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f YEXPERIMENTAL NUCLEAR AND RADIOCHEMISTRY
Absgr?ét

."Experimentai Nuclear and Radiochemistry"rehtéils the investigation of -
deep nuclear spallation reactions induced by high-energy light partiqlés on
compléx‘nuéléi; Experiméﬁtal studies involve activation of vérioué médium
-_”to.heavy‘maSs'targets bombarded -by pi-mesons, prdtbné énd alpha particles. -
A prime objective is to deconvolve the cascaae an& evaborétion_sfeps in the
reaction mechanism. Experimentally,,particuiar emphasis has been placed
onrspailation produéts far f%om yield maxima where the decoﬁvolution is
' m6st justifiable. Irradiations havevbeéﬁ performed predominantly at éhe
CliptonHP.‘Andersoﬁ Los Alamos Meson Physicg Faciliﬁy. Resglts of cross
section determinations from bdmbardmehts of SgY;ngqu, 96Mlc>i:and 1OOMo with
800 MeV protons have nearly beénlcomple;e¢ providing comparison of isobérié_
and mass—yield distributions. Data have also‘been obtained at 500 MeV.
Theoretical efforts aré beingldirectédbat the evaéorative behavior of very.l
ﬁigh-temperature-nuclei as determined by the nuclear equation of state and
howléuch beha&iof might Be_ébéefved in very'deep épallation proéesses. In
addition;-the."éoft spheres' model has been combined with spallation .
Systématics to exploreAthe feasibility of high—infensity'beams to incinerate
.Ahigh-level quclear wastes an& also to predict.interaction lengths in nuclear

emulsion studies of relativistic heavy ionms.
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Isobaric-Yield Distribution Functions

.We have continued to explore ways iniwhich'isobaric yigld distributions
can be expressed mathematicaliy such that a miﬁiﬁum of uncertéinty is intro-
duced in their construction or reconstruction from data and yet they reflec;
physically significantvinformation.< The conventional distributioﬁ fofm has
been a symmetric one such aé thé gauésian‘introdﬁcéd'by Rudétaﬁ,l Porile

used a form varying as

explog + oA + a7A2][.Zp-Z']a8 L '. L | BeY
Cumming,3 recognizing that'the’distributions areasymmetricuééd‘a gaussian
with a smoothly joined exponen;ial tail. Ku and Kar014bemployed a skewed

gaussian. Lasf year, ouﬁ group found éhat the gaussian ékéwing polyqomial
goes unphysically negatiﬁe at the distribution e#trémities. ﬁTo remedy this

 situation we found that proper mathematical and physical behavior was possiBle

if the skewing function were the complementary error function, that is

o(x) = a0 2

exp[-x2/2] erfc[x + g] -'. ' | (2)

where [ serves as the skewing’parameter. |
An'additional.facet of this problem lies in the-éhoice of the compositional

variable "x" in fhe above expression and also tﬁe distributioh fuﬁctions chosen

by thers. Many groups, as in eq. (1) above, use "g" to mgan'ZP—Z or distance‘

" from the peak, ZP’ iﬁ unifs of éharge. In such cases?'adjustments to cross

séc;ion data from many mgés chains have beeh méde éécqrdiné to thg ZA-Z value

or distance ffom thé most stable isobar in units‘of nuclear charge. An

alternate choice has been to use "x" to mean (N/Z) - (N/Z)P, or neutron-to-

proton ratio. We have used this in the past be@ause we felt that N/Z was a



variable more suitéd foAreflecﬁiﬁg the chénging width_of the mass-energy
valley as a function of A. Aﬁse of N/z caﬁ be misleading, thougﬁ. For .
examplé, algraph.of masses for -the A =100 isobar_againSt both_i aﬁd N/Z
in Fig. 1 show§ the expected symmetric parabolic form.against Z'but a*‘
decidedly asymmefric distribution in terms-of N/z.

