£, (B")-k"r, ( j) aE
1- (0, (Bp) /oy (Bp))= By ,* .
fo Tox N(E ,EB) fAX(E ) GE

If fAX(E*) = k" fAy(E*), then 1- <§AX(EB)/ oAy(EBi> is a constant, and
the excitation functions are proportional one to another. If fAX(E*)/
fAy(E*) is a function of E*, then the exiitation functions cannot be
proportional. The relative behavior of fA(E ) for Cu and Au can be seen
from Figs. 10 and 11.. The assumption of any reasonable form of

N(E*ZEB) nonvanishing up to the bombarding energy gives an average
excitation energy for production of Nae' with 700-Mev protons lying
between 500 and 700 Mev, for all target nuclei. The shapes of the
excitafion functions indicate that at 3 Bev the average excitation
energy required to ‘produce l\Ta'gLF fragments is the same for Ag, Au, and U,
and smaller for Cu than for the other target materials, but not by more
than a factor of 2. Since N(E*,EB) very probably has nonzero values for

95

all possible EX for EB it can be concluded from the

—*
excitation-function data that E is larger than 500 Mev for bombarding

up to 1 Bev,

—%
energies of 700 Mev and 3 Bev, and that E for EB=5 Bev is larger than
il for‘EB='7OO Mev. This question is discussed in more detail in

Appendix C.
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Fig. 10. Variation of fA(E*) with E* for Nazu from proton bombardments
of Cu. Curve (a) gives the shape of the excitation functions.
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Fig. 11. Variation of fA(E*) with E¥ for 1\Ta2lL from proton bombardments of
Au. Curve (a) gives the shape of the excitation function. Curve (b)
gives the shape of fA(E*) for N(E*, EB) = constant. Curve (c) gives
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B. Recoil Determinations

The thick-target recoil experiments give information about the
average intrinsic velocity V given.to the final nucleus, in the process
of its formation, by decay of an excited progenitor and about the velo-
city coﬁpOnent v of the progenitor in the beam direction. The values
obtained are given in Tables II and IV. We discuss first the signi-
ficance of the intrinsic velocity V.

If target nucleus A, 'is. divided into two spheres, Nai% and 1ts

A-2L

complementary fragment 1’ it 1s possible to calcu]_ate't‘hefen‘erg;yfoﬁfN&LELL

Z2-1

due to the Coulomb repulsion EC of these two fragments:

oul

E =[}1 (z-11) x eg/ro (2423 4 (A-eu)l/5j:ﬁAf2u)/4]

coul

with ro equal to 1.45 f. Some information about the mechanism by which
Na2 fragments are produced can be obtained by comparing the intrinsic
recoil energy E (given in Tables II and IV) with the Coulomb energy
Boours 1f E/Ecoul : ol
remain after the prompt cascade produce Na~ by emission of many small

particles (p,o, etc.); on the other hand, if 0.5 < E/Eco <1, the

< 0.5 it is concluded that the excited nuclei that

ul
Coulomb repulsion of the fragments dominates the recoil velocity. If

E/Ecoul ,
the intrinsic recoil velocities or the Coulomb energy is underestimated.
The limits of 0.5 and 1 for E/Eco
derived from the fact that B__

> 1, then deposition’energy from the beam is contributing to

ul for a fission-type process are

u @8 calculated is an upper limit of the

Coulomb energy, because no corrections for thermal . expansion and sur-
face vibrations have been applied. Also, the average parent of NaglL
is not expected to be the target nucleus, but a lighter nucleus result-
ing from the nuclear cascade. It should be kept in mind that. these-
effects are more important for Cu than for Ag, Au, or U. All these
effects are not expected to reduce the value of the Coulomb energy by
a factor of more than 2. The values of E/Ecoul are given in Fig: 12.
They are approximately equal to O.7. These large values show that even

at bombarding energies of 3 Bev, Naig)+ is not produced in copper by a
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Coulomb energy (see text) as a function of the target mass.
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cascade process followed by evaporation of small particles, contrary to
what 1s generally assumed. They also show that very probably the same
mechanism is responsible for fragment production in all target nuclei.
This is a surprising result, since, as indicated earlier, the excitation-
function data show that at the bombarding energies cf this work, more than
500 Mev of excitation is required in order to have "fragmentation". Such
depositicn energies are large enough to alliow production of Na from Cu
as the residue of a cascade-evaporation process. If any reasonable amount
of this latter process took place, E/Ecoul should be smaller for copper
+ than for the other targets. This is emphasized by the fact that the total
binding energy of copper is approximately 550 Mev,98 only slightly larger
than the average deposited energy, if at all. These large excitation
energies should reduce the Coulomb barrier enormously (by more than a
factor of 2),99 making the ratio of the recoil energy to the Coulomb energy
much larger for Cu (and also for Ag) than for Au and U. The combined
effects of the cascade and the reduction of the Coulomb barrier make the
true E/E’coul for Cu larger than 1 (Evcoul is the corrected Coulomb energy).

