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ABSTRACT

‘The formation cross section for NazlL and Mg28'was measured in targets
of Cu, Ag, Au, and U bombarded with protons and helium ions over the energy
range 300-880 MeV. 1In addition the kinetic energy of these products was
measured by a thick-target, catcher-foil technique. In the case of the proton
bombardments the results were compared to the predictions of the conventional
model of high energy regions i.e. a fast nucleonic cascade followed by a
slower deexcitation cascade. It is found that the conventional model cannot
even roughly reproduce the results and hence that another reaction mechanism,
fragﬁentation,,is required. Other evidence from .radiochemical or emulsion
studies of fragment production is reviewed and those features requiring ex-
planation are emphasized. Possible views of a fragmentation mechanism are
presented. A great similarity is found between the helium-lon-induced and
the proton~induced results. This surprizing fact is taken as evidence that
meson production and reabsorption processes are not the dominating feature of

fragmentation reactions.
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I. INTRODUCTION.

This paper describes a radiochemical study of the production
characteristics of the radionuclides NazlL and Mg28 in targets of copper,
silver, gold, and uranium bombarded with 700 MeV protons and with helium ions
in the energy range of 300-880 MeV. The formation cross sections were
measured by standard techniques. In addition, certain recoil properties of
these products were measured by a thick-target technigque. These recoil
experiments provided a méasure of the intrinsic kinetic energy of the products
and of the center-of-mass Velocity of the heavy progenitor of the Nazu'and Mg28,
Thé experimental qguantities were compared ﬁith the predictions of various
reaction mechanisms. The purpose of the investigation was to provide ih—
Tformation on the'mechanism of fragmentation, a fast violent process, in which
a complex nucleus is divided into two or more complex aggregates bf nucleons.
Since the results have meaning chiefly when discussed in the context of
previocus studies of the interaction of high energy particles W;th complex
nuclei, we begin by reviewing certain features and conclusions of previous
studies.

A commonly-used description of high energy reactions is a two stage

mechanism consisting of a fast cascade step followed by a slow evaporation
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step. In the first stage the incoming particle undergoes an elastic or P
inelastic collision with an individaul nucleon in the nucleus. This collision
may initiate a complex cascade during which a few high energy nucleons escape
from the nucleus and large amounts of energy aré absorbed by the target nucleus.
It is also possible that the bombarding particle escapes after only a single
collision carrying off most of its original energy. In the general case a
wide distribution of excitation energy is left in the collection of struck
nuclei. In the second step the excitation enefgy of the struck nucleil is
dissipated by successive evaporation of several neutrons, protons, and alpha
particles. With lesser probability there may be evaporation of heavier
aggregates of nuclecns. In the case of the heavier elements deexcitation may
also occur by nuclear fission.

This two-step model predicts only’four categories of reaction
products: (l) Prompt-Cascade Neutrons and Protons emitted with a broad
spectrum of kinetic energies ranging up to full energy of the bombarding
particle. It is possible that alpha particles or more complex aggregates of
nucleons existingbas a transient sub-structure in the nucleus may participate
in the high energy cascade and be ejected from the nucleus. (2) Evaporated
Nucleons or Nucleon Aggregates emitted symmetrically in the center of mass
system with an energy distribution characterized by a Coulombic barrier and a
nuclear temperature. Neutrons, protons;and helium ions are most prominent
but some contribution may be expected from fragments of higher Z; these
contributions may be expected to decrease strongly as the.charge of the
fragment increases. (3) Fission Products and (4) Evaporation Residues. v
These last are the stable or radiocactive nuclides remaining at the end of "

the evaporation chain.
The detailed characteristics of the high energy cascade have been

calculated by Monte Carlo technigues for a representative group of target
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elements and bombarding particle energies,ln5 The most extensive calculations

>

are those of Metropolis et al.” which covered two energy ranges — v(l) bombard-
ing energies for which only elastic collisions were significénﬁ and (2) bombard-
ing energies up to 2 GeV in which inelastic,'méson-producing, éollisions are ex-
pected: to occur in considerable‘frequehcy. Such calculations. lead to predic-
tions of cascade partiéle'frequgncy, angular distribution, and energy distri-

bution which can be compared»with data obtained in nuclear emulsion studies of

proton and alpha particle tracks. When the energy of the bombarding particle

.is dinsufficient for significaﬁt meson. production the agreement of the emulsion

data with the calculations is quite close. In the higher energy ranges the
agreement is only falr owing probably to errors invthe input data on inelastic
collisions for the Monte Carlo calculatiqns.

The calculations of the cascade step also lead to a prediction of a
set of excited nuclei and a distribution in excitation energy for those /
nuclei: These predictions cannot be used for a direct comparison with

(

experimental data But they may be used és the input data for a calculation
of evaporative deexcitatioh. Such calculationsu’6’7’8’ lead to a prediction
of freqguency and energy spectra of light evaporated particles, chiefly
neutrons, protons, and alpha particles, which can be compared with the black
prong data of nuclear emuision studies. The calculations also lead to a
prediction of the yields of;héaVy residual nuclei which can be compared to
experimental cross section data obtained by radibchemistry and mass spectro-
metry.

Miller aﬁd Hudis9 have thoroughly reviewed the fast-cascade-plus-
evaporative-deexcitation mechanism of high energy reactions, published

Monte-Carlo calculations of the two stages of the reaction, and the confronta-

tion of the predictions with results obtained in emulsion and radiochemical
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experiments. In general it has been concluded that tﬁere is good-to-excellent »
agreement of many of the experimental results: with the predictionsof the model
for bombarding energies up to several hundreds of MeV. In the GeV energy
‘range there is only fair agreement although much bettér agreement might be
expected if better input parameters for inelastic collisions are found and -
used in a revised calculation.

We are not concérned here with a detailed examination -of those featureb
of high energy reactions which seem explained or capable of explanation by. the
conventional description of the reaction mechanism. We wish instead ﬁo call. .
attention to a growing body of phénomena which cannot be described adequately
by the model and which suggest the necessity to extend its scope or to consider
the existence of an additional reaction mechanism fundamentally different in -
nature.

The term fragmentation has been applied to this different mechanism or
mechanisms. We shall describe below somevof the various meanings which have
been attached to it. At this point.we state only that fragmentation is some
violent fast disruption of the nucleus which leads to the production of complex
aggregates of nucleons in much greaterAyield than can be explained by the
cascade-evaporation mechanism. Fragmentation may be a fission-like-process in
that two or more chunks of the nucleus may separate énd.achieve considerable
kinetic energy by mutual Coulombic repulsion, but it differs from fission in.

speed, and in the angular, energy, and mass distributions of the products.

A. FEmulsion Evidence for Frasmentation

Much of the information suggesting & fragmentation process has come
from nuclear emulsion studies in which light fragments with charge greater

than 2 have been identified. This ihformation is collected:in an excellent
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review article by Perfilov, Lozhkin and Shamov,lo A number of the more
significant articles are. cited below. 11754

The majority of the emulsion data pertain to the production characteris-
tics of Li8 because of the easily-identified "hammer tracks" resulting from the
decay of Li8 into Be8 which instantly disintegrates into two alpha particles.
However, there are some data, particularly in the Russian literature,lo’ﬁ'lSa
in which tracks of fragments with 4 > 3 have been studied.

The frequency of occurrence of thesé light fragments is a steep function
of bombarding energy in the range 100'MeV to several GeV and. the stars associated
with fragment production contain a substantially larger number of cascade proton
tracks than do the average of all stars. These facts indicate that fragment
production is favored by very high energy transfers in the cascade step. The
energy spectrum of these light fragments has the general appearance of an
evaporation spectrum but it is in most cases too broad to be explained by any
reasonable choice of evaporation parameters.:m_18 In addition, several authors
have reported a group of high energy fragments many tens of MeV beyond the
7,17,19

maximum of the evaporation spectrum. In some cases energies greater

13,18 These higher energy fragments have special

than 100 MeV have been found.
characteristics. For exémple, Nakagawa, Tamai,and Nomotoq'7 reported that the
yields of the highest energy group of Li8 fragments produced in the bombard-
ment of emulsion with 6 GeV protons had a strong dependence on the number of
cascade charged particles (grey tracks) but no dependence on the number of
evaporated charged particles (black prongs) emitted from the same star. This
suggested strongly that these Li? fragments were not evaporated but were pro-
duced somehow in the cascade process. A similar result was reported by Goldsack,

Lock, and Muriﬁ.zo These authors also pointed out that a lower energy group of

.8 '
Li” fragments occurring in complex stars with more than 12 black prongs had an
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isotropic distribution with respect to the bombarding prd%ons,”Whéféas‘a'
higher energy group associated with iess compléx stars was peakéd sff6ﬁély"
forward.