| Our original rationéle for empioying N/Zlas the apprdpfiéte variable was
recognition that éhe.résidual spallaﬁion isobaric yield distribution was
influenced to‘a:considerable-degree by‘tﬁe width of the étabilitylvalléy.
This depgndencé must be accdunted_for in éonstructing'isobaric yigld distri-
butions from a sometimes wide range of masses by interpolation aﬁd shifting.
Uéing Z-ZA does not accomplish this bgtA(Z-ZA)/dﬁ,Athere o ig an approériately
chosen stability valley width, should be suited'gé thé(task{ LAnotHe; way of
4expressing this point follbws.' 1f all yields wereA;ruly‘obtqiﬁed at thé same
mass one would directly have the correct distribution. Hoﬁever, Whéﬁ using a
yieldffroﬁ, for example, a higher mass than the one of interest, a correction
is needed not onlyifor thé yield but'alsé fof the greater breadth of tﬁe
stability valley at the ﬁigher mass. It'ié,erroueous to émploy just disténce_
from valley minimumAas the variable. |

We have chosen‘to q#aptify‘our'og as followé.:‘The width o# the §tébilityi

valley shall be measured at a,fiXed height, H'(in‘gnergy or mass unitS),‘as
a function of mass. Myefis droplet‘model5 masses withouflshell corrections
were fitted‘co.a quadrg#ic.polynomial at several masses and'the'bestAvalues

for a and b were obtained for

‘M(Z,A) =a,z" +b,Z+c, | | (3)
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- The fixédAheight above the valley is given.by

. . 2 o
‘ . 2 Py .y
HENEA) - MEZ) = a2 4 b,z 4—— (4
and the most stable isobar is-given”by '
Z, = -bA/ZaA‘ : - - o (5)

Equations (3) and (4) can be arranged to give

|Z-ZAI = |/ H/a,]

Since H is arbltrary, the valley width at constant depth A is proport10na1

1/2
|a|’

.. The droplet model. gives a, as a function of A which, when fitted

to a simple power law, gives
AQ.44

‘which is what we chose to employ until further refinements are made.

Noteworthy comparisons to existing analyses can be made. Our oh‘is

similar to a standard deviation. Rudstam's R-parameter is explicitly related

1/2

* to standard deviation by ¢ = (2/R) .- From Porile's recent work on Ag2

spallation one obtains ¢ ~ 0.23‘A0'39 and from Kaufman's recent analysis of

Au spallatlon6 one obtains g ~ 0.26 A0 40. The“agreément with our proposed

. parametrization is encouraging. Also, in his review of statistical evapo-

ration frém highly excited nuclei, LeCouteur7 had calculated not only the
disélacement of the average prodﬁct from stability.But‘aléo the dispersion ,
of the évapd;ation distributioh. We fitted LeCouteur's results again‘to

a power law, and obtained g ~ 0.116 AO.AS. The A-dependence is in excellent

agreement with experiment and our suggested quantification. -

As a consequence of these arguments we ‘are proceeding to treat all data,



our own and others acéording to Eq. (2) in which we wili define x as'

. Experimental Isobaric Yield bistributions
During the past year, seven bombardments at SOO‘MeV wére performed
and sixteen aé 8004MeV‘hSing thé;Area B proton beam line at tos Alamos. In
‘ mdst casés, rapid chemical separations were émployed following tfansport of
the target frﬁm the beam line po~the nﬁclear cﬁéﬁistry laboratory usingAthe
pneumatic transport system. The experimentgl group this year was abié to |
operate the complex transport system unassisted by LAMPF personnel ahd, in
fact, provided valuable asSistahcé in troﬁbie-shoofing fpr subséqﬁenﬁ users.
pur results‘to.date have been anglyzed to pr6videvre1ati;e‘isoBaric-
yield curves in a few selected mass régions'as a function of target éompo—
sition and bombardnent energy. These are presentgd-on the.following péges
as Figures 2 through 7. From the isobérié yield curves and additional
production. yields in. other mass regions; the mass-yield-cﬁfve shown in Fig. 8
. can be constructed. The 1ogarithmi¢_élope of the mass-yield curve is viewed
as a nuclear thermométer, being indicative of average debosition energy
following the cascade'stép.l Table I 1i§ts the thermomefric slopes Qe have
determined. Thé only at;empte& quantificatioh between the logarithmic slqpe
and cascade deposition energy waé made by Rudstaﬁbwhose ahalysis of spallation :
;yield systematics.in 1966 gives a logarithmic slope of (12.9 + 5.9)% perlamu
at 800 MeV. Rudstam recognized that this slope is a measure of ﬁucleonsb
removed which in turn correlatés very strongly witﬁ excitation energy. No
rigorous quantificétion has been attempted to date, however.
'Eveﬁtuélly,ixlusing our results to infer something about the behavior

