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" CHARACTERISTICS OF FRAGMENTS PRODUCED IN‘THQ
INTERACTION OF 5.5-GeV PROTONS WITH SILVER

Earl K. Hyde, Gilbert W. Butlerf, and A. M. Poskanzer
Nuclear Chemistry Division
Lawrence Radiation’LaQoratory
University of California

Berkeley, California 94720

May 1971

ABSTRACT
The‘eﬁergy spectra bf‘nuclear fragments produced by”the interaction of

5".5~GeV protb'n's"with svi’lv'er "we’re determined: at eeVeral laboratory engl“es by
means ef“dE/dieE meaéufeﬁenﬁs with semiceﬁductor defector telescopes.

Individual iéotopes of the_elements froﬁ hyarogen'ﬁo nitrogen were resolved.
From oxygen to silicon the elemehts were detefﬁiﬁed withéut isotopic separation.
For the case of the 1sotopes of He through Be enough of the evaporation-like
energy spectra were recorded 80 that it was p0381b1e to perform 1ntegratlons

to obtaln angular dlstrlbutlons and total cross sectlons . For elements above

‘berylllum an experlmental cutoff on the low*energy side precluded these

&

1ntegrat10ns and only the high-energy portlons of the spectra were recorded.

 The energy spectra of the neutron-deficient isotopes differ from the others

in that the,high“energy parte of:the spectra ‘are more pronouniced and flatter,.
and the angeiar distributidns are ﬁore‘fofward;peakea.

-Some5of>the energy eﬁeetre'wefe fitted with"celculatedecurves based
on the isotropic evapOretieﬁ of_fragmehts.ffom‘an excited.nuCleus‘moving

along'the~beam axis. The apperent Coulomb barriers obtained from this analysis

were about one half the nominal-CoulomB barriers and the apparent nuclear
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ﬁemperafurésvfell ih the 8-lleéV range.‘AHowévér,'ﬁo oné temperatdre coulq
fit the_entifé enérgy-raﬁge and for the highesifehergy fragments observed at
95> thé épﬁﬁrent temperéture‘rose fo 20 MeV or higher. From the forward-
béckward shifts Qf_fhe mosf_prqbable energy it was.aeducedvthat the'évérége
velocity of thé moving system‘emitting Li and Be fragments,isn0.008 c; 
However, éll_of the data are more forward'peaked in intensity than can be

explainedvby the simple two-step model. The energy analysis carried out on

these new data is compared to those given in thevliteratﬁre for silver targets .

‘dr emulsions bombarded‘with protons,'cosmic'rays, pions, kaons, and other
particles. Comparisons. are made of these results with those obtained in an

earlier study ofﬂfragments from a uranium target.
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1. ,INTRODUCTION‘

In a recent study we descrlbed the appllcat1on of sillcon semiconductor
. detectors 1ncorporated in a partlcle 1dent1f1er system for the study of‘
fragments resultlng from the dlslntegr;tlon of uranium target nucle1 bombarded
with 5. S-GeV protons o The present study descrlbes the results of a similar
1nvest1gat10n of the fragments produced by a 51lver target bombarded with
5.5-GeV protons.‘ In'a serles ‘of measurements wlth AE and E detectors of various
thlcknesses it ‘was p0551ble to 1dent1fy 1nd1v1dual 1sotopes of the elements
hydrogen through nltrogen and to measure the energy spectra for the 1nd1v1dual
llsotopes at 5 angles to the beam The energy dlstrlbutlons have Maxwellian
shapes resembllng evaporatlon spectra. but because of an 1nstrumental low-energy
cutoff it was not p0581b1e to observe the maxima of the Maxwelllan dlstrlbutlons
for fragments heavier than beryllium. For fragments heav1er-than nitrogen it
was not posslble to obtaln 1sotop1c 1dent1flcatlon with the telescope contalnlng
the thlnnest AE detector.but 1nd1v1dual elements up to 5111con were resolved
and the high—energy'segments of the energy spectra were neesured.

Silver was chosen as_the terget in order to obtain data to compare
with the fragmentvcharacteristics reported_in.uany previous studies done by
other methods; The nuclear emulsion techni@ue has been‘most widely used
beeause of the ease. of study of-the.interactlon of high—energy partieles with
AgBr in the'emulsion. In_most_studies the emulsion was used both as target
and detector;. The bombarding.partlcles have been cosmic Tays, 2—11 machine

.accelerated protons of 0.5 -to 30 GeV 12-39 Tr:--mesons,5 BO-b5. antiprotons,36’u6—50

51-53

K-mesons , and other projectiles. In some cases the emulsion has been

1Lk-16

used to detect fragments proauced'in an external target of metallic silver.
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Fragmeﬁtsbfrom'sil;er.have‘aléo been studied.ﬁy techniques Based oﬁ Mass
spectrometfy5h>6r en the measurement of the radioactivitj of the fragﬁents.55f62
: Each eipefimental ﬁethod>has eerfain edéehteées and shortcomings;
Methods based on: fragment rad10act1v1ty are llmited in scope.because they. can
be applled only to a small fraction of the products, but they do have great
sen51t1v1ty and spec1flclty. Thev have been partlcularly valuab’e for explorlng
yleld varlatlon% over many orders of magnltude as the energy of the bombardlng
particle is changed. In general these technlques supply only yleld data but
-some studies have been done in avwaylto_extract 1nformatlon on fragment energy
. spectra and angular diétributions. Howevef, radioacti?ity—based methods
prgvide no information—chcerning the other particles emitted in the nuclear
.interaetions ieading to the production of the isolated radioacti&e product.v
The nuclear emu151on technlque has some strong dlsadvantages because of the
labor involved in gettlng statlstlcal accuracy on 1nd1v1dual fragments, the
difficultyeof maklng a clean identification of the chafge and mess of
»individuel,ffagménts from-the characteristics of the tracks, and froh uncer—
-tainty in the taﬁget_nucleué.' Because of theviden£ification problem the‘greai
bulk of.the published work has_been done on 8Li,ISBe and 9B; which decayein
such a way that an easil& identified'hammer track ié pfoduced.* To be set
against these disadvantages is the fact that the nuclear emulsion teehnique
makes it poséible to examine all the charged pafticles (mostly, érotons.and
helium iens) coming from an individual nuclear dieintegration (stef) aﬁd to
studyvthe correlation of these ether particles with the.fragmenﬁ. For example,
it'is.possibie'to etudy the yield and energy spectrum of the ideﬁtified frag-

ment as a function of the number of gray, black, and sparse prongs in the star..
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Such'éorrelaﬁiqnslprQidé'ﬁ muéh,deeper understandiﬂg df.the underlying‘
reaction méchaﬁisﬁ;  The nuéleaf emuision teéhniqﬁe.also provides the oppor-"-
tunity fo stﬁdyvcaéés in:yhich more»than one ffagment is eﬁitted in a single
disintegr@fibni: Iﬁ the semicon&uctor_techniéue asvapﬁlied'by'ourselves, or
by_oﬁheis,§3;6y'it haé been.pqésiblé-t§ measure ehergy épecﬁra with good
s£atistics for a number éf fragments eéchfpreciSely‘identified Ey.atomic number
and msssrnumbérf rAli stdble_aqd fadioaétive species are msaaﬁred;-the only
requirement‘ié that tﬁe ffégmeht‘be stablé toward heavy'péfticlé emission.