Katcoff™” placed foils of Cu, Ag, Au, and U in & beam of 2.2 GeV
protons and examined the properties of Li8 fragments éjected'ffam the tafgets
and caught in nuclear emulsions. The energy spectrum in the case of ﬁhe
silver térget was approximately correct for an eVapbration‘spectrum but in
the other three cases it was too broad and had too much intensity in the
higher energy regions. - |

In the examination of stars in nuclear emulsions it is sometimes
observed that two or more fragments with Z > 2 are emitted in a single nuclear

10,11,16 From evaporation theory such events should have an

disintegration.
exceedingly low probability but experimentally it is found that in several
percent of the events containing any fragments whatsoever there is double
or triple fragment emission,v

The’evaporation model would predict a'moderate favoring of emission
in the forward direction with respect to the beam because of a small center-
of-mass motion of the struck nucleus. Many authors found a more pronounced
11,1k

favoring of the forward hemisphere than seemed reasonable ,although'

13

Skjeggestad and Sbrensen™™ concluded that the forward peaking of Li8
fragments could be accounted for satisfactorily. Some like Baker and

19 . B : : - .16 ) .
Katcoff (emulsion plus 1, 2, and 3 GeV protons)'and Perkins (emulsions
plus cosmic rays) have noted a prefereﬁce for &ideways emissidn with'respect
to the beam in dddition to the eXpeéted forward peaking.

Some authors have reported favored directions of emission of fragments

with respect to the tracks of alpha particles,'pfotons; residual heavy nuclei

and other fragments, which suggeét that the fragment aﬁd'the'ehtity'making the
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correlated track are emitted simultaneously..

ll’léfl7f;8 the hypothesis

Several authors have considered and rejected
that Li8 and other light fragments are produced by a direct elastic-collision
of_the incoming particle with a Li8_or similar sub—grqup:in the nucleus. Such
a model is not compatible with the observed lack of correlation of the energy
of the fragmentvand the angle_of:emission. Nor can it account for multiple
fragment emissiQn and other features.

Thg overall conclusion from these emulsion studies is thevfolléwinga
Although_the'conventional reaction mechanism of cascade pius.evaporation,.

undoubtgdly_explains the formation of part, perhaps in many cases the

- major part, of the light fragments, there is a strong evidence for, the. -

. existence of an additional process for their formation.

B. Radiochemical Evidence for Fragmentation

- ... Let us novw consider the radiochemical evidence which consists chiefly
of the formation cross section and excitation functions for several radio-

active nuclides in the mass range 7 to ~ 40 produced in various target elements

bombarded with high energy particles. Some of the nuclides studied-—such as

He6, Be7, Cll, Nl3, and F18—— overlap the range of mass numbers covered in the

2L 28 32. P33

emulsion studies. Others—such as Nazz, Na™", Mg, Sigl, P-7y and — are

considerably heavier in mass. The excitation functionsfor such products show

i S ) L o
a sharp rise starting about 200 MgV #Ad continuing. to about 2 GeVZ3’22%2, apove
which theve .is.a sharp leveling off in cross section.

25,26 have noted an interesting variation in the cross

8 2k

sections of such products as Fl » Na= and P32 as a function of the target

Several authors

mass number when the energy of the bombarding particle is fixed-at some value

above a few hundred MeV. Later on we shall discuss our own results bearing on
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this point in connection with Figs. 5 and 6 below. Up to a target mass

number of a 150 there is a decrease in cross section whereas above mass 180 there
is a marked increase. It seems difficult to explain the yield increase for

the higher mass targets by a spallation mechanism, and Caretto, Hudis, and

25

Friedlander attributed it to fragmentation.

The cross section versus mass number curves for products formed in
heavy target elements by GeV. proton redctions also have a peculiar form which
has been cited asvevidence for a fragmentation mechanism. Wolfgang et al“24,24a
studied the interaction of lead with protons of 1.0 to 3.0 GeV energy. A
rather remarkable féature of the total isobaric cross sections 1s their near
constancy over the entire range of masses. From mass 20 up to the mass of the
target the yieldé differ only by a factor of 10 or 20. This curve is entirely
different from those determined for bismuth targets bombarded with 340 or L8O
MeV protons. In the latter cases there is a préminent group of fission
products and a clearly identifiable group of spallation products (evaporation
residues) élose in mass to the target mass. The yields of products in the
‘latter group drop off rapidly as the product mass number decreases. |

A considefation_of:the radiochemical data in the lead-bismuth targets

led Wolfgang et al,24 to postuiate'a fast fragmentation of the nucleus re-

sulting from local heating caused by the production and reabsorption of pions.

C. Purpose and Scope of Present Work

The present work was undertaken in-the belief that'ddditional data on
the formation properties of Nazu énd Mg28 woﬁld confifm the heed for the
postulated fragmentation process and throw some light on its nature. Na
and Mg28'were chosen because of their convenient radiochemical properties

and because there seemed little reason to believe that they could be formed

-‘3'
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in high yield gither as evaporated particles or caécade—evaporation residues
in targets as heavy as silver, gold, or uranium. In the case pfvcopperg
targets it seemed likely that they woﬁld be produced chiefly as evaporation
residues but it was deemed desirable to verify this. The existence of a
considerable amount of Nazu cross section data for proton-induced reactions
was also an advantage in the discussion of our results. Except for these
features there is nothing special about NaZLL and.Mg28; hence they may serve
as representatives of the behavior of a whole class of producté of roughly
similar mass produced in high energy reactions.

In separate experimehts the target elements were bombarded with 700
MeV protons, and with 320, 500, 700, and 880 MeV helium ions and the formation
cross sections were measured by the radiocchemical techniques given in detail
below. The comparison of the hglium—ion-induced produétion curves with

those for proton-induced production was thought to be particularly significant

in evaluating the contribution of meson effects to fragmentation yields. It was

anticipated that helium ions of a given energy would be much less effective in
creating mesons-in the targets nuclei thén protons of the same energy. Hence,
if fragments such as Na24 are indeed.pfoduced exclusively by a mechanism in-
volving production and reabsorption of mesons then the proéuction cross section
should be substantially less.when helium dons are substituted for protons.

In addition to cross section measuréments our experiments also included
a study of the recoil bropérties of the fragmentsp

Our plan in the analysis of the.cross section and recoil range results
was to assume at first the correctness of the conventional two-stage descrip—
tion of high energy reactions. We then made a number of gualitative and
guantitative comparisons of the predictions of.this modél with those

characteristics which could be extracted from our experimental data under the
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assumption that the model was correct. A major fraction of this papéf~conéists
of the development of this comparison. It will be found that there'appears

t0o be internal coﬁtradictions of fundamental.importance when the data are
treated in the frameWork of the conventional model particulariy at the higﬂer
bombarding energies. We will conclude that the convégtiOnal view .of a fast
stage plus slow stage cannot account for the production of such nuclides as
NaZLL and4Mg28 in targets of silver, gold, and-ﬁranium and may not account for
it even in targets of cdppern We then consider other possiblé methods Tor the

production of such fragments.

II. CROSS SECTION DATA

A. Experimental

Target assemblies. The target assembly used in the determination of

cross sections consisted of a stack of 1.5 x 2 cm foils arranged as shown in

Fig. 1. The target foils designated T

[

1 TZ T3 and TM were éeparated from one
another by 0.003 inch mylar foils (designated My). All cross sections'wefe
measured relative to NaZLL produced in the aiuminum. monitor foil (Al-Mon).
The number of targét foils used in any particﬁlar expefiment varied from one
to four. The copper target foils were 0.002 inches thick; all others Weré
0.001 inches thick. ©Spectrochemical analysis of the target foils showed fhe
following levels of contamination: copper targets - 0.03% Al; silver targets -
O,l% Cu and OJOZ% Al; éold.targets - 003% Cu; uranium targeté - 100 ﬁpm of Si
and 10 ppm of Cu Co and Mg; Aluminium targets —.0005% of Cu and Fe. It was
of critical importance to align exactly the différent foils in tﬁe stéck
because most of the beam struck the leading edge. To‘inéufe proper alignméht

the leading edge was machined after the stack was fastened to the target

holder. The stack wasvthen wrapped in 0.001 inch thick mylar film.
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All foils were cleaned before mounting for irradiation. Copper and
gold foils were cleaned with dilute:nitric acid; uranium foils with 2 to &M

nitric acid and silver foils with ammonia. - All foils were then washed with

.acetone and rinsed with distilled water.

Irradiations and beam monitoring. The irradiations were performed at

‘the 184" cyclotron and the bevatron. Bombardment times varied from 1 to 1.5

hours.
2k . . X . . a7
The Na~ produced in the aluminum monitor foils by the reaction Al
(p,3 pn) or A127(a,a,2pn) was determined by cutting up the monitor foils and

mounting them in a fashion to reproduce as closely as possible the conditions

used for activity measurements in the samples isolated radicchemically from

27(P,3 Pn)

the target. The monitor cross sections were taken as 10.7 mb for Al

2h 27 2k . ' . L
Na“" and as 24.0 mb for A1°'(a,@ 2pn) Na®" for all energies. The proton-induced
cross section has been determined over a wide range of energy27 but the value
of 24.0 mb bombardment for the alpha-induced reaction is that measured at the

28,29

single energy of 380 MeV. The cross section is not expected to change
drastically between 380 and 880 MeV, but an uncertain error is associated with

the monitor cross section and with the cross section reported below in targets

- bombarded with the higher-energy helium ions.