of high-temperature nuclei, 'an important step is confirmation of our most



critical assumption: that spallation‘isbbars obsérved away from the stability-'
valley have been formed by evaporation from a fairly restricted range of
cascade product N, Z and E . The spallation yield results we obtained this

year haye;stfohgly indicated this hypothesis is correct. Part of our justifi-

~ cation for this conclusion is our observation from INC calculations of the

excitation energy distributions following cascades of varying .chain lengths.
That is, in order to form final spallation products at large AA; you can have

: ' : ‘ : » : * L
a very short cascade chain which deposits a large E followed by a long

. [ . ! o : P
evaporation chain, or a long cascade chain depositing little E so that the

subsequent evaporatioﬁ sequence involves few particleé, if any;. Since E*
varies with cascade chain length, neither of tﬁe'above extreme scenariqs
Pertainé. The'cofrect combination is distributedfinAbetween'gnd can be 10Cated
by'INC-evaporatiOn.Qalculation', insofar as these are reasonably modeiled.

As an illustration, we can approximate the dependeﬁce §f Eﬁ{ én:AA

cascade

_ . L —%
as a direct one with proportionality constant ¢ ~ 30 MeV: E = eﬁAcasc' The

) , . . —_%
length of the subsequent evaporation chain, AAévap’ is related to E through
€ ~ 12 MeV, the average energy removed per evaporated particle: AAévaé‘= E /e.
INC ‘calculations provide c and evaporation calculations yield values for e.

_ , -
From these values, this simplified illustration shows that E is related to

A‘the,total mass difference AA between target and measured product by

»f*-;AA[(t;e_:)/(c-I:é)] | v o R .
et e et b i
e ML)

and | | o v
M, - ole/E] @

evap



The actual calculations show the two relationships between AAbasc and

T and AA;vap and ' to ‘A,be_ somewhat more complicaféd than this illustration
but the conclusion remains unchanged. Observing'spallation.products at a
given "depth" AA inhereﬁfly limits the ranges of the contributing ca§cade'
‘and evaporation chainé. For AA = 30, our simplified illustration gives
Edk'~ 260 Mev and AAEas; ~ 9°_ Experimehtally, this is reflected in.tﬂe
unchanged isobaric yield distributions for deep‘spallation a;vdifferent bomb-
arement energieshfor the several distinct systems we have anaiyzed this‘year;
See Figure 9. |
The crucial e#tension of this grgument ié ﬁh#t by examining Qery deep

~ spallation we are necessarily'viehing evaporativetgg-excitatidn from nuclei
at ﬁigh temperatures. FUrthermﬁre, we know roughly at whatvtemperatures
these hot nuclei must have started and:theif approximafe idgﬁtities if we
éonfine ourselves;to the wings of the isobéric yield distributions.

" Most of the c;oss sections for spallation of the hedium ﬁaSS'targets.
89Y, 92Mo, 96Mo and 100Mo have now béén determined. An integral component
.of our proposal is the necessary examination of heayief targét regions as
T well. _We have begun irradiations of 130Te and ZOQBi for this purpose.