The method haé;thg'limitatidn of a low-enérgy cutoff that.increases as the

» fragmenf éhafge ihdregses. Furthermore,‘as appliea in the'study reported here,
no addiiidﬂéi‘information_is obtaihed on the_characﬁéristics of other pérticles
produced in theGnudléar break-up éiving rise to'thé-bbserved ffagment.

Because conclusions from previous studies have been stated many times

~ 65-67

in.the_féfefences already cited and in several review articles it is not
néceséaryvﬁé'present them:in detail here, but it‘may be of some use to‘set
down a éhort éﬁﬁmary of the main déduétions, particulariy thdse which have
relevénce to-therlater_diséussion:of our own data. .In theufollowing text the
ﬁord fragméﬁté‘fefers to nuclei of charge 3 of.higher.  The usuél nuciear
emulsion.termiﬁology on'track types will be followed: ,grayitracks are considered
to be caused By'cascade protons,_black traéks are attributed ﬁo e&aporated
protons of hel;ﬁm ions,:énd spafSe»tracks_ére_assigned to m-mesons or other
éarticles of miﬁimum ionization. The conclusions of previous studies are:
l)t Fiégmen£ yield_increaées strongly with the energy of thé bombarding
prptons from lOO MeV to ébout 2 GeV and then.remains felativély constant up

to 30 GeV. We have summarized in Table I the bulk of the'published data on
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fragment yields'fér pfdton”bombarding»ehergies in fhe_Gerrénge.

2) quvﬁfoton bombafdiﬁg energieé of 1 GeV.or‘greater thé'yield 
variatidn f6f fragﬁents.close to bet; stability suéh as 18F and 2yNa varies
ih an'interéstihg way wifh the atomic masé 6f tﬁe'target.sg For the‘lighter
target eléméﬁtS‘up té abéut mass 100 the.yield decreases with\an increase ip.
target maés,lﬁhefeas for fhé heavier targets the trend reverses and thére fSV:
aninCréasebin;fragment yield aé ﬁhe targef mass increases. This has been
intefpreted aé evidénce:fof a éhangé in the reaction mechanigm leading to‘
fragment forﬁaﬁidn. Tﬁis feature is interestiﬁg for the éase of silver because
silver is near the’mihimum'of the fragment yield.vers#s,targei mass curve.

3) _Fragment yield increases with the complexity of the.nucieaf star:
i.e.; with the number:of gray, black, and SParSe pronéé. ‘

h): Tﬂé greatest yiélds oceur fo? products near beta stabilitj.65’67-
This'fact fe&uces the siénificance of conclusions drawn.ffOﬁla study of ?adio—
active fragments alone.

| 5)' In those cas;s in which the short black trackgqf the résidual
nucleus éanfbe identifiéd.it is strongly correlated in diféétion with the
direction of:fhe fragment tfack, the angle lSOé‘beingvfavqred.lz’35’65’68

6) The fragment energy épectra-have shapes reéembling, at least
rgughly, the Maxwellian distribution expectedifor'an evaporatién process.
Since this is such an important féatﬁfe we cbmment.more fully on it;

Many authors have made the éttempt té'fit curves based on evaporation
, theory to their energy data."Some repfeséntative papers may be singled |

6,22,35 _

out for a discussion of this fitting. One common practice is to

compare the data taken at all angles to the following simple formula taken
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69

*from'LeCOuteurfs treatment of thevWeisskopf evaporation theory.

P(E)AE = = B) € )
. Here P(E)dé;'isxthe prObabilitylof emission‘of e fragmenﬁ withldisintegration
energy € rn tbe inberVal & from a_nucleus'excibed to abtemperature T and
cbaracterized}by a barrier B to:the escape'of the fragment. .To correct for
recoll duriné the escape ofithe fregnent.the.disinteéretion eneréy € is related
to the observed energy E by the equatlon, E= (1 - m/ME, where m and M refer
to the mass of the fragment and the emlttlng nucleus, respectlvely This
correctlon has often been ignored, but it is 1mportant If the‘experimentel '
'data are.suff1c1ently exten31ve to deflne bhe energy spectrum at several angles
it'is»possible tokemploy‘revised equafions (see References’6;’éé, 34, 35, and
70, for exémple) which allow for the effect on the spectrum of the velocity, &,
of the excited nucleus that emlts the fragment.~ | | |

"In.Tnble II we summarize the-T, B, and v peramebers'reported by'repre—
sentetlveiauthorsvto describe fragment spectra:from broton_bombarded emulsions.
Most of these ere for 8Li hammer tracks but there are some for Li, Be, B, C,
and N 1dentif1ed by the track area method. A particularly COmplete set of

data has been publlshed by Steln35 39

for the case of 25-GeV proton bombardment.
Addltlonal data for emulsions bombarded with other types of partlcles are
collected in Table III

-In these tables the'tenperature parameter falls in the range of
10-15 MeV whlch is regarded by many authors as.a nhy51cally unreal value

because 1f all nucleons ‘in the nucleus were 1n fact ralsed to this energy the

total nuclear exc1tatlon energy ‘would exceed the total binding energy of the
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nucleus. The Coulomb barrier parameter B- 1s unlversally fohndvto be lower
hthan would be estlmated for the emission of the fragment from a 51lver nucleus,
even when allewahce is made for the reductlon in nuclear charge of the parent
nucleus by theEIOSs of charged partieles in the caScade steb. Ideas which have
been advenced'to account for this barrier lowering include the increase of:the:
nucleer radius hy-nuclear expansien et.high tem.perature,71 the,oecurrence of

large amplitude surface vibrations,72

73,1 .

and the'formation ef highly deformed
nuclei. |
The mov1ng system velocity parameter v, falis in a range which seems
reasonable although the value deduced from the analysis is somewhat hlgher
than that expected on the basis of estimates from Monte Carlo calculatlons of
the cascade Btép. ‘There should also be a eorrespondence between thls parameter
and the forward- to—backward ratio for fragment emission. Most authors are
successful in~reconcilingfthe'two values obtained from the enalySis of their
data but a few report an incensisteney in this regard. This inconsistency is-
alwaysmin.the direction of more forward'peaking hhen‘expected;>
While it is true that this empirical curve fitting is successful for‘
the main part of the energy spectrum, it ie elmqst uniformly reported that it
is not successful for the higheeh fragment emergies, particularly at forward
angles. The excess of fragments at the higher energies‘mey represent contfibu—
tiohs from the cascade step but direct knock-out of nuclear clusters.by the
incident particle is discounteds_;z as the mechanism of this contfibution.
.Various‘hqutheses concerning the possiblejrole of nuclear interactions hy the
cascade particles with nucleonic clusters in the nuclear surface have been
- formulated but no formal theory has beenvproposed for fragments heavier than

helium ions.
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It ié'éh’interestihgvfact-also thatrthe'fragﬁent energy spectra do not

vary much with-prbton bombarding eﬁergy. Perfilov, Lozhkin, and Shamov65 in

‘their review of this point state that nO'apprecieble.change occurs in the proton

energy rangég660~MeV to 6.2 GeV. This is'epparent'also from the entries in
Teble II. There are greater changes ‘'when mesons or antlprotons are substituted

for protons (see Table III) but these changes are not as- great as one mlght have
36

» expected. Stein reports that the fragment energy spectra 1n nuclear emuls1ons‘

bemberded with:S—CeV antiprotons and with 25—GeV protons-arevqulte similar.

In Sec{_IV atvthe end of this paper we present the reeclts of a similar
curveifittihgfte our owﬁ data;'including com@ents on the agreement or’disagree—
ment with the values llsted in Table II and on our 1nterpretat10n of the meaning
of the parametere. In Sec. II we describe our experlmental methods and in Sec

I1II we present the results.