Treatment of targets after bombardment. After bombardment the metal

foils were dissolved in an appropriate acid in the presence of a few milligrams
of scdium and magnesium carrier. By means of the radiochemical procedure
outlined in the Appendix, -sadium and magnesium fractioﬁs were recovered from
the solution in a high state of radiochemical purity.. In the final step of
the magnesium-procedure an 8-hydroxyquinoliﬁe'compoﬁnd_was precipitéted,
filtered, dried, and weighed fo determine:the‘percentdge chemical recovery.

Similarly in the final step of the sodium procedure sodium chloride was
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precipitated from a solution of butanol saturated with hydrochloric acid.
| "The -activity of the Naabr and Mg28 samples was measured in end=window
proportiohal counters over a periodof days. The 15 hour decay oT-NaZF3JC - -
could easily be fesolved from the aimost negligible background -in the sodiuﬁ
fractions. The 21 hour decay of Mg28 was .easy to resolve from- the magnesium

samples but there was some coﬁtamination of the samples by longer-lived

activities. Activity measurement techniques and dorrections are discussed

in the Appendix.

B. Results and Discussion

Croésrsection results for the different targets and bombarding
o . . | | . | . .28, 2h

particles are listed in Table I. The ratio of the cross sections GMg /GNa
is>also tabulated. The number of determinations of any parﬁicular cross
section is given in parentheses after the cross section values. The numbers
given are averagé values and the errors Qubted are the standard errors.

| 2l 28 - an o |

The Na~ and Mg cross sections are plotted in Figs. 2 and 3 versus
alpha particle bombarding energy for the different targets. Figure 4 is a
similar pldt bf Nazu croés sections from proton'bombafdments; most of the
points on this plot are taken from data in the literaturéo‘ The principal
feature we note on all three figures is that the probability bf formation

remains low for all targets until the bombarding energy reaches some hundreds

of MeV. Then it increases rapidly but levels off again in the GeV range of

R

22-26, 37 .

energies. Similar results have been observed for other fragmehts
(Be7, F 8, P3 , P33 and others). - 13
At a given energy of the bombarding particle the yields of Na = and »

Mg28 are higher by a factor of two when helium ions are substituted for

protons as the bombdfding particlé. Table IT summarizes numerical values'fér
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700 MeV particles. This_observation is subject to the large uncertainty in
the monitor reaction cfoss section for 700 MeV helium ions, but it is not
likely that this cross section is off by é %éctor‘of 2.  Hence, we have.the
unexpeéted résult that.heliumvioné are as éffécti&e as. . proﬁons in causing
fragmentatipn of the nucleus. The valuesjof.GNazu/ qu28 ére,iarger?for.the
heavier taréets (Au ; U) than for the lighter,oneév(Cu - Ag) and are within
experimentai error independent‘of the bombarding-ehergy.

The results are replotted in Figs.,S and 6 to shQW’the variation of
cross.séction with the mass of the-targét.: The turn-up 6f the yield at the
highef target masses, ﬁhich was obsefved earlier in the case of proton
.bombardments by Careﬁté, Hudis, and F"riedlander25 is seen to occur also for
ﬁelium—iﬁdupedlreéctions.

The overall similarity‘of such‘characteristics as threshold values,

" shapes bf the excitafion function, and yield_variation ﬁith target méss
numbér; whefher helium ions or prbtoné are used, suggests strongly that the
helium’ions'and thevprotons generate a céséade'in the nucleus of very similar
character and that the helium ion acts as.a single particle and not as a
collectiéﬁ of 2 neutrons and 2 protons interacting individually with the
target nucleohs. ‘ | |

In the framework of the conventional.2-stage‘reaction model the high
threshold for the pfoductién of‘l\TaLZLL and_MQZSHénd the‘sﬁeady rise of:the
cross;section up to the GeV range ofighergies means that‘oﬁly fhosé céscades
which deposit greater thén'ZSO MéV of energy are effective in producing Naz)Jr
and Mg28. It meaﬁs also that thosé casgadeé which deposit substantially more
than 250 Mev are most effective in producing these nﬁclides.

38

Porile and Sugarman~ have analyzed cross section results in a more

fotrmal way by writing down the expression.
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*
= N
f o N(E ,EB)

” '% *
FA(E') d E
where the symbéls have the following meaning.
is the cross section'for the prdduction of a product.A'Qﬁéh
the energy of the bombarding particlé is EBO

Gg is the total reaétion cross section.

N(E*, EB) is the fréction of nuclei left with an excitatién éhergy
E% ét the end of the fast cascade when the bombarding energy is EB;

EA(E%) is the fraction of the nuclei, excited to E at the end of
the fast caécade,which éeexcite in such a way as to form final product A. It
is importaﬁt to reemphasize at this point that the model under discussion
assumes that ﬁhe excitation energy and the charge and mass number of the
nucleus at the end of the prompt cascade completely determine_thé:spectrum ol
final products. The FA function may be expected to be zero belOW'éome
threshold then rise to a maximum value, and, finally, perhaps turn ovér énd
decrease at higher values of E*° |

To get some notion of the shape of the N(E%, EB) funétion Wwe can
examine the results of the Monte-Carlo cascade éaléulations of Metropolis
et alBS In Fig. 7 we sketch in the distribution foﬁnd.by these auﬁhors fér
the case of cerium bombarded with 238 and 368 MeV protons. We nocte that
there is a very bfoad energy distribution in the struck nuclei from zerc
energy up to the energy of the bombafding particles. The only part of this
distribution which is effective'in the production of such nuclides aé Nagu‘
is the high energy tail. When the bombarding energy is raised} the>curvé in
the region of high”excitation riseé ahd,is extended to higher energies.

Because the enérgy distribution of the residual nucleil ﬁt the end cf

the prompt cascade is shifted only élowly with bombarding energy, and because

the excitation function for the measured products fiées rapidly wiﬁh EB above
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a very high threshold, it follows that the FA(E*) function is rapidly rising
with E* and that it is only those few cascades which.lead to the highest
values of E* which are contributing the main part to‘the Na21L and Mg28 Cross
sections.

If one calculates or assumes an N(E*, EB) distribution and a total
reaction cross-section one can work backward from the experimental value of
the Na24 or Mg28 ﬁroduction exéitation functions to determine a branching
ratio function, FA(E*)° Once the values of N and F have been fixed it is
possible to calculate the average excitation energy, Eé',of struck»nuclei,

which ultimately disintegrate to produce a product of mass A, by the following

expression * E*

_ max N max % %
E = Of o, E N(E ,EB) F,(E ) dE/Of o, N(E",Ep)f (E7dE").

We havé carried through such an analysis fof our results and conclude
that for any reasonable form of N(E*, EB) which 1s non-vanishing up to the
bombarding energy, the average excitation energy.for the production of NazlL
in targets of copper, silver, gold,énd-uranium bombarded with 700 protons
lies between 500 and 700 MeV in all cases. In the case éf bombarding energies
of 3 GeV the required avérage excitation energies are even higher.

This result in itself puts severe strain on the basic assumptions of
the conventional reéction model as it is not all clear that nuclei excited
to such huge energies can exist long enough to undergo deexcitation in a way
adequately described by a statistical model of evaporation of small particles
or clusters. In the case of copper targets these excitation energies are
equivalent to the total binding energy in the nucleus.

*
It is possible to deduce that the F(E ) curves for the 4 target

elements are very similar to each other by the following line of reasoning.
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First of all we note that the published'N(E*, E spectfa of MetrOpolié

5

et al°5 have nearly the same shape for all target elements for the'dngSiﬁion

energy region above_§50 MeV except for a proportionality constant. (Séé’for
example Fig. 15 in Ref. 5)
ie. NI, EB)Target 17k n(E", EB)Target 2
Secondly we note from Fig. 4 that the excitétion functions féf the production
of NazlL in targets of silver, gold;and uranium bombardéd with proton are
similar; the excitation fﬁnction in the case of copper targéts rises faster
with bombarding energy up to 3 GeV and at/higher energies sta&é more nearly
éonstant than the corresponding excitation functions for silver, gold, and
uranium. If the assumption is correct that the N(E*, EB) distributiéns fér
large E* differ only by a multiplicative consfant then one eﬁpects the functions
FA(E*) for Na24 production from silver, gold,and uranium also to differ only
by a constant factor and the function FA(E*) for Na24 production in copper
targets to be displaced toward lower energies in relation to the_FA(E*)
functions for the other targets. We shall see below that these conclusions

are inconsistent with those derived from the recoll range results if we try

to explain all results by the assumed Z2-stage mechanism.