It has been pointed out earlier in this paper that the values
of E/Ecoul cf about 0.7 imply that I\TaglL is produced by rupture of the
target nucleus AT into Nagu and a heavy fragment of mass about AT-QM,
Such a process may be similar to evaporation (as described by Dos-
trovsky et al.5), or to a fission process. Both thege processes are
usvally considered as slow processes. However, Ericson estimated, for
a nucleus of mass 100 and with neutron binding energy of 8 Mev, a life-
time of the order of 3 x '_LO”’.22 sec at 200 Mev of excitation energynl
Thus Na24 cannot be, in the.usual sense, either a fission product or
an evaporated particle.

Under the assumption that the progenitors of the fragments
have mass values very nearly equal to the target mass, the momenta

P% (0 x AT) imparted to the struck nuclei in the beam direction have
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been calculated. The values obtained are given in column 10 of Tables
IT and IV. 1In Figs. 8(b) and 9(b) the values of Pg[,e/PCN are plotted for
Na211L and Mg28 respectively, where PCN is the momentum of the bombarding
particle. Because the progenitors of the fragments are not expected to
have the mass of the target nuclei, but a rather smaller mass, owing to
the cascade, P% is a slight overestimate of the actual momentum trans-
ferred. The values of P¥/PCN are larger than unity for T700-Mev protons
and 880-Mev a particles on Au and U. One possible reason for this large
ratio is the aforementioned fact that P%/PCN is overestimated; another
possibility is that particularly complex cascades (cascades with a nega-
tive forward momentum) may deposit momenta larger than the momentum
corresponding to compound-nucleus formation,lol Another reason, and

probably the true one, is given below; it is a consequence of the pro-

posed mechanism for fragmentation.

C. Comparison of Results of Cross-Section and Recoil Measurements

A number of simple modeis have been used to relate momentum and
excitation energy deposited by the bombarding particle in the cascade
process. Recently Porilelol was able to obtain a more realistic cor-
relation by means of the results of the Monte Carlo cascade calculations

96,97

by Metropolis et al. Porile'’s results are shown in Fig. 13, which
plots the average deposited momentum versus the deposited energy, both

in units of the corresponding values for compound-nucleus formation. The
calculations have been made for U, Bi, and Rﬁ. Tt is seen that the
momentum deposited increases almost linearly with increasing deposition
energy, and as a first approximation the relationship between §F/PCN and
E*/EgN can be congidered to be independent of the bombarding energy and
target material. It will be assumed that this is also true for targets
used in this study. The only published results of the Monte Carlo calcu-
lation are for intranuclear cascades initiated by nucleon bombardments.
Owing to the similarity of the results obtalned with T700-Mev protons and
880-Mev alpha particles, it is assumed that the Porile results are in this
particular case valid for ecascades induced by O-particles. This may very
well belincorrect; however, the assumption is not essential to the<zcon= = . .-

clusions.
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From the results shown in Fig. 13, it is seen that if fragmenta-
tion is the result of a typical process described by the cascade calcu-
lations, then the measured value of the average deposited momenta in the
forward direction (P*T/PCN) give a measure of the average deposition
energy. However, the measured values of P*T/PCN, and thus the valuesof
E*%, increase with target mass number in spite of the fact that the simi-.
lar excitation furictions im?ly that E¥ is independent of the target mass.
This inconsistency between E¥ values from recoil data and from excitation-
function data is both interesting and puzzling. No real explanation of
this inconsistency can be made until the theoretical calculations are
improved by more statistical significance and the inclusion of angular
momentum. Several possibilities may be cited that may make fragmentation .
reactions catypical, and thus invalidate the comparison with average
prompt cascade calculations. With 700-Mev protons‘(and 880-Mev alpha
particles) it:msytethat the requirement that deposition energies be close
to the bombarding energy makes very particular selegtions of the nuclear
cascades. It is not clear, however, why this same selection should be
made at 3 Bev. It'is'possible that special selectionsg of angular momentum
may explain the results obtained.

Unless thé improbable assumption is made that the determinations
of the excitation energies are in error by a factor of more than 3, the
inconsistency cannot be removed. It can be concluded that the treatment
of fragmentation as an average process in the nucleon-cascade model of
nuclear reactions gives rise to inconsistent results. Therefore, either
the cascades leading to high excitation energies or angular momenta are
not average cascades, or else the fragmentation mechanism is alien to
the cascade-evaporation model.

It is notewofthy that the meaéurements imply a strong similarity '
in the average processes leading to,Naeu production from all targets.
Excitation functions are proporticl;the values of v andvE/Ecoul are only
slightly dependent on target mass fér each incident energy. Thé prompt
cascade calculations lead one to expect that these quantities shbuld not
be' gs regular. These facts suggest that some othef mechanism may be use-

ful to correlate &1l the data. - . R



~ho.