Hr
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© II. EXPERIMENTAL

Thih taféets_of silver were élaced in>s 36-in. diameterlssrget_chamber'
located in one of the 5;5—GeV exfernal proton.beams of the Befatron..'Fragments
ejected ffoﬁ:tﬁe-tafget were-measured.ih a telescope ef silieen semiconductor..
detectofs; -Tﬁé electronic system associated with these‘detectorsbis shewn in
Fig..l. it identified each fragment and preduced Cutput,signals characteristie
of the partieie fype and its energy. These.signals were fed to an analeg-tq-
digital'cohvertef and then to a‘small'eompﬁter which predueed histqgrams-of
the particle spectra and of the energy spectra of individual>fragmenﬁs.
Complete;detsils of fhe electfoﬁic circuitry and identification techniques
are given ip Ref. 1. |

_Seifesspporting silver metal targets wifh thicknesses ef l.Qé,'7;lh, and
25.9 mg/cm2 Vere used. vAll'the foils were larger than therbeam size, which was
typically 1/2 in. w1de by 3/8 in. high. Ih addition l-mg/cﬁ2'target was ﬁounted
on a frame made of 0.0—025—1n. Mylar. Beam pulses 0.8 sec long and contalnlng
about 37X 101l protons occurfed every six ‘seconds.

The fragmenf'felescope'consisted of»three phosphorus—diffused,er
llthlum-drlfted s111con detectors with assoc1ated colllmators mounted on an
arm which could be pos1t10ned at any angle to the beam from 20° to 160
Table IV is & listing Qf the detector telescepes used in this work. The
reason.fof the variety was that it was not ﬁossible to measure the entire
_energy spectrum with one counter telescope por was it possible to achieve
'good partlcle identlflcatlcn for all fragments by use of a single ch01ce of
thicknesses for the AE and E detectors. It was necessary to comblne data from

experiments made with two or more different combinations of detectors in order

LY
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to‘deténminé“the energY'épectfa.ovér a. broad éhergy rahge. A monitOr‘telescope

pfovided‘the necessary information for a normalization of the data from dif-

ferent expefiﬁénts; as described in Ref. 1. .The déta wére éofrected for the
fraction.df‘evenfs rejecﬁed by'the bilé-ﬁp fejeéﬁdf_and fhe ffacfion'lost._.
begausé«of:éompufer:dead fime} The'énérgy.spectré Vere:éorfeéied élso for
absorption ih;ﬁﬁe target and the dead 1a&ers'of the counters.

Répréséntative particle spectra from this experimeht are shown in

'Fig. 2. Mdét»of the spectra in Fig. 2 were obtained with a telescope containing
a 61l-jm AE detectdr. The particle spectra'for the telescopes utilizing a éoeum
AE detector ﬁére'not as good &s those in Fig. 2, but they allowed us to extend

the measurements to lower energies for the iéotopes of H, He, Li, Be, and B.

Parts:of'thébenefg& spectra alﬁays overlapped and in some cases where.there was
a discrepancy ﬁhe-20-um data weré nofmaiized to the:data of.the’thicker teléscope.
Also,»in the_case Qf telescopéS'usihg_a 3—mm or a 5-mm E céunter, pile-up effects
distorted the,particie spectfa and thése results_were normalized where,they over-
lapped with dafa from_tﬁinnef teiescopeé. 'Figure 3 shoﬁs a particle speétrum
from a ﬁeieécpﬁé,wiﬁh a 20-pm AE detector in which element resolution was achieved
but.iﬁdividua; isotopes were notvsepafated.

Examplés of'semi-logarithmic plots of data taken with three detecfor

7

telescopes fbr_the'nuclides §He, 6Li, and 'Be are shown in Fig. k4.
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"IIi;_ RESULTS -

‘The laboratory energy_spectra.determinedIin'this_studjbarevsho&n in
Flgs. 5 through 11. For isotopes'of Hv He;'Li:anahBe it’was'éossible tovmeasore
enough of the spectrum to establish that all had the general appearance of a |
'Maxwelllan evaporatlon spectrum similar to that known from prev1ous work on
8Li. For these 1sotopes it was p0531ble to extrapolate ylelds to Zero enetgy
~and to 1ntegrate the curves at each of the 5 angles studied in order to derlve
the angular distributions. These distributions were 1ntegrated |
'in‘tufn to obtain relative total formation cross.sections.. These relative
cross sections vefe.normalizea'to obtain the'absolute\values listed in Table V
by assignlng 17 4 + 0.8 mb to the Tpe production-cfoss.sectiOn. This
absolute value was determlned radlochemlcally, as described in the appendlx
of Ref. 1.

:For the hydrogen isotopes it was possible to obsetve thekmaxima of the
curves at all angles althoﬁgh.the data do not determihe with precision the
shift of this maximum with chénge in angle; Also, the hydrogen'isotope spectra
extend out only to 30-40 MeV because at hlgher energies these partlcles pene-
trated the thlckest detector telescopes used. |

| In the case of helium and lithium good data were obtained on the:
'prominent isotopes 3He; hHe, 6L1, and TLl The curves for the less promlnent
isotopes 6He,.BLi, and 9Li were more poorly defined partlcularly as to the
exact location of the most probable energy. | |

9

The data on “Be and OBe extend down Just below the maxima of the

spectra, which made it possible to estimate the m1551ng.sectlons down to zero

energy . 'The.9Be and loBe data were of_comparable quality at all angles but
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th¢'7Be deta'at 20° and l60°‘§ere:1ess definite in the‘peak region because of‘
some background effects in those partlcular runs. | B |

At boron the experlmental low-energy cutoff is near or sllghtly anOVe
the maximum in the energy spectrum so that we can onlj upec1fy an upper llmlt.
for the most probable energy For elements above boron only a section of the
energy spectrum 1y1ng well above the turnover p01nt could be studied. dence,.
it was. not p0531ble to. extrapolate the curves to zero energy and to make the
1ntegrat10ns necessary to determlne angular distributions and tOtdl yields.

In thls respect thls study of fragments from silver was con51derably restrlcted
compared to our prev1ous study of fragments from uranluml in which we were

able to deflne the reglon of the energy maximum for all products up tnrough
1sotopes‘of carbon The reason for the dlfference is that whlle the experi-
mental cutoffs.are the same in the two experlments; the fraegments from silver
leave behind much lighter residhal.nuclei and therefore have'greatly reduced
energy from Coulomb repulsion.

In the case of the-Li end Be fragments from silver ﬁe call.attention
to the fact that the cross sectioniincreases at the more forward laboratory
angles and'that the ?ositions‘of thermaXima in the energy spectra move to
slightly hlgher energles This is the exbected'behavior for emission of

fragments from an evaporatlng nucleus hav1ng a forward ‘momentum component

This again is in‘agreement with the 1iterature”reports on 8L1 hammer tracks.