ITI. RECOIL MEASUREMENTS

A. Basic Assumptions

Because of limitations imposed by beam intensities, low cross section
values, and permissible target thicknesses it proved most convenient to use

38,39

a very simple, integral-range technique originated by Sugarman et al. for
our measurements of recoil properties. In this method a thick target of

precisely measured thickness is sandwiched between two mylar catcher foils

vhose thickness is greater than the range of the products being measured.
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The recoil target assembly is shown in Fig. 8. The target foil (T) had
dimensions 1.5 x 2 centimeters while the other foils had dimensions 1.9 x 2.2 cm.
The Mylar foils (My)‘were 0,003 ‘inch thick (much thicker than the recoil range

28). Blank foils were included to serve as a measure of the produc-

of NazlL or Mg
tion of 1\Ta24 and Mg28 due to activation of impurities in the mylar.

After the irradiation of this foll stack a radiochemical analysis was
made to determine the amount of Nazn and Mg28 present in the target and in the
upstream and downstream catcher foils. The radiochemical procedures, the methods
of determination of radiocactivity in the samples, and the corrections to the
d;ta are discussed in the Appendix.

From the corrected decay-rate data it waspossible~to compute:-the fractions
of the total NaZh or Mg28 activity which remains in the target foil, .and which

recoils into the upstream and downstream catchers. These fractions are de-

F_,and F_, respectively. Some foll stacks were also exposed at

signated FT’ B 7

10 deg to the beam, and in these experiments the fractions activity left in
the target and that recoiling in a perpendicular direction into the two side
foils were determined. These fractions are designated FTP’ FPB,and FPF
respectively. The F. (for forward) and B (for backward) in the latter subscripts
allow for the fact that the bombardment stack is not precisely parallel to the
beanm. If the foll stack were precisely parallel FPF and FPB would be equal.
The pe?pendicular recoil fraction was taken as FP = (EPF + FPB)/Z.

The analysis Qf the recoil resulté in terms of the conventional
two-step mechanism depends upon the following very general assumptions
(a) the bombarding particle imparts to the target nucleus a velocity,‘zﬂ,
which has a laboratory system.component, V“, along the beam direction and
a component, Vi in a direction perpendicular to the beam. (b) when this

struck nucleus disintegrates to form NaZu or Mg28 the break-up process provides
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an additional velocity component V. This velocity V reflects the intrinsic
el
kinetic energy of the fragment in the frame of reference of the moving-huéleusa

(c) the range R of the fragmeénts, is proportional to the vector sum of E;ahd

v

N .
v. (d) the range is given by R = k (lV + Xl) where k and N are constants to
p~ o~
be evaluated empirically from range energy data on fragments of similar size,
charge and energys (e) the angular distribution w(e) oflygin the moving frame
is given by
2

W(@) =a + b cos @

(f) the magnitudes of v and V are unigque and (g) the path of the fragment is
r— NS
a straight line. (A more precise statement of assumption'(g) is that the
scattering of the observed fragments is similar to that of the energetic
fragments of known energy which were used to calibrate the range energy
curve. )
e . L : .

N. Sugarman and L. Winsberg = have derived the necessary equations
for the analysis of these experiments with the above assumptions. We use
the notation R = k VN, ny = v”/Viand n, = VL/V[ If we neglect terms of

2 ,
order larger than 0~ nLZ and (b/a)l we obtain the following set of

equations.
(1) poofi L2,y 2/3 (wez)s 2 g L) o 2 me1)? b NNk
el R A + g T i s 1o

R
o) 1b _ b N-1
(2) Fo= m{l + 2o [2/3 (N+2) + = 8 s
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and
R 2 /
_Hop 1 b (1) b (7-3N 2 (N-1)
(3) Fp, W s + 0 X5 ((3N+l)+ o ( . {/~+ My 5 (N+1)

,Since there are four unknown quantities (n”, ﬂL, RO and_b/a)and only
.3 equations it is necessary‘to introduce at.least one additional assumption.
We chose to proceed by assuming.that:nL = o and b/a = 0 and hence setting
n“ = 1 and Vg = Ve These additiohal assumptions introduée only small errors
in the calculated values of V and RO and do not alter the conclusions. The
effects of these assumptions are discussed in Appendix C.

In Appendix D we show that the value of N = 1.5 fits best in the
equation, RO =k VN for NaLZLL and Mg28 stoﬁped in Cu, Ag, Au, and U. The
proper values of the constant k are-.also given the Appendix D.

The working equations then reduce to

R o
() WF_ = ﬂg (1 +2.333 1M +# 1.562 nz)

(5) w(F, -F

e B) = 1.166 N R

R
(6) WF_ = —ﬁg (1 + 0.156 nz)

B. Recoil Results

Tables III and IV contain the Nazl‘L results and Tables V and VI the
the Mg28 results. Tablé III and V contain the following information.
Columns %, 2, and 3 give the target, the number of determinations and the
bombarding particles and their energy. Columns 4 and 5 list the products
WFF and WFB needed for substitution in Egs. 4 and 5. . Columns 7 and 8

gives the quantities 1 and Ro derived from Egs. 4 and 5. The range values
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Ro are converted into energy values (E = 1/2 AVZ) by use of Fhe range energy .
expression R, = k yhe? whose justification is discussed in the Appéndiif v
These energy values are listed in Column 9.

The average velocity, v“,‘impartéd to the progenitor of the fragment- -

{BE
is given by v, = n o This velocity i1s gquoted in the tables and in

Figs. 10 and 11 in units of (Mev/amu)l/z.

Y

The measured aﬁd derived quantities from the perpendicular'éxperiments

are tabulated in Tables IV and VI.

C. Discussion of Recoil Results

We start our discussion of the recoil results with a cqnsideration
of the kinetic.energylvalues (E) of I\Ia.zbr and Mgé8, A glance at the tables
indicates that th¢ kinetic energy of these products is quite,high,_comparable
indeed to the kinetic energy observed in heavy element fission products.
As a measure of comparison we may computevthe Coulombic energy which such a
product might bbtain by a fission—type division of ﬁhe original nucleus into
Naz4 and its complementary frégment with atomic charge Z-11 and atomic
number A-2L,where Z and A are the atomic charge -and number of the target
nucleus. For the purpose of a crude estimate we simply compute the
Coulombic repulsion of.two tangent spheres with radii given by the expression
r = rOAl/3 where ro‘is taken as 1.45 x lO-lBCm°

The ratio of the‘experimentally ﬁeasured recoll energy to this
calculated ECoul. is a revealing quéntity. it Naz4 1s in fact produced as.the
result of the evaporation of many smaller particles from an excited heavier
nucleus then the ratio should be low, say <:0.5. A ratio approaching the

value 1 would strongly suggest that the kinetic energy of_th-e.N_aZ)1L comes

from the Coulombic repulsion of large fragments.
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. The values oqu/E ~are given in Fig. 9.~ All values are .,

Coul.
approximately equal to 0;7 indicatipg that a fission-like .division of the
"nuqleus.hashprobabLM pg§ﬁry§d:_ Eﬁe'Coﬁ;gmbic energy has, to bnguxé,Abeen
estimatgdvinﬁa very approximate way.but qny&cg;;ecpioﬁqto_thishquantity to
“rallow for ;loss of c&sca@gzpartiqles in- advence of division of the nucleus,
or for thermal,expansion, or for shape deformations of the separating

fragments will reduce the»eétimate.of E and hence increase the ratio

Coul.