D. Other Studies of Fragmentation

In other studies of production of fragments the behaviors of
fragments observed in nuclear emulsion (usually Z=3), He6, Be7, and Nl5
have been observed. Generally speaking, the cross sections, energy spectra,
and forward-backward asymmetry are known for the fragments.observed with

13

nuclear emulsions. The behavior of He6, Be7, N™7, and the fragmerts observed
with nuclear emulsion have been compared with the expectations froﬁ the
evaporation theory. The agreement between calculated and measured cross
sections varies. from fair to bad5—7’lu (see Figs. 14 and 15). Katcoff
studied Li8 from 2.2-Bev protons on Cu, Ag, Au, and U.9 He calculated the
Li8 energy spectra for a particular set of parameters, taking account of

the effects of the nuclear cascade. With the parameters used he found

that the agreement between calculated and measured spectra was approached
only for Ag. In Lu, Ag, and possibly U there were too many high-energy
particles. Skjeggestad and Sgrensen, analyzing the spectra of Li produced
in Ag-Br by cosmic rays, obtained for the average temperature of the
evaporating nuclei the value of 11.5 Mev, too high to be acceptable.56’lo2
The existence of broad energy spectra with too many high-energy particles
for the nuclear emulsion fragments is a generally accepted fact among
emulsion workers, as indicated in the introduction. A large probability
of multiple fragment emission has also been observed,lu’l8’2l’22’51
contrary to what could be reasonably expected. All these observations
indicate that the evaporation theory cannot easily account for the behavior
of some of the emittéd fragments. The similarity of the excitation func-

22,56

tions for nuclear emulsion fragments and heavier fragments makes

it possible that the same mechanism may be responsible for production'of
fragments detected by both radiochemical and nuclear emulsion methods,

or at least the more energetic fragments seen in nuclear emulsion. Also,
the similar behavior of NaglL production from Cu to U targets suggests a

mechanism common to all targets.
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Fig. 1k. Calculated cross section for production of He6, Li8, Be7, and N
with 1.84-Bev protons vs target mass number. The data are from Refs. ki,
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E. The Mechanism of Fragmentation

A mechanism for fragmentation was proposed solely on the basis

56

of cross-section data by Wolfgang et al. In this mechanism, mesons

are the means of depositing the large energies required for fragmentation.

The mesons created by the bombarding particle, when reabsorbed, originate

hot spots, with large disturbances breaking many bonds, and unbinding the

fragments from the remaining nucleus. The fragments are separated by
Coulomb repulsion and surface tension forces as well as by the momentum
imparted by the knock-on cascade. It was assumed by Caretto et al. that
this mechanism is responsible for the formation of fragments from heavy
targets.57 This assumption came as a‘result of the dependence of F 8
and Na24 cross sections on the target mass number. The cross sections

of these two products (and also Mg28 and Poo— see Figs. 15, 16, 17, 18,

19) decrease with mass number of the target'nucleus up to about mass 140,

and then increase with increasing target mass. This was explained by
Caretto, Hudis, and Friedlander by assuming that Na24 and F°~ were pro-
duced from Cu by a spallation m.echanism,57 from Ag by a fission process
at low energies and by spallation at high energies, and from Au and U
by the fragmentation mechanism proposed by Wolfgang et al.

The assumption that mesons are intrinsic to fragmentation does
not seemvto be supported by a number of experimental results. First
there is no firm evidence from pion reactions (pion energy less than

250 Mev).that fragments accompany pion-nucleus interaction. Most of
the products obtained from the bombardment of 122-Mev or lower-energy
negative pions with Zinc;lO? Arsen-ic'-,l‘loL Bromine,105 Silver,lo Todine,

10 - . -
and Mercury, 8 result from reactions of the type (m ,xn) and (7 ,pxn),

with x larger than 1. These products are not results of a fragmentation

process. Only Pdlo9, formed with 0.0066% yield as a result of the
- 1 .
interaction of slow 7 with I 27, could be formed in a fragmentation

process. But as Winsberg points out, Pd109 could also have been formed

o 10
with pions in flight. 7 Stars produced in nuclear emu151ons by 222-Mev

l®9 .95 -Mev.mw T }}Q_and lower energy plonsgo ,111,112 have less than

107
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seven prongs, in contrast with the very complex stars usually observed
with fragment proauction (see Figs. 20 a). and b). With nuclear emul-
sions only Alumkal and coéworkerszo saw "fragments" produced by low-
energy (stopped) m~. It is not clear, however, what criterion was used
to separate stars of light elements from stars of heavy elemehts.
Secondly fragments have been produced by bombarding particles
with less than 200 Mev,6o’67’l9’lo’58’YO 

which mesons are very probably not involved. Also, at 320 Mev, the

Therefore in reactions in

cross section for production of fragments is higher when O-particles
are substituted for protons as bombarding projectiles.