Himay>aiso‘be remarked_that the neutron-deficient isotopes have energy

vSpectra with'smaller slopes'in the high—energy region thanddo heavier isotopes

of the.same,elements. This is evident in Fig;”lZ where all the curves at 90°

to the beam are displayed on a single semilogarithmic plot. Here all the solid
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curves show roﬁghly”the.same'slope at high energy but the broken curves which

_ represent_the‘neuton—deficient isotopes Of'BHe, 6Li, TBe, 8B,leB, lOC, and'llC

are distihétly.flatter: Such a difference could e explained by'the sgpposition
that ﬁeﬁtfon;déficient fragments are prodﬁced from nuclei which are excited.to
a'higﬁer'nuClear'temperatﬁre as aAresult’of:events with lérger depositioﬁ
energy in the fast nucleonic cascade.‘ |

Invfig. 13 are displayedbthe segmeﬁtsnof the energy spectra measured
for the élements carbon through silicon at three éngles to the beam.‘ The,
differéntiai'chSS sectibns of the elements deérease with increase in atomic
number vhiﬁh is qualitaﬁi?ely different ffom;the analogous dé.tal for an
ﬁranium target.

In'FigL lh.éfe shdwn thé laboratory angular distributions obtained by
integrating'fhdse enérgy'spectré which could Be extrapolated'to Zero energy.
All ﬁhe anguiar~distribﬁtiohs are similar‘except‘those for ﬁhe hydrogen
isotopes, £or which the data do not extend into the high energy region. For
3He, 9Be and lOBe émall»correctioﬂs were madeAfor the éxtrapolation to high
energies. From fhese anéular distributions thé fraction of the events in the
forward ana’backward hemispheres'were determined and the ratio Was entered

in Table V. The values fof'3

He and hHe aré.Soﬁewhat less than.those for the
other nuclides. The heavier isotopes‘of Li are éomewhat more prominent in'

the forward direction than are the lighter isotopes althodgh in this connection
'~ the values for 8Li-andtespécially 9Li are much less well determined than those

7

of the more abundant 6Li and Li. Our F/B value for-8Li agrees with the
literature values quoted in Tables II and III for protomn or cosmic ray induced

stars.
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.The angulaf diétfibutiﬁns ?ere integrafed.iﬁ‘ordervto obtain the toial
production crosé‘sections'showh in‘Tablé V. Somé commenfs can be made.about
our.cp0ss'section véiues; 6uf'vélue of 12.8 mb for 8Livis cohéidefably larger
than. the literature values quoted in Tsble I, which fall in the 3 to 6 mb range
for 2-GeV pfotén»bombardmenfs énd 5 to 8 mb for 6-9 GeV protbﬁ bombardment .

Our value of 17.& mb for TBe determined by a radiochemical method is élose to
.the‘value_of 18;2 mbtdetermiﬁed by Hudis and Tanaka for 3-GeV protons on silver.-
Tﬁevsumvof our cross secﬁionvvalues for 7Be, 98e ‘ana *Be is 43 hb, wﬁiéh is
~in roughxagfeément'with the value of 30 mb rebortéa by‘Gofichev,'Lozhkin, and
Perfilov fbf fétaleé (eXclusive of 8Be) iﬂ the inte?&ctiop of 6-GeV protons
.ﬁith AéBr ihveMuisions. | |

If ﬁé c0mpére our- cross sections with those détermined in our earlier

~ study of uraniUml_we nbfe that ﬁur total He, Li, and Be yieldé are lower and
are decreésing faster with inéreasiﬁé Zbin the.case of the silver target.

.Tﬁig is also evidenf in the eiémént yields up,fo Si, as has already been
pointed’qut.. Also, both frém the cross section data and ffom an examihatidn

of the partible spectra in those‘casés wheré total yields were not obtained,

it is clear théf the yield distributioﬂ forfisotopes.of.each element are
nafrower for the silver target case and thatvfhe peak»of the yield distribution
ié very éfidéntly.l/Zito l masé unit less neutréh excess than in the case of

uranium.
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IV. DISCUSSION

- Al Empirical Fitting to an EvaporationvExpression

It is useful at thls point to attempt a fit of our energv spectra to .
an evaporatlen expre551on>1n order to determlne how well the.spectra can be
described:in this manner and to extract parameters which can be compared to
'those given in the liferatufe for 8Ll and a few other nuclides. In comparisqn
to the previeus studies we have the advantage of better statlst1cs over a
broader range of fragment energlea, a clear 1dent1f1cat1en of many more species
than only 8L1, and a separatlon of the data into spectra at S angles with
respect to the beam. On the other hand some of the important parameters,
such as thelcenter;of—mass ve1001ty, are cru01ally dependent on the shape of
the spectra in the.fegion of the maxima near»the effective Coulomb barrier and
lt is here that.our data are least certain in eeveral instancee owing to the
instrumental euﬁoff at low energy.

We represented the energy spectrum in the movlng'syEtem of thevevaporating_

nucleus by the expression

., () + b _. S B
- p(E) = E B (€ xp)eE - KBVT ey | o (2)

k= (k) - A .

_where = ievthe disintegration energy, B is thelnominal Coulomb barrier and

" KB'is the effectlve Coulomb barrier. Summation of several aistributions
“calculated fo; values of k ranglng from below and above an average Value (k)
by an amounn‘ A was included in order,to reproduce the Vidths of the experl—

mental spectra. This factor A 1is not the uncertainty in k but the amount
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‘of smearlng of k. needed to reproduce the wldth of the peaks.‘ Except for
this smearlng the expression (2) is identical with Eq (1) given earlier.
The factor T2 has beeh”removed from the denominator as it does not affect
the shape of the spectra,and we were 1n£erested only in the shapes.

The nomlnal Coulomb barrler. B was ccmputed by a tangent spheres
estimate from the Z and A values of the fragment and the re31dual nucleus by
use of a radius parasmeter of 1.4L Fermis. We estimated that h3Tu96 was a rea-
sonable cheice forvthe average emitting nucleus from a consideration of past
dlscu551on57h’7§ of the knqck—oﬁ cascade step in the interection dvaeVeprotons
with achmplex ﬁﬁcleus like silver. Theiresults are ratlier insensitive to
this ch01ce as verlfled by substltutlng ththO or h02r92 for the emitting
nucleus in test calculatlons.

The. energles.of fragments of mass A wvere correoted for the recoil of
the res1dual nucleus and related to a veloc1ty V, in the mov1ng system by the
.equatioﬁ_ | |

96-A. & _
52 € =

N[

. | B 3

At 90° the 1aboratory energy, E, was taken equal to € (96—A)/96l To calculate
VL’ the laboratory veloc1ty, for the 20 and 160° spectra, the veloc1ty of the
moving system, v,‘was simply_added to .and subtracted from V, respectively.
‘This is strictly true at Oé and 180°, respectively, and is in error by 0.06(v/V)
at. our engles;'which dietorts the caleulaied épectra, but mainly below our .
lqw-energy eutoff.r | d o |

The laberatqry cross seetibﬁsxwere dalculated'from.P(E) via the

relationshiﬁ:
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ag . Eae : : ' :
agan - TS & aE . : ; W

This is proportional to P(EWE/E / (av /dV). The . quantlty av /dV would be
‘equal to 1 in the absence of a correlatlon between V and v We usedza correla—_

tion of the form_

Rk o ol )
where the avbrage quantity W) wae taken to be the- root—mean-square v obtalned.
from the average energy ©, which is equal to (k) B + 2T for a Maxwellian
dlstrlbutlon, A p081t1ve correlatlon factor n means that fragments emerging
from the moving system with more than averaée veloc1ty are emitted Ffrom parent

- nuclei hav1ng a. greater than average mov1ng—system veloc1ty.