_E/E The large values of this ratio suggest that even in copper

“Coul.’
targets and even at bombarding energies of 3 GeV Naz% and Mgzg.are not
produced by a cascade follqwed.by the evaporation Qf many small'particles,
contrary to What’one might have assumed. "The similar values of E/EGoul.
suggest that the same mechanism may be regponsible fqr:fragmept_pgoduction
in all target nuclei( This is 3 surp;ising resu;trgince;'as indicated
earlier, the excitation,function_data as inﬁerpreted_by-the conventional
" model show that at the bombarding gnergies'usedbin:this;Work mére than
500 MeV of excitation are re@uire@,in.érder'to have "fragmentation". Such
depositign energies are large enough to a}low production of Na from Cu as the
residue of -a cascade evaporation process. This‘}s_emphasized by the_fact
that the total bipding energy of copper i§ approximately 570 and of silver
is,approximatelyu92Q MeY.’va anyﬁgizeable_fraction,vatheﬁdisintegrations
leadingvto Naz&-produqtiqnlygpt.pytthis gyaporaﬁiqp\mgghgnism the_value of
E/ECoul. should be smallgr for Cgvphanvfpr_the_other targets.

v We.turn now to, & cpgsiderapion_qf_the,valges_of V,_defined as-the
- velocity of.thgﬁﬁtrqpkfnqclgusy and obtained_from the ?ecoi;.data with the
aid of the Eqs: I and 5. ﬁUndervphg_assgmption that the progenitprs:of the
fragments have mass yalggs jery\nqay;y qual tptthe‘targgt mass,»the average

momenta, P =5 v

.5 x A, . ., imparted to the struck nuclei. in the beam direction
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have been calculated. These values are given in column 10 of Tables IIT and
V. We have also computed the ratio ?;/PCN where PCN is the momentum of the

-

hypothetical compound nucleus or equivalenﬁly, the momentum of the bémbarding
particle. These ratiQS'aré plotted in Figs. 10B and 11B for Na24 and Mg28
respectively. Because the progenitors of the fragments are expected to have
someﬁhat"less than the mass. of the farget nucleus when account is taken Qf

the loss of pérticles in the initial cascade, ?& is a slight overestimate of
the actual momentum transferred. It is to be noted that the values of EE/PCN
are larger-than'l for T00 MéV protons ‘and 880 MeV d‘incident on gold and
uranium targets. This.may be due to the overestimate of ?&. It is also

known that particular cascade events may result in struck:nucléi with more
forward momentum than is brought in by the bombarding particle if the internal
motions ofAtheitarget nucleons are considered. See for éxamplé Fig. 1 in an
article by Porile.u2 For some unknown reason the process leading to N&Zh
production may select dut'these particular cascade events. A thifd explanation,
which we favor in our remarks below, is that the observed fragments are not
produced by. the 2-stage process postulated in the‘conventional analysis 50

that the calculated gquantities v and PT do not have a real meaning.

For the present, however, we continue to explore the implications of our
data within the framework of the conventional 2-stage mechanism to demonstrate
a further major incdnsistency. We call attention to the fact that the ratio,
§E/PCN’ must have'some relation to thé ratio, E*/ECN; in general one would
expect the forward component of momentum of the struck nucleus to increase as
the amount of energy trahsferred to the struck nucleus incfeaséé. The
quantitative interdependeﬁce of these quantities depends on the details of the .

model of the prompt cascade process. Pdrilehz examine& the detailed cascade

calculations of Metfopolis'et al.5 for targets of ruthenium, bismuth and
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uranium bombarded with protons and was able to construct a plot, which we

reproduce here as Fig. 12, showing the average deposited forward momentum

~as a function of the deposited energy, both expressed in units of the

corresponding values for compound nucleus formation. It is seen that the

deposited momentum increases almost linearly with increasing deposition

‘energy, and,’as a first approximation, the felationshipvbetween:PF/PCN and

*
E /ECN can be considered to be independent of the bombarding energy and

target material. There would seem to be no-reason why this. should not be

true also for the targets used in our study.

_If we now reexamine our values .of P.T/PCN we note that there is a

strong increase in this value with increase in target mass mumber which

. ’ 2
-implies an increase in excitation energy, E , with increase in target mass

number. PRut. in our discussion above of the excitation function results we

. *
were Yed to the conclusion that E is ‘independent of the target mass. This

" 1s a pronounced inconsistency and it is hard to see how more refined

'calcuiations of the cascade and evaporation steps.can remove.it. It may be

that the cascade results which lead to fragmentation are soatypical that it

~.1s incorrect to compare results with the predictions of average prompt

cascade calculations. - Alternatively the production of such fragments as

2k .
Na may go by a mechanism alien to the cascade-evaporation model.

- It is noteworthy that the measurements imply a strong similarity in
thé average processes. leading té Nazu dr Mg28 ﬁroduction from all targets:
excitation functions are almost proportional; the values of v“ and E/ECoul.
ére only slightly dependent on target mass for each incident energy. The

p)

lead ane to expect much more variation in these

quantities.



-2l - UCRL-10L96

IV. FRAGMENTATION MECHANISMS

A. Ixperimental Findings Requiring Explanation

The-difficulties and inconsistencies éited,abovevlead us to. abandon
the cascadg—evaporation description Qf the mechanism responsible for production
of Na24 and Mg28° .Before we considerzppssible alternative mechanisms let us
summarize some of the main fgatures which an adequate reactilon mechanism must
explain;

(l) Fragment production is associated with high energy transfer to -the
target nucleus.

(2) Excitation functiqns rise steeply . for bombarding energies up to
about 1 GeV. Above this energy therevis_a pronounced leveling off in yield.

‘(3) The excitation fupctions for Nagu and Mg28_have_the same shape
whether protons or helium ions are used as bombardipg'partic;es, but the
ylelds run a factor of approximately two higher when helium ions are used.
This finding is one of the most_important results of our experiments. Ve
conclude that the cascade initiated by a high energy helium ion is remarkably
similar to that initiated by a proton of the same_gnergy.% In the absence of
detailed information on the elastic and inelastic scattering of high energy:
helium ions from single nucleons it is difficult fo decide how to set up a
Monte Carlo calculation for the interaction of a high energy helium ion with
a complex nucleus. Without any“experimental‘information_to settle the point
we think it unlikely that mesons‘would”be produced in the same intensity and
with the same yileld-energy dependence when helium ions are substituted for
protons. Hence we think that the meson pyoduction_and reabsorption mechanism
of fragmentation (discussed in Section B below)_is not supported.byvour results.

(&) Na24 and Mg28 have very substantial recoil energies in all cases

studied. These energies are roughly equal to that which they would receive
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by Coulombic répuision ih a }iééioﬁ—like division of the target nucleus into
two large pieces.,

(5) The yield of these products goes through a minimum as a function
of target atomic number as shown in Figs. 5 and 6.

(6) .The ratio of the yield of Mg28 to that of Nazu is substantially
less than 1 and for a given target remains remarkably constant when the
hélium ion energy is varied or when protons are substituted for helium ions
as the bombarding particle. See Table I.

(7) If the light fragmenﬁs observed in emulsion studieé.(represented
chiefly by Li8) are produced in the same type of events as those which
produce Naz4 or Mg28 then there is a whole series of theirvproperties which
must be accounted for. Among them we may mention such features as their
anisotropic emission (strongwforwafd peaking), their unexpectedly high rate
:of multiple emission, and the favoring of fragmehts of low excitation near the
line of beta stability. These and other feaﬁures are discussed fully in the
review paper of Perfilov, Lozhkin and:Shamqv.lO

With these features in mind let us examine various suggestions of the

causes of fragmentation phenomena.

B. Suggested Mechanisms

A consideration of the differing radiochemical yields in targets of
lead or bismuth bombarded with protons of various energies up to 3 GeV led
Wolfgang et al.24 to postulate that fragment production was the result of the
creation of mesons and the reabsorption of these mesons before they could
escape. ©Such a process would occur only above the meson production thresh-
hold (g 300 MeV) and would be most effecfiye,in the heavier elements. The

reabsorption of a sn-meson by a pair of nucleons would release two high-energy
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nucleons which would break numbers of neighboring nucleon-nucleon bonds and
perhaps lead toc a rapid,cleavaée gf the nﬁcleus. |

This mechanism may contribute to the Né.zlL production which we observe,
but there are severél pieces of evidence which seem to us to argue agéinst
it as the only or even as the chief contributor. There is some.yield of
fragments even below the meson creation threshold.. Furthérmore we observed
the unexpected result that Na24 and Mg28 yields are very similar when helium
ions were substituted for protons of a given energy. This is contrary to
what one would have expected‘qn the meson-related hypothesis, since it is
believed that helium ions should be less effective than protons of the same
energy for the production of mésonsn The pattern of reaction products in
43

targets bombarded with a beam of n-mesons has been investigated ~ and it is

not substantially different from that observed when protons are the bombarding
particle; in particular, there is not a greatly increased yield of fragments.
Russian studies of light fragment production in emulsions bombarded with
positive pions of low and high energy show that fragments may indeed be
produced by the absorption of pilons; however, at the higher pion energies

the elastic collisions of pions with protons-in the nucleus may lead to
fragment production even if the pions are not absorbed. Apparently what is
certrally important is the buildup of a complex cascade.

Another suggestion is one made by.B]_okhintsevlm and by others that
the incoming particle makes an inelastic collision with clusters of nucleons,
knocking the cluster out of the nucleus. This mechanism has been more
commonly suggested to explain the production of light fragments like Li8.

But S8rens¢n18 and othersll’lu’17 have found that the angulér distribution
of such light fragments is not in agreement with this model; there are too

many fragments ejected at large angles to the beam.
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| A highly gfigiﬁalnfeactibn mechanism was proposed by éléssgdid; ﬁ;ckrotte
and WaJcsonu5 who“sﬁggeéted that fragments afe‘ejectéd from the‘nucleus by_the
action éf shock waves originated by the ﬁhoig béféd" by thé fassage of the
bombarding particié through the>nucleus. This mddel is not sufficiently
developed so that detailed prediction of the producﬁs of the feactién can bé
guoted.