High-energy mesons can produce fragments.23 However, the yields
of fragments detected with nuclear emulsions are independent of the

18,21,22,31,34 This implies a lack of cor-

number of shower particles.
relation of mesons and fragment production.
Among other suggestions for the mechanism of production of

113 114

fragments are thcese by Blokhintsev and by Glassgold and co-workers
Blokhintsev proposed that the fragments arise from the direct collision
of an incoming bombarding nucleon with a cluster ofvnucleons. However,
as pointed out first by ’Sb"tc'ensen,BlL the angular distribution of the
fragments shows that collisions between bombarding particles and the
clusters are not allowed since too many fragments appear at large angle.
In the mechanism proposed by Glassgold et al., the fragments are ejected
from the nucleus by the action of shock waves originated by the "hole
bored" by the passage of .the bombarding particle through .the nucleus.
Nakagawa, Tamai, and Nomoto measured the yield of fast Li
(more than 60 Mev) produced in nuclear emulsions by 6.2-Bev protons
and they found that it increases strongly with the number Ng of grey
prongs (cascade particles), but is independent of the Number Nb of
black prongs (evaporated particles), as shown in Figs. 20 a) and b)
(see also Refs. 21 and 22). This is a surprising result,78 showing
that in events'leading to the.formatibn of energetic fragments the
excitation energy.ofvthe-nuciidés fesulting from the nuclear cascade
- 1s independent of the complexity,of;the5caécade. This result contrasts
markedly with the correlation of black and gréy ?ronés‘inAevehts with-

78

out fragments.
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The various experimental observations of this work, and of Nakagawa
and others, suggest the following mechanism of the fragmentation process.
High-energy bombarding particles going through the nucleus may originate
complex cascades in such a way as to cleave the nucleus into two or even
more fragments. This can happen if the cascade particles haVe such a geome-
trical arrangement that they separate regions of relatively cool nuclear
matter by a group of fast-moving nucleons. These cool regions, virtually
unbound one to another, are subject to bombardment by the cascade nucleons.
They can separate with resultant velocity due to Coulomb forces as well
as to the momentum received from the cascade nucleons. From this mechanism
the energy of l\TaELL may be due to Coulomb forces in the ' breakaway process,
but fragments such as high-energy Li8 may receive most of their energy
from the cascade nucleons. This process requires high-energy bombsrding
particles because only such particles can originate cascades with the
complexity required. Such a mechanism can explain why v (speed of the
progenitor) is practically independent of the target material and why P%
becomes larger than 1. The values of P% become larger than 1 because
they were calculated by assuming that the parent nucleus has a mass close
to the mass of the target material, which is not true. It can also explain
why the more energetic fragments observed in nuclear emulsions are more
forward peaked (see, however, Refs.9 and 36), and more abundant than the
evaporation theory predicts.

With this mechanism the large probability for multiple fragment
production becomes understandable. It can also explain the fast fission

119 Indeed, the complex

process. observed by Faissner and Schneider.
cascade proposed here is not essentially different from a moving viscous
fluid as suggested by Faissner et al.

Of course, ther mechanisms may also take place. It is also
possible that some amount of evaporated particles is always present. It
is possible that the aforementioned :.. mechanism can not be responsible

for the production of fragments at bombarding energies of 100 to 200 Mev.
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There is some experimental evidence for collisions between clusters

of nucleons and the bombarding8?article; Fragments have been seen-
- . 30
with extremely high energies. ’ The emission . of deuterons and

O particles has been explained in a few cases as a result of the

interaction of the bombarding particle with a deuteronll6’115 or

117,118,119

alpha-~-particle cluster. A collision of a cluster of

nucleons with a nucleon inside the nucleus has been invoked to

12,2n) reactionSQIQO It is unlikely

explain the high-energy tail of'C
that such direct collisions can take place at high bombarding energies

without destroying the cluster.



IV. SUMMARY

We may summarize the experimental facts and the conclusions
as follows: Excitation functions for many fragments of mass approx-
imately 7 to 30 are similar for targets from Cu to U; The cross
sections increase rapidly for energies of several hundred Mev and
become almost energy-independent over approximately 3 Bev. The
over-all energies of 1\Ta2'lJr fragments from Cu, Ag, Au, and U targets
are apparently related to Coulomb energy between Na2 -and its heavy

i partner>(%_2u2_ll).

to the Na  progenitor is almost independent of the target mass for

The average velocity imparted by the projectile

each bombarding energy. The energy and angular distribution of the
fragments observed in nuclear emulsion (Z=3 to approximately 7) show
-the existence of many superbarrier fragments directed along the
incident beam direction.