In the_flrst stage of the analysis families of computer Calculated.
curves were cempared with the 90f‘spectra>te determiue "best" values of the
parameters T, (k) , and A. It was found'that more than ene value of T was
necessary. This fact in itself makes 1t questlonable whether 1t is p0351ble
to extract meanmngful parameters with thls 51mple functlonal form. | Perhaps -
the fact that 907 or so of the cross section falls 1n the peak reglon where a
single temperature value applies is justlflcatlon for proceedlng The temperae
ture values llsted in Table VI gave a reasonably good flt around the‘max1mum
in the spectrum but there was a contlnuous change to higher temperatures above
the maximum In Table VI the temperature parameter, THE,.glves the temperature

which flts best at the highest portlon of the spectrum recorded at 90



ar- UCRL-19991

Our values:ofl T for thevlithium isotopesxarexeonsiderablv lower than
the llterature values for 8L1 given in Table IT. As”far'asvthe effective
vCoulomb barrier is concerned we agree with the l1terature in flndlng that the
values required to fit the data are substantially lower than the nomlnal
Coulomb barriers obtained from tangent spheres. The (k) values of 0.4 to 0. 55
llsted in Table VI agree with the values we obtained in the study of fragments
 from uranium and our discusslon in that paperl of the pos51ble reasons for
thls striking phenomenon ean apply as well to the present results Other
authors who comment on possible explanations of this phenomenon are cited in the
vIntroduction.--However, our (x) B values are somewhat larger than the effective
'barrier values listed in Table'II.'vThis nay be related to the fact that our
values werefdetermined from'90o oata whereas,most of the literature values
came fron an,analysis of data’at'alllangles. Also in some of the studies in
the'literatureuno correction was made for the reeoil sharing of the disintee
gration énefgy betveen'fragmentrand its residue; if the'data points are not
_corrected for thlsthe fitted Value of the effective barrler 1s lowered.

" The experlmental data at 20° and 160 were used to determlne a value for
the velocity~of'the emitting system. ‘We computed sets of curves for various values
of v and n and compared them to the data. Tbe’selectiOn'of the v value was
made on the basls of the shift of the p031t10n of -the most probable eneréy from
20° to 160 and is dependent on" the quallty of the data in the peak portion
of the spectrum The results are entered in Table VI. The 3He and uHe spectra
showed no shifts in the location of the peak from 20° to 160°. This corresponds
to a low average velocity for the emitting nucleus and 1s in keeplng‘w1th the
_ease of emlssion of “such fragments from nuclei at all levels of excitation down ‘

' to the lowest.
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The Values.for'éLi and TLi_are rather weil detefmined within the limite steted~
while the data ferJSLi, 9Li,‘and 7Be'provid;e only.a rough indiéetion ef.v.
“ For 7Be it ie clear that the velqcity is greater than the 0.006 c value ﬁeesured
. for thevheavief isotopes ﬁﬁt the 20° data in this cese were not clear cut and
a better value was nof esfabliéhed. However, wé.haQe a reai discrepancy with'
the values listed in Table IT. Oui &alues ere substantially lewer than the
literature values except that we do ha&e agreement w1th several of Stein's
values.

v Attempte to deiermine-§alues of the correlation parameter, h, defined
by Eq. (5) wefe only partially successful. In the'caSe of the 34e and lJ'He
spectra 1t became clear that no comblnatlon of T, Vv, dnd n could explain the -
increase in. the hlgh-energy parts of the spectra in g01ng from 160° to 20
The difficulfy.stems from the fact (seen clearly in Fig. 6) that the increase
in ﬁhe speetra betﬁeenbl600'and 90° is much less fhan that'between 90° and 200,
i.e. thereligra'mpch etrongef probability of forward'ejectionlof,energetic |
3He andvhHelthan can be expiained.by‘any simple evapofation model. The MSO
and 20° data may have a blg contribution from the knock-on cascade step of
the reactiori?h or from the pre-equilibration evaporatlon.step,75 The analy51s
‘of the 6Li and TLi data definitely indicated a need for an n value of:2 +.0.5,
but even withethis strong correlation the data in the high-enefgy éaris of the
spectra indieeted a favbring of emission in the forward direction. The Quality
of-the fit ﬁb fhe 7Li daﬁa can be seen in‘Fig. 15. The beryllium data also
indicated the need for a positive correlation of v and V_aﬁd,avsomevhat better
description of the 200—9bé—l60° data coﬁid be obtained from the calculated |

s

curves, as shown in Fig. 16.
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\? VFBriﬁhé élement_speétra for béfbén thrdugh éilicon’some_correctioh of
v ahd,v ig séen po be required_jﬁstlby an inspection of Eig,‘13.-_There is a
change in slope between 2d’ and:i6daivhereas with no corrgiafibn‘of v and V
the siopes ét high energy ;ﬁoﬁid be tﬁé“same. If we assume é moving sysﬁem
veidcity'df O;OO6 v/é the v&lue of n whiéﬁ giveslégreement with the data is
'aboﬁt l.klcarﬁon; which cah be taken as tyﬁicalrof thg grng is
vshown.in Fié;li7'. Over the limited range“of experimentél data the
element spectga frém_carbon to Siliconvcén bevdescribed by the évaporation
model_mﬁch ﬁetter thah the Li, Be, and,B spectfa. However, it canﬁot be
@etermined'frbm'our data how goéd the fitjis in.the crucial peak region of

the spéctra.

' B. Comparison with Stein's Results

o One}éf’the most extensive previous studiés of,fragmenfs frpm_siiVer'is

35-39

bthé emulsioﬁ siud& cérriéd out by Stein for 254GeV protons. - It is to be -
expected that'tﬁeré-will be differences in fhe resultsvbetween 5.5=GeV aﬁd
25-GeV protéa energy but it is ihteresting nonetheless to compare the fragmeht
charactéri§£i§S»found in the twd studies. Se¢~Table,ViI.

| .Forv£ﬁe lithiuﬁ iéotopes the agreement is'reasonably good if we compare
values for. Ep; T, Vor GQlB, center-of—maés velocity,»and F/B.ratio. The
main differehéé is. the higher effectivé Coulomb barrier and F/B ratios’fbuna
in the present study. Alsp‘Stein finds a slight Shift to higher energy, which

o . : . S

we do not see, for the most probable energy of 6Li and Li compared to Li,

but this is not a large disagreément.
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Ih‘the.beryllium isotopes there are larger differencés. Stein reports

9

. most probable energies for TBe and ~Be of 37 and’h3 MeV, respecfively, whereas

we report 22 to 20 MeV, resPectively. On the other hand Stein'sAvalue of 23 MeV

T 9

for 8Be is in eXcellent-agreément with our values for Be and “Be. There is
a’similar discrepancy in the boron daté.  We do not observe the turnover point

in the spectrum but’we can place the most probable energy, Ep at < 26 MeV for
8. . 10, _. ' ' '

B and
tively, for these isotopes. Also in our spgctra for the unseparated isotopes
of'carboh énd ﬁitrogen we see no turﬁqver‘doﬁn.to»carbonveneréies of 33 MeV
.and nitfogen.energies‘of 38 MeV whereas étein'réporﬁs a turnover for‘l2C at
us MeV -and one for th at 65 MeV. o | |

:Tberﬁfend of these hesults indicates that in thése ééseé whére thé'
emﬁision tfééks-give a-uhiqueiidentificatibn of the fragment (e!g; 8Li énd ?B
identified byra.hammer track), there is fairly good égréément betwéeﬁ the two
studies. On the other hand, for Be and higher.g.elemeﬁté, where the eﬁuléion
identification‘ﬁusf bevmade by the trﬁck—area method, thére‘are discrepancies
which are in‘thé direction to indicate that there is ﬁ considerable loss of
events at ihe lower part ofyﬁhe-specﬁrum. ‘We have no experience with‘emulsioﬁ
tecﬁniques so we canno£ maké a persoﬁal evaiuation of the pfqblem but we note

5,6,40

that several authors have discussed the great difficulties in using the

o _ ,
track-area method at the lower end of the energy scale. Stein was well aware

of these difficulties and discussed them at length in his thesis, but was
satisfied that his improvéments in technique had pushed the method down to the
energy ranges which he quoted in his final results. The discrepanéiesvwe have

found here suggest there may be some remaining difficulties. However, we must

B whereas Stein reports a turnover at V40 MeV and at 47 MeV, respec-

v
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repeat that our'results-are for 5.5-GeV protohs'while Stein's are for a

25-GeV energy and there could be real differencee in the fragment characteristics.