- Spéllation cross sections from 800 Merproténé incident on 130Te are listed

" in Table II for those products alfeady_analyzed. Even for AA ~ 50, the yields

appear appreciable which is very encouraging.

ansity Depletion in Deep Spallation

Of prime concern in recent years, especially in conjunction with
relativistic heavy ion (RHI) interactions, has been the question of the -

behavior of nuclear matter at high density. The nuclear equation of state



prediete whét'thermodynamics and even.kinetics pertain, but the equation
of state is model dependent. 'The questionvof-the existence or non-existence
of density isomers is an objective of RHI research. ' The ébrasieneablation 
model also indirectly involves éimilar inpﬁt in the sense that part of the
excitafioﬁ energyiresuits‘from a distortion of tﬁe(residue'from its equili-~
brium shape. | |

Part of our overali Objectife is t0'e#ploree£ﬁe high temperature nuclear
equation of state. 'Prodection of high-tempefeture nedlei is accomplished
by multiple nucleon-knockout via a light heavy ion induced cascade. We have
:examined.iﬁtranuclear cascade (INC) caleulations by Kaufmen8 for 1 GeV
protons incident upon Au. Shown in Fig. 10 is 5 plot of feeiduai excitation
energy'as a function of residue N/Z for cascades ;n ﬁhich AA = 15 and 16 and
shows, for examﬁle, that excitation E# is correiated to a degree with cascade
_path on the.(N;Z)"surface. Figure 11 shows tﬁat high excitetioh residues
are strongly aseociated with small impact parameters. 1In Fig. 12 the
correlé-tir)nl hetusen R and AA is illustrated. High excitatioﬁ can generally
-be associated with knoekout of many nucleons from a prejectile-terget
collision at small impact paremeter,> The_cescade'residue isileft ﬁot only
-with ﬁigh thermal exeitation-buf also with a density reduced from its
,equilibriuﬁ velue-due fo fasg pucleon.removal; Internal‘potential enefgy
is associated with this density depletion. .Upon relaxation, energy released
by "contraction" is also available for nucleon evapofation, Ourxpreliminery
eetimates'are fhaf this aveilable eneréy; ignored in current statistical
evaporation calculations, can amount to many tens of”MeV:and is most import-
ane at high excitation energy. -~ We have also continued to examine the effecf

of depleted density on two other ignored aspects of the theory of nuclear



evaporation. 'These are the effects on -level densities and'on the location
of the perceived valley of stability. Each of these facets is proving to

be influential in high-temperature evaporation.

Neutron Deficient Nuclides
Nuclei which lie near the N = Z line with A > 60 are anticipated to
provide stringent tests for theories of mass-energy. The situation is
comﬁlicated by conflicting_data. For example, the Table of Isotopes9 lists
84 . 84 w79 .
a 5m 'Zr as opposed to the 26 m Zr we see, an 8 m ~Sr which we should
have seen but didn't is apparently a 2.3 m isotope;lo« The nuclide 788r has

‘been reported with an anomalouslyllarge 31 m half-life. 1Its yield from

production by.spallation of 89Y or 92Mo should be.sufficient for us to have
’ . s ' 78. m#ﬁ ) . _
seen the isotope with ease, yet we do not. . "Rb are seen, but the yield

remains undetermined because of missing decay scheme information. As we
vdevelop#féétérxdhemical procédures we should begin to acdﬁire knowledge of
new isotopes in this region.:.Somé of~our.nuc1ide discoveries are detailed
balow.