These facts require many separate explanations if they are
to be correlated with the usual theoretical approach of the nucleon-
‘_ﬁucleon cagscade followed by slow processes of evaporation or fission.
.However, all these qualitative features may be explained by a fast
) reaction mechanism involving the cleavage of the nucleus by a ‘complex
nucleonic cascade followed by fast nucleon division, strongly in-

fluenced by Coulomb forces.
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APPENDICES

A. Discussion of the Effects of Approximations Made in Calculating

Ranges of Fragments and Speeds of Theilr Progenitors.

By means of the recoil experiments one measures the ranges of
the fragments and the speeds of their progenitors. Analysis of the data
is made with the following assumptions:

(a) the bombarding particle imparts to the target nucleus a velocity
v“ in the laboratory system along the beam direction and a
velocity vy in a direction perpendicular to the beam; .

(b) the fragment receives an additional velocity component, V, from
the process that leads toc its formation, and this velocity-g
reflects the intrinsic kinetic energy of the fragment in the
frame of reference of the moving nucleus;

(c) the range of the fragments R 1s defined as R =k VN, where k
and N are constants; and V= lV]

(d) the angular . distribution . Q(6) of V in the moving frame
is-given by Q(9)=a + b coszb;

(e) the magnitude of-g and'V are unique; and

(f) the path of the fragment is a straight line.

Assumptions (e) and (f) are very probably not_correct. Further-
more, the actual analysis is made by neglecting Yi and b/g. The effects
of these approximations are here discussed. As in the text, n“= v Ay
and n, = v /V, W is the target thickness, and F_,F_,F_ are the measured

F’"B”P
act1v1ty fractlons escaping from the target in the forward (F), back-

ward (B), and perpendicular (P) directions.

1. The Effect of g

Equations (1), (2), and (3) of the text can be rewritten:

- (m+1) N2 1 b( 8(N-1), pNPNh o N
Fp 4, 3 (N+2)+ Tl }* A T— T, T 12:J
.0 2 2 57
B 2 (N+l) 2N -1.,°D 1) oN -l 2Nl

[ty 5 (e2)en, Sy _] [% W 45 0~z T3

(10)
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W(E-Fy) = Ro”n@z " 2 b’(ll\gl)] , | (11)
and
(v-1) (W+1 1) (3N+1) 1 2 (7- |
»
# ,2 (N-l)(N-5)ij _ (12)

) It will be seen in Appendix B that N takes the values of 1 for
2 24 28

Na~™ din Al, and 1.5 for both Na~ and Mg in all other target materials.
It is seen from Egs. (10) and (11) that the coefficients of n, become
O for N=1. Therefore the errors introduced by the neglect of n have

only to be discussed for N=1.5. In this case Eq. (10) becomes

F

Fo  1#2.33 0,+1.56 nne[l:-I-IO.l nf/ nf] +o.ou§ nL2+ b/a(--)
F_ -
B 1.0.33 n"+1.56 n‘|2[1+0.l nf/ n“g] + o.oug nf+ b/a(+-*)

(107)

In order to get an estimate of the relative magnitudes of

n, and 1, we can refer to the Monte Carlo calculations of the nucleon-

4

nucleon cascade. By doing so, Porilelol has calculated the ratios of
the transverse momentum to the forward moméntum imparted by a projectile,
to the products of the nuclear cascade as a function of the forward
deposited momentum. His results are given in Fig. 21. They show that
for lbrge momentum transfers (the most frequent case of this work)
ni/n“ <1. Equafion (10') shows that nl/n“.must'be much larger than
1 in order to introduce appreciable errors into the estimate of n",

if FF/FB is not extremely large. Thus the neglect of QL is justified
(see Fig. 22). Since Roq“ is indepéndent of ny (Eq. 11), errors due
to the éeglect of n are iﬁ;ally introduced in n“ and Ro' However,
W(FF -vFB) &Jaon“u¢ (Vl) “v (for N=1.5), and therefore ¥ is prac-
tically independent of nl.
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Fig. 21. Variation of the ratio of transverse and forward components of

momentum with the forward component of momentum. (after Porile, Ref. 101).
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2. The Effect of b/a

In Eq. (11) the coefficient of b/a vanishes for N=1. For N=1.5
Eq. (11) becomes

W(FF-FB)=k2/..3(l.l6 + 0.0k b/a) (Ro)l/’-“5 V. (111)