C. APpllcation of. Two-Step Model of H;Eh Energy Reactlons

The evaporatlon analy51s discussed . in the Introductlon and applled by
us in'Sec. IVA is well known to be grossly over51mp11f1ed becauae a varlety
.of huclei of dlfiereht charge, mass, and ex01tatlon<are produced in the 1n1t1al
encounter’of the taréet nucleueﬂwith.GeV particles.?h One can‘still Justify
the analy51s partly on the grounds that fragment emission is strwngly dependent
on nuclear exc1tatlon 50 that the obberved fragment energy spectra are repre-
sentative chlefly of the fragments formed only from the most hlghlJ excited
nuclei remainlng after the fast cascade»step] Nonetheless, a more proper way
to’compute the expected'contributlon.of evaporation proceeses to the observed
fragmehtabie-to start Qith the set ofrexcited nuclei coﬁputed from a Monte Carlo
‘calculation of the cascade‘step ahd to'apply'eVaporation'theory to each nucleus
in thié set;' Since the usual eicitation is very high, several particles and/or
fragmehts-mhstibe'emitted before the nucleusvis de-excited and thus a Monte
Carlo techniqae is again an aépropriaté mathematical method for this complex
problem Thls approach to the predlctlon of the- properties of nuclear evapora=-

76,77

tion in high-energy reactlons 1s discussed elsewhere where the problems,’
llmltatlons, ahd successes-are outlined. Katcoff Baker, and Porilel6 carried
through such an analy51s to descr1be the propertles of 8L1 fragmentsvejected
from Ag targets bombarded with 2—GeV protons Their calculatlon predicts that

the peak in the energy spectrum should occur near 20 MeV for- 8Li'emitted at

90 to the beam and that this peak energy should shlft sllghtly hlgher and lower
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for fragments emltted et‘forwardrand backward angles. fhie result is.in reasonable
agreementvwithtthe experimental data obtained.by those authors and with the Li
~data obtalned in the present study |

On the other hand, these authors found that the shape of the calculated
and'exper1mental spectra agreed only roughly. The experlmental spectra were
broader and hdd more intensity in the lou-energy part of the epectrum as well
as in the high—energy portion well aboié the mexﬁnum}; Furthermore, the experi—_
mental angularAdistributions'were more forward peaked;than predicted by the
calculation. | | | |

Grlgor eu and co—au.thors15 did a similar detailed calculation of the
predlctlons of the cascade-evaporatlon model for the case of 8L1 produced by
nuclear evaporation during the interactlon of Ag targets with 660-MeV protons.
The results of thls calculation were compared with experlmental data taken by
the authors.' In order to get agreement between theory and experlment it was
necessary to use an effectlve Coulomb barrler whlch was 0. 7 the nominal barrier.
These authors found gross d1screpanc1es between theory and experlment on the |
shape of the spectra and angular distributions and concluded that it was impos-
sible to descrihe all the data on the.besis of s statistical decay of excited
nuclei. |

The conclusions ofvboth these papers are in agreement with the dis;
cussion in Sec. IVA of our attempts to fit our data with a very general evapora~
‘tion spectrum; We also see an excess of events in the high-energy region of the
spectrum. We also are unable to select a set of_evaporation parameters including

a center-of-mass motion parameter which will generate a satisfactory simultaneous

representation‘of the energy spectra at 20°, 90°, and 160°; the discrepancy is
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in the directiqh‘to indicate a'signifiéant favoring of emission in the forward

direction, as shown for example in Figs. 15 and 16.
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N Tahlg I;"Literaturefﬁalues of fraghent yields from interaction of GeV
protons with géillver targets or vith AgBr in emulsions.

Freq. per
~ Nuclear 4
. Interaction

Proton S
Energy Target
(GeV) -

Lit.

Type of + . ACrQa;a Section :
o Ref.

Fragment (mb) :

1.0 - emul e 30 60 " » a
2.0 eml. e 90 t130 =
3.0 -'_,emul;- o hHe o -"1160'1'130 o a
Lo e G
- 1.9 _ Ag 6He - S Y'T , - - b
2.85 Ag. Che f _ 12 _ ‘ b.
1 0.93 Cemul. Lo 135 + 81 e
6.2 emul. LN, >8) | - 0.25 a

0.95 - emul.  8ti i 1.1 +0.8 | - e

i+
o
N
Y]

1.0 - emul. 8 0.6

@

I+
-
o

2.0 . emul. 3SR 6

[0 2]
i+
=
.
o
H

2.0 ag °nd - 2.8

Qo

2.0 - emul. Ly . 3.0%0.9 o g

3.0 emul. 81 S b

I+
e
o

I+
o
o .
®

50 emn. By . 3
5.7 N emul | 8Li(_’{ < Ny <1"{) - I ' 0.0039 -1
st fumgsan . o0.088 i
5.7  emul. 8Li(HH >5) T 0.013 e

6.0 emul. 8y . sa

I+
=

2 | g

v “{continued)
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Table I. (Contitued)

Protonv
Energy
(GeV)

Target

'Type of + Cross Section . Fﬁﬁgi zir - - Lit.
Fragment - (mb) ' €8L it Ref.
: - . ‘ Interaction -

NoRRRRVO RN}

19.
2L,
2h.
25.
25.

28, -

2.8

0.66

0,93

~emul.

emul :

emul.

emul.
emul .

emul.

. emul.
C emul.
© . emul.

emul.

Ag
Ag

“emul.

emul.

emul .

‘emul.

Cemul. .

emul.
emul.
“emul.

emul.

Cuamg>8) 0.02 ok

. Be(except 8Be)' 19-6

sLi, 8 8

6 ,
e so+1.1. g
Sti . o 0.02. !
Mo - ) 0.625 m
>8) . o . 0.025 " 1
Li, °u4, 8 . 0.0107  m
Li; 911, B o }f. | ,  : 0.011' -~ n
Li, “Li | 2.0 S o

7 S . 0.01h. p

Li 15 o a

- 11 . - o0.000k -k

Z?h ’ L 12 ' ' '.', ' r

z=y 621 | c

224 ' 100 | b

91 o - | o,

6 .. - g

+

Be(exceptvaBe) o 23.3

i+

9.8 g

+

Be(except 8Be) 1 29.8
Be . .- . 0.9 4

.Be(except"SBe) '26.; + 3.6 '  - o g

,(cdntinued) .
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'Téble I. (Contihued)‘
ey Teee  pEecfy  Cremfseuen QN Lt
- (GeV) : ) _ Interaction

1.0 'Agi‘ Tpe 2.5 s
2.2 g TBe: . 11.3 t
3.0 Ag" The Th s
3.0 A The _-1_2.1.'. s
0. e T5e 18.2 t
2. . emul. .BB¢, 8.2 t g
.’3._ o emul.“- ' ?Be : .: T.7 i. g
6 - émull B5e 8.0 + g
9. emul. 8-]'361.-‘ 10.4 % g
2. emul. B. 5.5 ¢ g
3 emul B 8.3 ¢ g>
6.  emul. B 8.5 ¢ g
6.2 -gmul. B | 0.08 a
9. emul. B  9;0_£ g
9.  emul. 8B(NH> a)fA | 0.0006 k
ok, E - emul. 8B(ﬁﬁ >8) 0.001k 1
2.0 ' Ag c' S 2.0¢ g
c 2.2 g

(continued)
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Table I. (Continued)

' Freq. per
Nuclear"

: . Interaction

Proton :
Energy Target
(Gev) : :

‘Lit.