87Zr:‘ In examining the yields of neutron deficient Zr isotopes, it became

obvious that if the literéture values fof the Y-branchés.in 87Zr were used,
anomalous cross sections would result. Conseqﬁgntly we undertook a re-
examination of 87Zr decay. Table III lists the litefature vaiues for gamma
Aabuhdances compared to our data which‘are‘based on growth of thel§7Y daughter.
Table IV compares.the'87Zr half-life literature value witﬁ our'observations;t
Figure 13 illustrates that our measurements of the absolute gamma intensities
now also provide cross sections in excelleﬁt agreement-with éxpectatidns.> |

84Zr: The confirmation and characterization of the previously ill-defined

isotope 84Zr is complete. Observation of a prominent 112 keV gamma in a



zirconium:samole was identified es belonging to 84Zr'vie'the-growth and
decay-of 84Y. The-nalf-liie we have observed is tabulated in Table V
with previous reported‘half-lives. The absoluteiinteneitj of the 112 keV
gamma branch, listed in Table VI, was ob;ained from the §4Y activity. A 1
suggested'decai scheme is offered in;Fig. 14, The croeslsection obtained
using our halfelife and branch'intensity neasurements is snown in Figs. 2-4
and its agreement with-expeetations is regarded'as_additional testimony.to
the validity of our results. |

In 1976, it was reported]_'1 that a 4.6 sec isomeric state of 84Y-was
diseovered, buf no measurable isomeric transition @aé observed: Our results
~are therefore indicative of.decay to a level whicn'is not that of the 4.6 sec
isomer. A study of the report on 4.6 sec 84Ym ne;eals thatuthe enidence for

its assignment is particularly shaky.

"Applied" High-energy Spallation Reactions

High-energy spallation'reections with intense beams of light ioms haye
been under discussion for a numoer of yeers as a possible‘means for convert-
ing non—fissile heavy elements into ;eactof fuel, thus augmenting the supply
of fuel by a lerge factor.I? We have directed oor antention to applying
the high beam intensity technoloéy necessary for the aecelerator—breeder
'progfem in another way. Namel&, the spallation incineration of'high-level
nuclear waste. The concept is based on recognition that high-energy.
.spallation of a treget produces a spectrum of radioactive residues 1ighter,
than the original system. This soectrum is disoersed about the stability
line. If particnlarly egregions nighflevel nuclear wastes suchlesi29;yr 90Sr
or 30-~yr 137Cs serve as target, spallation incineration would be'the break-

down of these materials into a mixture of short half-life, nery long-lived
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‘and stablg prédﬁcts‘such that thé degree qf'hézard wili have beeﬁ'sub-v
sténtially reduced. We hgveAbeen-developing coﬁﬁuter ches bésed.on our
results and exbertise in spallatiéﬁAéyStematics. From a ééieﬁtific pér-
spective, such incineratién'looké‘prémising. The technological.and
economic components of ghe iséue'arétbéyénd our domain of competence.

| _As an example of thé type of results we 6btain,13 Fig. 15 is the atomic
,pércent composition of é thin target; iniﬁialiy pure 9OSr, éé a function of
time during which a 250 mA beam.of 800 Mev pfétons is run for thirty days
followed by a cooling periqd.’ 6n1y species with half;lives gfeatér than
several moﬁths are shoﬁn.and'the célculafion ﬁ;é been run only'through

90

AA = 10 because the program is still under development. The Sr has been
reduced by a factor of 50. The most hazardous éoﬁpbnent isv88Y which,~aftér
30 days bombardment has roughly 407 of the original aétivity. But. the half-

life of 88Y is only 0.3 yrs and its activity dies in a manageable time.

Anomalous Relativistic Projectile Fragments in Emulsion Detectors

A Qery fecent ;epoftl4 on the detection of "anomalous" nuclear matter
produced from coilisions of relativistic}heavy'ions‘witﬁ emulsion nuclei
"has attracted our étfention and drawn upoﬁ oﬁr fime. The phenomenon
corresponds to the observation tha£ fragmentsvhaQe ﬁeaﬁ free'paths during
their firét'few cms which areAsignificantly shorter than normal and the
' 6n1y explanafibﬁiwhich has not been ;uled out is the hypothesized pro-
&uction of a percentagé (6%)‘of species with a 2.5 cm mean free paéh
.‘;orresponding to no conceivable nuclear spécies. Althougﬁ fhig phenoménon
has been.in the cosmic.ray lite;atuieron>severa1 oécasioﬁs.since 1954, it
has not been until the aﬁailability‘of Bevlac beams that contrblled experi-