Lozhkih expresées his views on.those interactions which lead to fragment
production somewhat as follows°46 Whenever a very complex cascade occurs in the
initial phase of the reaction so that many fast nucleons appear in a relatively
small volume of the nucleus within a short time (NlO-Zzseconds), normal nucleon—
nucleon bonds cannot exist. Simultaneous with the development of the cascade the
sfrong interactions bet&een nucleons wiil cause local volume and surface distor~
tions'which will become .increased by the interplay of surface tension and Coulombic
repulsion forces. In this case there ié high probability of individual nucleons
or nuclebnvclusters breaking away from the nucleus if the directions of their
momenta are suitable. The greater the energy iiberated in the process of

development of the cascade the -greater the disturbance to the integrity of the

_nﬁcleus and the greater the fragment yields. Lozhkin was primarily interested in

the lighter fragmenfs but undoubtedly tﬁe heavier fragments could be accounted
for also by the splitting of the distorted nucleus under the Coulombic repulsion
forces. |

A somewhét similar view of high energy interactlons has been expressed
by Faissner and Schneid.erlw to explain their emulsion sfudies of high energy
fission. These aufhors examined fission tracks in emulsions loaded with a
thorium Eompound &hiéh had been bombarded with 600 MeV protons. They selected
fission events associatéd with high momentum transfer by a criterion based on

deviations of the paths of the two fission fragments from 180°. They then
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found that there was a forward-backward mass asymmetry associated with these
high momentum events; the lightﬂfrégméﬁt was preferentially ejected in the
forward hemisphere. The mere‘existence of this fore-aft asymmetry proves that
there must be a fast fission process which occurs almost siﬁultaneously with
b7

the propagation of the nucleonic cascade. Faissner and Schneider postulate

that in those events in which many nucleons are struck in the develcpment of
the prompt cascade there occurs a conical flow of nuclear matter strongly
localized along the direction of the beam. As this group of nucleons moves
forward a viscous flow of nuclear matter occurs until a considerable portion
of the nucleus is extended in the forward direction. This leads to a
longitudinal deformation which may be sufficient to cause fission. The
light fragment is ejected primarily'in the forward direction because the
cascade becomes sufficiently developed for such a deformation only after the
initial proton and the cascade nucleons have—penetrated well past the mid-
point of the nucleus.

We agree with the essential features of these last tWQ description;
of the high energy fragmentation or fission process. In our own words we
would express it as follows. The conventional model of a fast stage followed
by a slow stage must be supplemented with a 2-stage process in which both
stages are so rapid that there is no time for an equilibration of energy
throughout the whole nucleus. In the first étage the essential feature is
a very complex nucleonic cascade. Meson production with or without re-
absorption may play a role but it does not play a unique role. The important
point is that considerable kinetic energy is imparted to a large number of
nucleons within a localized region along the direction of the incoming particles.
Some of the light fragments may be formed from the.many nucleons traveling

together in the cascade. Two or more relatively cool regions of the nucleus
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are separated by a.group of fast moving nucleons. Viscosity effecté cause
further distortion of the nucleus and if these distortions are gréat enough,
the Coulombic fﬁrces cause a rapid division of the nucleus into two or more
parts.

We would also emphasize that the energetics of the distortion of the
nucleus must play an important role. As a function of the charge and mass
of the nucleus there are marked changes in the absolute amounts of energy
required in particular types of distortion as well as marked changes in the
favoring of certain types of distortions over others. These changes may
have some bearing on the changes in yields and other properties of the
-products of a fission-like division of the nucleus as a function of the
nucleér size. The best fundamental knowledge we havevabout these energetics
are the potential-energy calculations of an ideal charged liguid drop made
by Swiatecki and Cohen.53 One of the important parameters in these
calculations is the fissionability - parameter x defined as the ratio
ZZ/A (Z?/A)cfit. Z and A are the charge and mass number, respectively of

the nucleus and (ZZ/A) = 50 refers to a nucleus which is unstable toward

crit
fission for even the slightest distortion from the sphere. OSwiatecki and
Cohen have calculated the energy required to distort a nucleus with a given
value of x into a variety of symmetric and unsymmetric shapes, particularly
the energy requireduto form a drop of such shape (fission saddle shape) that
no additional energy need be added to cause division into fragments.

These calculations show that the energy required to take a nucleus
along a distortion bath which leads ultimately to a division into equal

fragments goes through a maximum in the middle of the system of elements

(roughly at about mass 150). At low value of Z there is so little binding
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energy in the nucleus that any conceivable distortion occurs with modest
expenditure of energy. The heaviest elements require less energy to achieve
a critical saddle shape distortion because of the great Coulombic energy of
the protons in the incipient fragments. But stability toward asymmetric
shape changesris also important. At the iower masses asymmetric shapes
corresponding to the formation of a pear-shaped nucleus, and uitimately
to the sucking up of one fragment by the other are strongly favored. vAs the
value of the parameter x increases this holds true to a lesser extent until
at a critical value of X = 0.39 the formation of a symmetric shape (a
spheroid or a spheroid-like figure with a central waist) becomes favored.
These two effects i.e. the passage .of the deformation energy of the symmetric
saddle point through a meximum and the favoring of symmetric over asymmetric
distortion only at higher x values may have some bearing on the cross section
curves of Figs. 5 and 6. If we‘speak of the Na211L produced by a fission~-like
process we may expect appreciable yields in the lightest targets just because
of the low energy requirements for any sort of distortion and division of the
nucleus. We expebt a minimum in.the medium weight elements because of the
very high fission-barrier and partly because the potential energy of de-
formation favors pear-shaped over centrally-waisted figures. _And, finally,
the higher yields for high 2 fargets are. expected owing to the low fission
barriers.

Oﬁr argument is not that these static calculations of potential
energies can provide any detalled explanation of fragﬁentation phenomena.
We argue only that the big changes in the energetics must influence the
outcome of any process in which the buildup of a distortion in the nucleus
by a fast or a slow process is decisive in the final outcome. A complex

nuclear cascade has the role of initiating a nuclear distortion. The
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distortion which develops may be rather different in character from that
which would develop in a nucleus excited to comparable energy by other
processes. However, by our reasoning fragment formation could also be

expected in nuclei excited to hundreds of MeV energy by other means.
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APPENDICES

A. Radiochemical Procedures

The chemical procedures were adaptations of standard radiochemical
methods.u8’49 The metal foils were dissolved with appropriate acids and the
plastic foils destroyed with a hot mixture of sulfuricland nit;ic acids in
the presence of 10 mg of Na carrier and 5 mg of Mg carrier. The sulfuric-
nitrié acid mixture was evaporated to dryness and the residue dissoived in
distilied water. The target materials were removed by precipitation of
copper sulfide, silver chloride or uranium tetroxide,So or, in the case of
gold targets, by extraction of gold with ethyl acetate.

After this removal of the bulk of the target material the solution
volume was adjusted to 10 ml. Iron hydroxide was precipitated once in the
presence of ammonium chloride to scavenge out unwanted hydroxide-insoluble
contaminants, and than copper, antimony,and nickel sulfides were precipitated.
The excess hydrogen sulfide was removed and antother precipitation of irén
hydroxide was }_)erfo:t"mec'i° -Magnesium was precipitated with 8~hydroxyquinoline
and the solution kept for sodium analysis. The magnesium hydroxyquinolate
was destroyed. The hydroxide:and sulfide precipitations were repeated.
Calcium, strontium, and barium-oxlates were twice precipitated and the final
supernatant ligquid was evaporated to dryness. The residue was taken up in
water and strontium sulphate was precipitated (pH = 6). Iron hydroxide was
precipitated once again and removed by filtration. Magnesium was precipitated
with 8-hydroxyquinoline, filtered, dried at llOOC, welghed and mounted for
counting.

The solution, containing the sodium fraction, was treated with a
mixture of benzene and 1- butanol to remove excess hydroxyquinoline (and

possibly quinolinates of impurities), The organic solution was discarded
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and the agueous solution was évaporated to dryness. The residue waé dissolved
in wéter, Sodium was precipitated as sodium magnesium.uranyl acefaie and
-converted to sodium chloride Withvhot l-butanol saturated with dry Hel. ‘This
step was repeated, The sodium chloride precipitate was treated with
concentrated perchloric acid, 5 mg of pétassium chloride was added and the
solution evaporated to dryness. Sodium perchlorate was extracted with
1l-butanol and converted into sodium chloride with 1- butanol saturated with
hydrogen chioride° The sodium chloride was filtered, dried at 110° weighed,
and mounted,' The chemicél yield of Nazu or Mg28 was assumed equal to the
pércentagé recovery of the 10 milligrams of inert sodium or 5 milligrams éf
magnesium added in the beginning.

The filtration apparatus has been described by Blann?:L In part of

this work glass filter pads were used to minimize weighing errors due to

absorption of moisture.