Type of Cross Section . .
1 Ref.

Fragment (mb)

6. | emul. o | C ' o | 2-7.1';.8 ' ' . » _
0. | émul-‘ e .2;6»; 0.8 - g
3, . Ag N : | - . .
1.0 . a0 Yoo . 0.028' , L -'.q

2.8 ke 16 | 0.18 . g

1.0 Aé 17N : - 0.163 . . : q

2.8 . Ag - 1Ty | 0.99 o

18 -
18 -
18
18
18
3. , Ag | 20Ne - ' 6
29, a0 % 15 | | w
3. - Ag . - Plye 6
- 29. .'~ ‘Ag , vglNe : 15 SRR oW
3. e e 61 | v
29. e e 3T | |

1. . Ag S - 0.02 | t
2. g _._--Q“Ne . - 0.09 | %

. 3-v o Ag o 21‘Ne . ' 0;21:' : . AA St

(continued)
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-Tabie i. (Continued)

. Proton

Type of F

Freq. per -

meey  Twser  pion TP e e
3 hg 22N o 1a v - t
3. 'Ag 22Na ' 1.4 E ' h

30, ke 2y 22 | B t
1.0 hg i  0.30 IR v
2.0 Ag kg, 1 o R
3.0 ;.Ag‘ tha 2 ‘ . .
3.0 Che 2y, o2 | t
3.0 Ag Ay, 2.0 : . n
k.5 Ag 2’.‘1;& o b1 - | v
5.9 Ag g 3.3 - oy

3. Ag - U O S " n
30.'. o Ag o by B f t

"The symbol Ny

in this column refers to the tdtal'of grﬁy and black tracks accom-

panying the‘fragment as observed in the emulsion studies.

Tt

approximately 1200 mb.

: BRef. 2k.
o ‘

Ref. 62,

®Ref. 20,

9Rer. 19.

The total cross section for nuclear interaction on Ag by GeV-energy protons is

 Res. 10. | 1. SkjeggeStad'Thesis, Oslo'(l965).
Tres. 16,  ,JRef. 26.
: ,V$Ref. 1. Ref. 28.
haef; 56. L , lﬁef. 29.

(continued)
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©meple I, | thtinQed) 7
) mRef‘3l. N |
nRef32
-°3ef. 33Q'
p&éf} 34
9Rer. 61.
‘rRef}.23.
>$Ref. 58..
*Rer. €0.  u |
YR, Sharp'(ﬁﬁﬁﬁﬁliéhéd'data).
YRéf; 59;' N S

VRef. Sk.

o
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Table II. Selected literature values of parameters describing fragment energy
' spectra from emulsions bombarded with high-energy protons.

e o Most . Effec- , v
Fragment FProton Probable Temp,. tive Velocity
- Energy Energy, E.~ T - Barrier - vie
C(Mev) P (Mev) B
— (MeV)

Forward ~ Ref.

(GeV) . Backward

o 9 o~ 1 35 0.013 1.k e
o ;'9! ~as 9 s oor ®
Li 9. | o 10 5 ' 0.015 ‘i.T c
L f' '“l9 o AR y 10 f :5' © 0.015 - 1.65 a

Li 2 ~ 18 v’ 12 | 3-5 0.015 . 1.5k a

© ™ o™ o o -» o

Li 25 18 - 10 4 0.008 . 1.2 e

i 28 . 20 10 10, 0.0k o r

I+ 25 20 16 4 o0.007 1.2 e

=
n
®

i 25 - 23 16 b 10.007

Be 25 37 1 15 0.0225 1.8 e
Be . . 25 .23 11 _ 9 : - 0.008 R 1.2 e

e 25 . - b3 1 "15 0.020 . 1.8 e
B _‘ 25 -~k SR 18 ' '0.620 2.0 e
B | '25" a0 15 25 ; 0.021 i 1.8 e
Yoo s s w26 0.018 1.8 e

~c 5 45 o 26 0.018 - 1.8 e

 ;2N » | 25 60 1 .f37 . C0.019 1 e
N 25 6 1 37 o018 1 e
- h (continued)
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' _Table"II'v(éonﬁinued) o
- Reference 22. -
b
Reference 30f
. cRéferenée 27,,
. dRefefence‘31.
®Reference 35,

P

TReference 3h§»
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Table III. Fragment energy parameters from emulsions exposed to cosmic rays,
: : T and K mesons, and antlprotons :

, N Most Effec-
Tyvoe S nad e . Probable Temp, tive Velocity d
Type of Bombard- pp nt P ; : orwar Ref.
" ing Particle rene Energy, £ T = Barrier = v/c Backward
S . - (MeV) P (Mev) © B T
- (MeV)

cosmic rays Q8L1(NH_= 7-35) 18-20 11.5 6 0.016 1.5 a

cosmic rgys‘  Sﬁi‘. . _l E 9.5 5 o ": v b
cosmié rg&5  'BBe:ia ._‘-': L hhi 419 25 - ‘ﬂ, B b.
h.$ GeV nf QSL; » ‘. .1 A u 6" o.oia 1!7 | c

" Be i ‘ : . 15 6 - 2.8 - c

17.2‘éev v* . 'LiA o | :A28A} T 0.010 1 2.0 d
Be - 8.9 0.01 . d

'lf; qéV Kf -_Li‘ . | 7 10  o0.01 1.? e

3 dey xf %L1 | , _~*13 ' T . '9 | 0.01 1.6 f.
5 Gev'anti—p  Tos o ~ 18 ig.e 16 0.0055 g
| | Li‘ , 3 S ~a13 | ijfgv 17 0.0055 | g
9pe ~ 2? 16 17.8  0.0055 | 3
5_Gev a#ti-p CLd -}- . 19 : ;1;2 : 5.8vv ~ 0.9 ¢ 0.1 h

5CeV antip “Li(y,> T)  ~15 139 17 0.0055 :

(continued)
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| '_I‘va'blei 11 (;con;iggeq_)‘
}aRéferéncefé::fiv -

PReferehce;$; “v

CReference hOf 

dRéférenee 33;Ja'f"
'eRéferencé~ﬁkcf
.fReférenée 51;#? '
gReferéncévh9;: t
hRefefehcelhé,if =

1Réference,h6yf
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Table V. Total cross sections and forvard—toabackvard'ratioé'forrfragments
from silver irradiated by 5.5-GeV protons

vFrasmént B »‘ '  0 (mb) ) - . - F/B
1y S . 3990%
%q C o 12u0®
3y o - 690%
3He R ' oms | 1.3
Mhe Lo =030 S 1.6
®he e 92 | 1.36
e o 55 | - . 1.30
T ' 69 ) 1.38
By E 2.8 -+ 1.50
1 S 26 Lk
TBe LT s | 1.2
 %Be e s I 1.39
g . 101 o B .. 1.38

aHydrogen yields refer only fo.that part of the spectrum lying below 28, 32,
: i : 2 : . '
and 42 MeV for the 1sotopes IH, H, and-3H respectlvely

bIn the 3He case a correctioa of 8.8% was applled for the unmeasured part of

the spectrum lying above 90 MeV. o , : i

Absolute value determined by radiochemistry (see appendlx of Ref. l), all other
values in this teble were normalized to this value. ’
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" Table VI. Parameters obtained from curve fitting

~ Nominal
Coulomb
Barrier B
- (MeV)

Nuclide

(k) s A‘ Energy T THE

Peak . Moving System

velocity

"at 90° (MeY) (v ) /e

B (MeV) (Mev)

hHe . l3.h

Ko

He . 13,0

[e)}

Li , 19.