For values of b/a smaller than 0.5, 1.16 + 0.0kk b/a = 1.16. The ex-
perimental data indicate that b/a is always less than 0.5. Thus, the
calculation of v is only affected by b/a through the influence of the
latter on RO. However, because RO enters into Eq. (11') with a power of
1/3, v becomes practically independent of both b/a and nl. Ihe effects
of b/a in the calculations of RO can be obtained from Fig. 22. This
figure shows (for N=1.5) the dependence of the values of m (calculated
by means of Eq. (10) ) on the assumptions made about b/a. As indicated

earlier, Eq. (11) shows that the errors introduced in n, are equally

4 |
introduced into R, with an opposite sign. Equation (10) is correct to

first order in b/a, and second order in M and M -

The assumption that v and V are unique is not expeéted to be
strickly correct.. This introduces certain errors in the analysis. The
24
measured quantities are the average quantities FF and FB. For Na u_ln

- Al N=1. For N=1,

(W(ER-Fp)) = (R n ) =K(V),
2
and (v) 1is exactly determined. For Na21¥ and Mg 8 in all other targets

N=1.5. For N=1.5 Egs. (4) and (5) can be written

(W(pgrg) ) « LV (1+ 1.562(v/V)%) )

and

(W(FF-FB) ) .«,..f<vN”l v ).
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Fig. 22. Thick-target 71 | @s a function of forward-backward ratios for

- different T]_L and b/a.
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The values of 1,562(V/V)2 are usually much smaller than 1.  Thus
(V' (a41.562(v/7)P) 2 (W) (1e1.562 (V) ),

and since N is close to 1,

(W .

Therefore (W(FF-FB)); k! <V>N.<V/V>,; and (v/V) and (V) may be obtained.
The estimate of (v) from the product (V) and (v/V) is more accurate
than either factor separately. It is estimated that for the target
materials other than Al,(?)can be obtained with an error smaller than

20% and<§>with an error smaller than 10%. Errors of this magﬂitude do
not invalidate the arguments presented in the text. This is especially
true because similar errors are probably introduced for all targets, and

thus the relative errors are expected to be less than the absolute errors.

- A charged particle going through matter loses its energy by
electroﬁic énd étomic collisions. Electronic cbllisions are responsible
~for the losses of energy suffered by fast-moving recoils. On the other
hand, slow recoils transfer their‘ehergy to the stopping medium by atomic
collisions. When the massesmof;the:atoms in the medium are comparable
to or larger than the mass of the recoil, the recoiling atoms suffer
large deflections in almost every atomic collision. As a result of these
large deflections more fragments scatter out of the target material than
back from the plastic catchers,9l increasing the apparent recoill ranges.
This nuclear scattering effect becomes important for speeds of the recoils

lower -than a critical speed Vc given bylgl

_ 2, 2[5, 2/3°
V, =22, 7, € (zl + Z, ) was
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where 7, and_Z2 are the atomic numbers of the stopper and stopping nuclei,
i the reduced mass of the system, e the electronic charge, and a, the
first Bohr radius (O°528X10-8 cm). ,Niday has measured this effect for
thick-target recoil studies of the fission products in U.91 He found
the apparent ranges of the fission products caught in Al to be larger

by approximately 3% for heavy fission products and 5% for light fission
products than the corresponding ranges of the fission products caught

in lead. The V_'s for l\TaELL (and Mg28) fragments are lower than the

Vc’s for the fission products. Furthermore, tgi ratios gg the initial
speed of the fragments to Vc are larger for Na (and Mg ) than the
corresponding ratios for the fission fragments. Therefore, the nuclear-
scattering effects are expected to be relatively less important for the
Nazh and Mg28 fragments observed in this study than for the fissioﬁ
products. Furthermore, the values of v are affected. only by a difference

in these nuclear scattering effects according to the expression
L/ 2
W (EeEy) + (@) ) = kv @)Y2,

where 4' and d are the apparent increase due to scattering of the back-
ward and forward fractions of recoiling nuclei, respectively. Therefore
the corrections to the measured guantities due to scattering effects are

of second order and have been neglected.
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B. Range-Energy Relationships

The theories of stopping of charged particles in matter so far
developed121 are not adeduate to give the needed range-energy relation-
ships. The speeds of the NaglL and Mg28 fragments produced in Cu, Ag,
Au, and U lie between k4 v, and 10 V_, where V_ is the Bohr velocity of
the electron in the hydrogen atom (eg/h). This means that the stopping
process is due to both electronic and atomic energy transfers and that
the atomic charge of the recoil is changing markedly throughout the
range. No experimental ranges have been published for the energieg-and
stopping materials of interest to this work.