B. Mounting;of Samples and Determination of Their Radiocactivity

Samples were mounted on aluminum plates (350 mg/cmz) and covered
with 0.1 mil pliofilm. - The Nzatz)1L and Mg28 activity was measured by placing
the sample in a reproducible geometry 0.9 cm from an end-window methane-flow
proportional counter of 2.5k cm diameter. Measurements were repeated in a
regular rotative sequence with a series of counters in order to minimize
variations in efficiency and background. This rotation of samples was
rarticularly important in éhe sampl;s from the recoil’catchervfoils,
particularly the backward catcher foils. Standard checks of counter per-
formance wefe made daily.

The influence of sample thickness upon counting efficiency was

determined by comparison of the counting rates of Na24 in a stack of aluminum
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foils of different thicknesses bombarded with protons in a special irradiation.
The relative counting efficieneies of NaZu and Mg28 was taken from Bayhurst
and Prestwood.52 " o |

In the samplee.obtained from the recoil experiments 1t was necessary
to evaluate error due to activation of impurities in the cetcher foils.
The Nanzl‘L produced in blank foils was always measurable and corresponded to
a small percentage of the total Na,BLL activity found in the catchers. In the
Mg28 experiments, on the other hand the activities were much lower and
backgreund activity due to activation was not.measurable. However, since
the activity of the Mg28 samples was very low, especlally in the backward
recoll catcher, activations of the order of 1 e/m could have introduced

errors up to lO%.

In every Nazu sample there was a prominent 15 hour period which could
easily be resolved from the background. Chemical.yields were practically
constant for all foils from a given experiment. The Mg28 activities were
lower, the chemical yields somewhat variable, and the possible contribution
from contaminants was higher. The unifofmity in thickﬁess of the copper,
gold, and uranium targets was so high that there was negligible error from
this source. Errors from thickness nonuniformity in the silver foils may
have reached 5%. Errors caused'by'oxiderfilm on the uranium are considered
to be small. The overall error of the measurement (at the 95% confidence
level) of the product, W x F, in the recoil experiments is considered to be of
the order of 5% for NazlF produced in copper, goid, and uranium, and of the

order of 10% in silver. The Mg28 errors are probably about twice as large.



35~ UCRL-10496

C: _Effects of Approximations Made in Calculating Ranges of Fragments

and Velocities of Their Progenitors

(a) the effect of neglecting n;
" Bgs. (1), (2), and (3) given in the test can be rewritten in the

following forms.

2 -
2 2 §N+1) b 8(N-1) . 2 N°-N-A 2 N-1
() T B (N‘“Z)‘““l 1’“% g [6 T4 YN T YT
£ - ‘

2
B 2 21\T+l]21\1-lb1_‘ 8(N-1) .2 N°-N-h 2 N-I
[l'”u S )en ™ STy Ty [E L T T 12l

| | 2 | b 1b[2
(9) MF, = R p [l o 8 ] ¥ RoP{”L T L'z”L

It will be seen in Appendix IV that N takes the value 1.5 in Cu, Ag, Au,

and U. In this case Eq. (7) becomes:

- 2
Fp  1+2.33 1 + 1.56 ”uz [1+0.1 nlz/ n J +0.0k 2 10,% + b/a(...)

2
”1 + b/a()oo)

o o' | o

B . 1-2.33 1 +1.56 n“? [1+o 1-my / n, ] +0.04

By inspection of Eg: 10 we decide that ”L/“n must be much larger than 1
iﬁ order to introduce appreciable. errors into the estimate of ﬂu if FF/FB is not
extremely large. In order to get an estimate of the relative magnitudes of . and
n“ we refer to the-informatiop_which Porileuz extracted on this point by an
examination of results of Monte Carlo calculations of the nucleon-nucleon cascade.

He found that for large momentum transfers (such as are important in our experiments)



-36- : UCRL-10496

the ratio ”L/“n is indeed much léss than unity. Thus the. neglect of ﬁl is
justified. - | | J

. Since R6 i is independent éf ny (Eq. 5), errors due to.the neglect-
of nl are equally introduged in n“ and RO. However W(FF— FB)'“ Ro n“m'vl/z Vi
(for N = 1.5) and therefore Vil is pfacticali& independent of nlv.

(b) the effect of neglecting b/a

Possible effects of non—isotropic'distributi@n ofvthe products in the

center~of-mass system of the progenitof are expressed by the term in b/a in

BEg. 8 which for N = 1.5 reduces to

W(Fy- Tp) = /3 (1.16 + 0.04kb/a) Ri/3v

TR

For values of b/a smaller than 0.5 the influence of b/a on the expression
enclosed in parentheses is negligible. The experimental data from WFP and
W(FF+ FB) measurements indicate that b/a is always less than 0.5. Thus the

calculation of Vv is only affected through the influence of b/a on RO'

D. Range Energy Relationships

The required range-energy relationships needed in our work for Na
and Mg28 stopped in copper, silver, gold, and uranium were not available in the
publishea literature and could not be easily obtained from theory. Consequent-
ly we derivea the needed ralationships indirectly in the following way.
Heckman and co—workers54 have measured thevraﬁges in nuclear emulsions
of nuclei of C, N, O, Ne, and A accelerated to energies of 0.5 to ld MeV per
atomic mass unit. They used the range, AB), of a proton with velocity P ='v/c as
their standérd and discussed the observed ranges of the complex particles in terms

of the corresponding range, M/Z2 N(P) (expected if no neutralization of charge

occurred) and in terms of a range extension term, Rext(ﬁ),dwhich corrected for the



-37- UCRL-10496

pick-up of charge by the“fragment as 1t loses ehergyn The range extension

is defined by:

R (B) = R(B) - <—B-Z%> AB)

where R(B) is the observed range. Heckman et al,53 found that a plot of
Rext/ MZZ/3 versus the velocity of the -ions, expressed in units of the K-electron
velocity, gave a universal curve. We evaluated the ranges of 1\Ta,21L and Mg28 in
emulsion by use of this universal curve and the abbve relation. In'the energy
interval 0.4 to 3.0 MeV/amu, the ranges are given by R = 0.95 (E/A)O°9n,
expressed in mg/cmzu This range—energy relationship should beifairly accurate,
since in this same energy interval the ranges of all complex particles are,

for a giVen.speed, the same within 20 percent.

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 O particles or protons of the same velocity in nuclear
emulsions and in the target material. This proéedure is not absolutely correct,
but it is a reasonable approximation. The ranges in emulsion of & particles and

. 5k

protons were taken from Barkas et al,55 and Heckman et al.” , respectively. The

ranges of & particles and protons in Cu, Ag, and Au have been taken from Whaling?6
The ranges of‘the fragments in uranium were aésumed eqﬁal to the ranges of the
fragments in gold. While there is published evidenceS7_59 that this assumption
is not strictly correct, the errors introduced by this assumption in the
éalculated recoll energies of the fragments produced in uranium should not
exceed 10%. The range-enérgy relationships obtained for both Naz4 and.Mg28 are
of the fdrm R = kb(E/A)O°76 where k ig a constant. With R expressed in mg/cm2
and E/A in MeV/amu, the consﬁant k takes the values of 4.5 for Cu, 5.8 for Ag

and 8.1 for Au and U. ;



Table I. Formation cross sections (in mb) of

Nazh and Mg28 from various target elements

Alphas Protons
320 MeV Q 500 MeV O | 700 MeV O 880 Mev « 700 Mév p 5.7 GeV p
o M2 8.26xlo'2(1) 2.8010.13x10_l(5) 6.9810.15x10'l(5) 1.3840.57 (3) 3.68x10'l(1)
o Mg28 1.15x10'2(1) O.§7xlo—l(l) Q.9lxlO-l(l) 0.19 (2) o.u9xlo’l(1)
o =5 0.14 0.13 0.13 0.13 0.12
Na
ob
Ne. 748 1.65°
22
Na
- - ' - - -1
o Na21F 3.25%10 2(1) 9.5240.72x10 2(3) 2.270.005%10 l(5) 4. 4640.02x10 l(3) 1.00x10 “(1)
Ag o Mg28 0.39xlo'2(1) 1.10x10'2(1) 0.26x10'l(1) o.ugxlo'l(e) O.l2xlO_l(l)
28
o B 0.12 0.12 0.12 0.11 0.12
- Na
oh -2 : -2 1, _ -1 -1
o Na %.23x10 (1)  10.6820.28x10 “(3) 3.08#0.87x10 ~(3) 5.9420.16x10 (3) 1.35x10 ~(1)
o Mg28 2.o7x10'2(1) 6.24x10'2(1) 1.02xlo'l(1) 1.98x10‘1(2) o.54xlofl(l)
28 v _
Au o Mﬁ@g 0.6k 0.58 0.33 0.33 0.23
Na S
o 1\Ta24 5.29
Naze

(Cont)

9670 T~TH0N



| Table i,(Confihued) S

- Alphas .