-

Li N 19;"
i 18.
Be Hi, B éh; 
10Be ' f,‘12h.
B
10g 29.
Ly 29.
2y 28.
Bg . 28.

c R
N : 3?} |

Ne
Na

Al -

Cosi

0.45 -
0.45

0.5*+0.2 2 11 2L 0.008

0.39- 1 8 13 < 0.003

0.55 13 6 13 < 0.003

2

13

I+
o

0.1 1T 11 19 . 0.008 .002

s

1+

1+
o

0.1 18 11 23 0.008 + 0.002

18 11 . | 0.008

i+
o

.003

o045 0 =20 10 13

1+
o

o,hs ~21 11 13 _: © 0.006 * 0.002
. ey  i3',' 15
<26 1 15
< 26 : '11-' '15
<32 11 13
<30 1 13
< 33 17
< 38 13
<w 12
e 5@'“‘: 1

< 521 ':a3  -  13_'

<s6 13
l_<‘6ﬁ S v “vih

V<v68"' o a3

<10 9
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Ta’.ble/'V'II.. " Comp_a.r.i-son',of- fragment energy characteristics (Thia.work. and Stein)

. o EP : Tem . Effective’ ' Fofwa’.rd Ref.
Nuclide " Most P Barrier Veloeity =/ P=Present
< T . : Backward -

: Prob. (MeV) v/e : work

Energy (MeV) o (MeV) o _ S=Stein
6 o | | | e | |
Li 17 11 8.5 0.008 1.3 P
b1 20 16 ok 0.007 S 1.2 .. 8
TLi 18 11 - - 8.5 - 0.008 1.38 P
TLs - 23 16 b 0.007 - - 1.2 s
STRN 18 11 9 0.008 1.50 P
81 18 10 Lo 0.008 1.2 S.
TBe 22 1 11 0.008 1.42 P
TBe 37 7 15 0.022 1.8 s
'sBe . (undetected) o - ' ' | . P
Be 23 11 9 o.008 1.2 s
e A 20 10 0 1 — ©1.39 P
9e . 43 17 15 0.020 1.8 s
05, 21 1n . on 0.006 11.38 p
105, : — —_ _ S s
8% <k 13 - SR <

& ~ ko 1k 18 - .0.020 2.0 S

{continued)
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o 'Table VII (continued) :
R E_ | Effective A L Ref
. : p : : . . i *
Nuclide " Most - Ter-:[xp .. Barrier Velocity %ﬁ%d P=Present
. o Probi o (Mey) v/e, work
‘Energy (Mev) (Mev) S=Stein
. % <26 11 - P
1% Lo 15 - 25 . 0.021 1.8 s
isotopes) 33 17 » , B P
Mo ks 1k 26 0,018 1.8 S
(all L
< 38 . , —_—
isotopes)’ 38 13 , | P
oy - 65 14 37 .018 1 S
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FIGUﬁE CAPTIONS
Fig. l. Simplified schematic diagram of the'particlebidentification,system
o with a single ‘AE counter.» |
lFié. 2. Representative particle spectra for fragments from silver as measured
by a telescope with a 6l~um AE detector and 250-um E detector except for o~
part (a) which was measured with a lOO—um, lSOO—um AE-E detector telescope.
Fig. 3 Spectrum of elements eJected from a 1.0 mg/cm2 silver target and
measured in a telescope with a 20-um AE detector.
Fig. 4. Energy spectra for the isptopes hHe, 6Ligvand TBe ejected'from silver
targets at §o° to the beem. - For‘eech ieotepe, &ate points from three
ﬁeasﬁremeets with differeﬁt»telescopes ere shown.
Fig. S. EnergyAspectra'fcr hydrogen isotopes at 5 engles to the ‘beam. Sblld
liees-ﬁere drawn throughﬂthe data ﬁoihts. :Deshed line_shows'extrepoletion'
to zero energy |
Fig. 6. Energy spectra for helium isotopes et 5 angles to the beam. Solid r‘
lines- vere drawm through the data points. Deshed line- shows extrapolation
to zerO'energy. .
Figl T. Energj epectré'forllithium_isctopes at 5 angles to the beaml' Spectra
for 20°,vh5°5 900,11350; and lGOo‘appear in order with the 20° spectrum
lying highest. ©Solid lines were dravn:through the data points. Dashed_
lines show extrapolation to zero energy .
Fig. 8. Energy spectra for beryllium isotopes at 5 angles to the beam. See "~
capt1on for Fig T. «
Fig. 9. BSemilogarithmic eﬁergy spectra for. boron 1sotofes at 5 angles to the beam

Spectra .for 20°, 45°, 90°, 135°, and 160° appear in order with the 20° spectrum

lying highest.
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,Flg. lO.; Energy spectra for carbon isotopes at 5 angleskﬁo ﬁhe beam. See
captlon for Flg 9. o N | . | | L

Fig. 11. Energy spectra for nitrcgep isotopes at 5. angles to the peam.'-See

| .‘caption f5f~Fig 19" | | | “ | o

Fig. 12. Composite flgure show1ng energy spectra of -isotopes of H through N at
90° to thefbeam. Curves are dlsplaced by the scale factors llsted at the
upper right of the figure. |

Fig. l3.b High energy portlon of energy spectra fcr fhe elements C:through Si
measured,at 3.angles to the beam with a teleseope contalnlng a 20-um AE

detector.vvvelv

_Flg. lh Laboratory angular dlstrlbutlons of 1sotopes of H, He, Li, and Be obtained

by 1ntegratlon of curves from Flgs 5-8.

Fig. 15. Experlmental data for 7L1 at 20°, 90°, and 160° compared with theoreti=

cal curves with the followlng parameter choices: T =11, (k)= 0.5, v/c =
‘ n = 2 A 1. The curves were normallzed to the data at the peak of the

90° data. Scales are ‘displaced for the 20° and l60° curves.

0.008,

Fig. 16. Experlmental data for Tge at 20°, 90°, and 160° compared with theoreti-

“cal curves w1th the followlng parameter cholces 1 =11, (k)= 0.5, v/c =
n =2, A = 0 1. The curves were normallzed to the data at the peak of the

90° data. Scales are displaced for the 20° and l60° curves.

0.008,

Fig. lT.v'Experimentalpdata for the element carbon at 20°, 90°, and 160° compared

with theoretical curres based'cn the:following parameters: T =11, (k)= 0.5,

v/c = 0 006 N=1.0, and A = . The‘curves were normalized to the data

90° only, which are represented by solld dots.

for
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or

_ responsibility for the accuracy, completeness or usefulness of any

information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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