The ranges in nuclear emulsions of heavy ions with energies
of 0.5 to 10 Mev/amu have been measured by Heckman and co-workers.122
They analyzed the measured ranges R(B) in terms of the range to be
expected if there were no neutralization of charge (M/ZE) A (B), and
in terms of a range extension term R_ . (B) defined by

Il

R, (8) = R(B) - (/2°)  (8), (13)

where N (B) is the range of a proton of velocity B= v/c. Heckman et al.
found that a plot of Rext/M Z2/3 vs the velocity of the ions (in terms

of the velocity of their k electron) gives a universal curve. By means

of this universal curve and Eq. (13), the ranges of Nazu and Mg28 in
emulsions have been calculated. In the energy interval 0.4 to 3.0 Mev/amu,
the ranges of NémglL and Mg28, expressed in mg/cmg, are given by
R=O,95‘(E/A)O'9u.

good, since in this same energy interval the ranges of all heavy ions

This range-energy relationship should be fairly

are, for a given speed, the same within 20%, as shown in Fig. 23. The
relative stopping powers of the nuclear emulsions and the target materials
used in this work, for ions of a given speed, were determined by the ratios
of the ranges of ¢ particles or protons of the same speed in nuclear emul-
éions and in the target material. This procedure is not absolutely cor-
rect; but it is a reasonable approximation. The ranges in'emulsion of &
particles and protons have been taken from Barkas et al. 5 and Heckman

et al.122 respectively. The ranges of Q particles and protons in
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Fig. 23. Range of heavy ions in nuclear emulsions vs the energy of the

heavy ion (in Mev/amu).
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12k The ranges of the

Cu, Ag, and Au have been taken from Whaling.
fragments in U were assumed equal to the ranges of the fragments in
Au.. There is some evidence that this assumption is not strictly

91,125,126 However, the errors introduced by this assumption

correct.
in the calculated recoil energies of the fragments produced in U

should not exceed 10%. The range-energy relationships obtained for
both Nazu and Mg28 are of the form R=k (E/A)O°76, where k is a )

constant. With R expressed in mg/cm2 and E/A in Mev/amu, the constant

k takes the values of 4.5 for Cu, 5.8 for Ag, and 8.1 for Au and U.

1. Range-Energy Relationships in Al

The range of a given nuclide produced in a nuclear reaction can
be obtained by measﬁrement of its recoil properties. If the energy
of the recoiling radionuclide is known, one obtains a fange-energy
relationship. The energy of the recoils is known if they are formed
by the compound-nucleus mechanism.,127

Aluminum of 99.99% purity was bombarded at the Befkeley 60-inch
cyclotron with deuterons and & particles, and the Nagu'recoils were
collected in 1-mil Be foils. (In one experiment, C foils were used.)
Two other 1-mil Be foils were placed next to the recoil catchers in
order to measure the amount of 1\Ta24 produced in the catcher foils by
activation of impurities. These four foils constituted one target.

In a particular run, a stack of identicai targets was bombarded, the
size of which was chosen in such a way as to cover the energy interval
from the maximum bombarding energy to below the threshold energy.

In the O-particle bombardments a large activation due to the
secondary reaction Al27 (n,o) Nagu was obgerved. This experimental
difficulty prevented reliable measurements cldée to the threshold
energy. However, the activation level at bombarding energies of L5
to /48 Mev (measured by extrapolation of the activity obtained in the
part of the stack exposed to ¢ particlés whose energy had been reduced
below threshold) proved negligible:. At these bombarding energies it

is not knpwﬁJa priori that a compound nucleus is formed. Furthermore,
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whenever energetic particles are evaporated from an excited recoiling
nucleus, & small fraction of the measured range of the recoiling nucleus
is, in general, due to the evaporation process. The decay curves of
the activities found in the target and catcher foils indicated the
presence of Nagh, Mg28, and Na22 nuclides. However, the average range
of the mixture of these three products remained within experimental
errors constant over long periods of observation, for any particular
bombarding energy. This observation indicates that all three products
have the same average recoil velocity and thus that the compound
nucleus mechanism is probably operative in the production of all these
products by U8-Mev & particles. The ranges of l\Tael‘L in Al in the energy
interval under consideration were found to be proportional to the
velocity of the recoiling nuclei, making it unnecessary to correct the
measured ranges for the effects of the nuclear evaporation.127

Aluminum foil was also bombarded with deuterons and the recoil-
ing fractions measured. It was observed in this particular case that
the aqtivation problem was much less important. In the bombarding
energy interval ranging from 20.5- to 13-Mev deuterons the corrections
due to activation amounted to less than 6%. The ranges of 12 deter-
minations (two bombardments) in this energy -interval plotted in log-
log paper vs energy of the NaglL (calculated assuming compound nucleus
formation) fell in a straight line. The extrapolation of this line
fell . -withih:":: 5% of the range-energy points obtained with Q-particle
bombardments.

In the energy interval of 1/24 to 5/2& Mevﬁamu the range.of:
0.5

24 o
Naeu in Al, in mg/cmg, is given by R=2.03 (E/A) The Na“ activi-
ties were measured by means of beta proportional counters. The counting-
efficiency corrections were obtained by counting a few stacks in a

gross gamma counter.
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C. Calculations of the Average Excitation Energy from the Cross-Section data.