Protons

- 520 MeV O

500 MeV-ot - _ 700 MeV.o

.880.MéV:a_f'

700 MeV p © 5.7 GeV.p

s Na=' ‘§14lxlo—2(l)

. ‘ o
o Mg 6.42x10

U ‘0' Mg | 0-68

(1)

 21,02£1;38x1o'?(2) ‘5;oeio.osxlo'1(2)

12.29xio'2(1) o ~é;38xiofl(1) a

.UQ.58' | " : ,. -o{HY'

8.7540.25x1071(3) 2.30x107 (1)

4.5ox;o'l(2) B

' 0;52

C1asaoTt(a)

'5.00°

aReference'55.

b . : ' , -
From D. W. Barr, report UCRL-3793, 1957,unpublished.

From C. L. Carnahaw, report UCRL-8026, 1957, unpublishéd.

-6E-

.96v0I—THon
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Table II. Comparison of yields of 1\18.2'1L (and“Mg28) in targets bbmbarded with
T00-MeV protons and kelium ions. »

Target

Cu
Ag

Au

Yield Na2  (700-MeV He) Yield Mg2o (7oorﬁev He)
Yield NaELL (700-MeV ) Yield Mg28 (700-MeV, p) i
1.9 i,85 .
2.27 2.17
2.28 1 1.85
2.18

2.07
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Table ITI. Summary of 1\18.2).L recoil results from the forward-backward experiments

O

~——
[ B Pt A S I T ¥ W

‘ ,

w

—

)

3 ' 4 5 6 7 8 9 10 11 12
W Fp W Fy R, E v By B/ Py
Bean (me/en’)  (mg/om’)  EJT (/) ) (ev/em)? (em ven)?
880 MeV 1.678+0.055  0.202+0.000 . Tz_?,io.29 o.—l,; 2.99 b 0.46 29.4 E 0.33
700 MeV p 1.184 0.352 3.37 0.25 ' 2.8L 13.2 0.27 16.9 0.38
3 6eV p 1.036 0.370 2.79 0.22 2.63 12.1 0.22 13.8 0.10
320 MeV (2.440) (0.338) (7.19) ' '
880 MeV a 3.31}510.072 0.645%0, 002 5.09%0.13 0.33 6.88 30.2 0.53 57.3 0.6h
700 MeV p 2.253 0.969 2.32 0.18 6.18 25.7 0:26 25.1 0.63
3 6eV p 1.848 0.813 2.27 0;17 5.10 20.4 0.23 2h.h 0.21
880 MeV a 6.57620.096  2.166%0.072 3.03%0.06 0.23 "16.22 60.0 0.52 102.6 1.15
700 MeV p k.728 2.796 1.68 0.11 14.92 54,0 0.23 b6, b 1.05
3 GeV p 4,560 2.184% 2.09 0.16 13.05 45.6 0.30 59.9 0.52
6.2,4.5 BeV p  k.h52 2,202 2.0l
320 MeV (5.370) (2.718) (2.01)
880 MeV a 6.200%0.035  2.230%0.024 2.77%0.03 0.21 15.82 58.1 0.47 112.6 C .26
700 MeV p 4.165%0.081 2.5261‘0.043 1.64+0.006 0.106 13.30 46.1 0.21 k9.3 1.12
3 GeV op 5.h56 2.635 2.06 0.15 15.66 56.6 0.33 9.5 ) 0.68

96+0T~-THON
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Table IV. Summary of Na  recoil results from the perpendicular experiments.

1 2 3 L 5 6 7
Target Number ~ Bombarding W FPg W Fop Rp RO/RoP
£ ticle and 2 I
N soulonuating (mg/en”)  (mg/em®)  (mg/em”)

Determ. its energy

1. 880 MeV o 0.818 - 0.642 2.8L 1.05

cu ( 1 700 MeV p 0.66M 0.630 2.56 1.10
\ 1 3 GeV . p 0. 742 0.576 .62 1.00
(
1 880 Mev @ '1.866 1.404 6.60 1.0k
Ag < 1 700 MeV p 1.506 1.403 5.86 1.05
\ 1 3 GeV p 1.335 1.155 L.o5 1.03
1 880 MeV @ 4.218 3,498 15.30 1.06
Au < 1 700 MeV p 3.816 3.720 15.0k 0.99
.1 3 GeV.p | 3,702 3,198 3.7 0.9
2 880 MeV « 4,025 3.285 14.51 1.09
#0.001 +0.169.
1 700 MeV .p 3,340 3,235 13.11 1.01

U
i‘ 1 3 GeV.p 4,140 3,515 15.24 1.03
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Table V. Summary of Mg  recoil results from the forward-backward experiments

1 2 3 b 5 6 7 8 9 10 11 12
Tgt. No. Beam Lo W Py Fp/Fy n R, E v iT B/ oy
(ng/cn’) (ng/cn’) _ wfen® ev) (ev/em)Y? (am wen)t/?
l: 880 Mev 1.546 0.176 ’ 8.80 0.143 2.70 1.5 0.h44 28.2 ‘ 0.31
J +0.013 +0.011 +0.66 .
Cu / 1 700 MeV p 1.122 0.272 .13 0.29 2.47 13.1 0.29 18.2 0.4
1 3 GeV p 0.990 0.328 3.02 0.23 2.% 12.9 " oo.22 k.2 0.12
2 880 MeV @ 3.042 0.669 4.5k 0.31 6.50 32.7 0.48 51.6 " 0.58
+0.050 *0.014 +0.03
Ag 1 700 MeV p 1.995 0.897 2.22 0.17 5.53 ' 26.6 0.23 25.3 0.57
1 3 8V p 1.749 0.801 2.18 0.16 .92 22.9 0.21 22.8 ’ 0.19
\(_3 880 MeV o 6. T4k 2.520 2.67 0.21 17.4%9 77.0 0.48 95.6 . 1.07
+0.221 £0.041 $0.07 ' _ ‘.
Au 1 700 MeV p 5.48% 3.570 1.53 0.09 18.02 8a.3 0.22 k2.9 : o.g% .
L} 3 GeV p 5.160 2.51h 2.05 0.15 14.92 63.0 - 0.32 ‘ 63.5 : 0.54%
Fz 880 MeV 7.420 3.085 2.46 0.19 19.55 89.6 0.48 114.3 1.27
u 1 700 MeV p 5.320 3.330 1.52 0.09 18.9% 85.% 0.22 52.9 \ 1.20
L 3 GV 5.870 3.145 1.86 0.13 17.69 T8.4 0.31 Th.3 o 0.6M4

-E?-

9610 T-TI0N
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Table VI. Summary of Mg  recolil results from the perpendicular experiments.

i

1 2 3 n 5 6 7/
Target Number Bombarding W FE W F R R /R
of  particle and /PFE) ( /PBE) °F 5 o oF
Determ. its energy e Cin, He cm - (mg/cm)
Cu 1 3 GeV p 0.688 0.538 2.43 1.00
(1 880 MeV a h.oz2  3.684 17.12 : i.oz
a1 700 MeV p - 4842 L.k . 18.95 0.95
1 3 GeV p L.236 3.816 16.0k 0.93
U 1 880 MeV « L.080  3.710 15.5 1.26

1 % GeV D L.800  k.290 18.1 0.98
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- FOOTNOTES AND REPERENGES - . . . . =

This report is a revision of the material published in the Ph.D. thesis

of one of us V. P. Crespo, previously issued as Lawrence Radiation

v e

- Laboratory Report UCRL-9683 Sept. 6, 1961.
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Present address, University of Colmbra, Coimbra Poftugal°

Additional evidence in support of this point comes from an unpublished
study by Korteling and Hyde in which the excitation functions of a variety
of products were studied in the interaction of high enérgy protons and
helium ions with niobium.targéfs over the bombarding‘energy range 240-

880 MeV. The results of the proton-indiiced reactions were remarkably

similar to those for helium-ion-induced reactions.
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My $ My T, My T, My T3 My T4 My
Al mon

MU-=-24559

Fig. 1. The cross-section assembly. T;, T, To, and T} 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.
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Cross section for NaZ4(mb)

] | | l l
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Incident helium ion energy (MeV)
MU—23792
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Fig. 2. Excitation functions for the production of Na™  from He ion

bombardments of Cu, Ag, Au, and U.
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Cross section for Mg2® (mb)
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Fig. 3. Excitation functions for the production of Mg28 from He ion
bombardments of Cu, Ag, Au, and U.
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Fig. 4. Excitation functions for the production of Na from proton
bombardments of Cu, Ag, Au, and U. Data from 1 to 5.9 GeV from
Ref. 25. Data for Cu are from Refs. 31, 32, 30, 26, for Ag from
Refs. 33 and 34, for Au from Ref. 26 and for U from Refs. 35 and
36. The T00-MeV points are from this work.
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used as blank foils; foils c were guard foils.' All the catcher
foils were 0.003-in.-thick Mylar.
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