Calculations from cross section data of the avefage excitation energy
necessary for the.production of a given product of a nuclear reaction require
a knowledge of the spectrum of excitation energies of the products of the
B)' The spectrum N(E*,EB) represents the number of
cascade product nuclei with excitation energy E¥* produced by bombarding

nuclear cascade, N(E*,E

particles of energy EB' The excitation functions of Cu and Au have been

analyzed by assuming N(E*,E ) to be a constant; and alternatively by assuming

N(E*,EB) = Z(EB—E*)/EBZ, Ii both assumptions the spectra are considered to
be independent of the target mass. The assumed deposition-energy spectra
are not necessarily realistic. 'However, these serve to illustrate the de-
vrendence of the calculated values of the average deposition energy necessary
for fragmentation, on the assumptions made about N(E*,EB).

As pointed out in the text, the cross sections for production of a
given product A of a nuclear reaction at the bombarding energy EB is given
by E*

max
B) [ o, N(E ,EB) fA(E ) dE ,
where N(E*,EB) is normalized. The average excitation energy of the pro-

ducts of the nuclear cascade resulting in the formation of the product A

is given b¥ E* ‘
ax Tmax .
Ex =f o, Ex N(E*,EB) fA(E*) aE* //2 o N(E*,EB) fA(E*) aE*,
0 Y0
For N(E*,EB) = const, fA(E*) can be obtained by differentiation of the
excitation funetion. For N(E*,EB) =2 (EB—E*) /EBZ, the function fA(E*) can

be obtained by trial and error.

The excitation functions for production of Nazu from Ag, Au, and U
differ only by a constant factor (approximately). Therefore, any form of
the excitation spectra independent of the mass of the target nuclei will
give the same results for the average excitation energy necessary to
produce Nazu (at a given bombarding energy) from these targets. Thus,

Au was taken as a typical case. A plot of the excitation functions on
logarithmic probability paper revealed that the product of N fA and
(therefore fA) (E*) for N(E*, EB) = constant, could be represented for

both Cu and Au by a normal distribution in log B¥. For N(E*,EB) =
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Z(EB—E*)/EBZ3 the values of fA(E*) were obtained by trial and error. The
shapes of fA(E*) are shown in Figs.10 and 11.

The values of E¥ computed with the fA
than 500 Mev for both Cu and Au at bombarding energies of 700 Mev. At

(E*)'s obtained were larger

3 Bev the values of E* obtained were, for the triangle-shape spectra, 1.L7
and 1.61 for Cu and Au respectively, and for N(E*,EB) = const. were 1.38
Bev (Cu) and 1.96 Bev (Au). These values indicate that E¥ is not too
sensitive to the assumptions made about N(E*,EB).

The average energy deposited by the bombarding particle in the

residues of the nuclear cascade is given by
¥

‘ max hax
(E) :f Ex N(E*,EB) aEx* /f N(E*,EB) aE*,
0 0

)«
96,917

The values of CE) can give information about the character of N(E*,EB

It can be seen from the Monte Carlo calculations by Metropolis et al.

that (E) increases with E_ faster for the heavy targets than for the

B
lighter ones. That is to say that N(E*,EB) for heavy targets is shifted
towards higher energies in relation to the N(E*,EB) for the lighter

targets. Therefore the fA(E*) for U is displaced towards the low~energy

side in relation to the f,(E¥*) for Ag, since Ag and U have excitation

A( _
functions that differ only by a constant factor. This statement can be
Justified in the following way:

Let's assume that E = ne, where e is a unit of energy. Now any

bombarding energy will be defined by the corresponding n. Let's call

N(E ,EB) N and f,(E ) = f.
Then no_ n .
§E) 0= ? ;j:_iNi and o = lZAjfiNi,

where (E)n is the average deposition energy corresponding to the bombard-
ing energy n and Gn is the cross section at this bombarding energy for

production of the product A, Divided by the geometrical cross section.

Also
, n
= Z -
<E>n+l lEiNiXi + Enil and
n
g "= Z N N
nel R R LTS R

[\
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where X, is the ratio of probabilities of obtaining excitation energies
Ei for bombarding energies n and n + 1.

Then

I

A<E> <E>n+l i <E>n - En+]_Nn+l * l-rzl-lEj.l\]i(Xi_l)’

n
AO =0 - O = f N -.+§ f.ll\T

. (x,-1).
n+l n n+l O+l . o1 1

i
Let's assume that the values: ¢of X, are independent. of. i, then, ...

A(E) = E (x-1) (E)n and

n+an+l *

Ao = f N .o+ (x-1) o, -
Ror very small e we have (1-x)=5, The condition that N be normalized makes Nnil
= 5.

Therefore
Ay =8(E_ - (E)_)  and
Ao = 6(fn+l - cn), or
Ao = A(E) (£, - o J/(B . - (E)n).

It is possible, therefore, to compare fn+l for different targets if ALE)

and En+ - (E)nare known.

1
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