ments could be undertaken. The recent collaborative.effort at Berkeley
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has reduced several previous‘uncertaintiég considerably but stiil suffers
frﬁm poaf statistics;.'Nevertheless,.there is no doubtlthaf égme effect is
évident;' Wé:bavé Qndertgkeﬁ_é criticél‘ré-e#aminaﬁion bf;more'convéntibnal
'explangﬁions;. We.are.adﬁit#edly out of our medium vhen discussing emglsion_'-
- experimentsg'but'our'expertise iﬁ high-energy-:gactions has led us sd far
to three useful 6béervations that lend themselves to the fragment enigma..'
First, since our "soft spheres mﬁdel"ldoeg such an éxcellentvjob in
estimating nqcleus4§uc1eus topai reaction'crégs-sections at high gnergies,
‘we proceedgd to e&aluate'theore;ical mean free pathé in G5 emulsion. The
accuracy of'the,soft”spheres model is illusfrated'in Table VII taken from
. a recent Berkeley thesié oﬁ relétiviétic cosmicfr.axsré.l6 f;gm‘the'gomposition :
of G5 emulsion and fhe intérac;ioﬁ croéé sectio;éiof a RHI with eéch,'
cémponent,.we caibulate the mean free path ﬁfAZ.l GeV/A 1?0 fo be 10.30 cm.
; The literature valies detefmined experimentally éfe 13.72A12.6 and 13.0 cm,
"the latter being‘tﬁe recent'determinatioﬁ by ﬁeckmén'et al.}e' The diffefencé
is ascribable. to the difficulty in detecting iﬁtéractions ﬁith AZ =0 or‘1,  :
that is; the detection efficiency is less than upity. iHeckman et al. estimated
that ~16% of the total_éross section was missed:but itvis appa;eﬁtvto us that
~BC% is a more accurate estimaté_and that.thé detection efficiency of G5 for
sﬁch interactions is closer to ~70%. AFor FHe Heckman findé a mean free path
‘.of 21.8 ‘em compared to our calculated 18.6 cm. A meaéurement18 of the AZV=’0
‘réaction 1H(4He,3He)pn'at 6.85.GeV/c had a cfdss sectién of 24.1 mbAwhich
itself is ~23% of oR.' The cdmbigatioh of AZ =0 and 1 must thus belmuch
larger than the ~16% inferred by the Berkeley estimationipfocedu;e. Fér
elémeﬁtary singly-charged projectiles, the efficiency loss associated with
OZ =0 and 1 shoﬁld,vanish.- Iﬁdeed, wé‘éalculated.for‘ﬁ.l éeV protons and

4.2‘GeV x in G5, mean free paths of‘31.9-cm and 36.8 cm respectively



12.

compéréd to literéture values of 33 i'6Aaﬁa 38.7 + 3.5 respectivei_y.19
-Second, the recently published ahalysis;4”6f mean- free paﬁhs(éontained
a parameterized Z dependeﬁce'accorAing to A
@ =A<beam>’z'b | S NOR
.:where A(beam) 30.4 + 1.6 and b = 0. 44 + 0.02. In this:way, sécondary.
fragments of any charge can be descr1bed by one functioﬁ to improve étatistics.
.The authors support. thls method by statlng that Eq. (9) is consistent with

our geometr19a1»model. We fltted our calculated mean free paths. for 4He,
6Li, 14N, 160 and 4OAr to a power law and:obtdined

A(z) = 25.2 z 0431 - o (10)

The Z-dependence is-in excelient.agréement with&ﬁ;. (9) but the.séaling
factor A differs by ~217% from the experimental ?ne, consistent with the
underestimation of efficiency loss by the authors. Howévér, tﬁe parametri-
zation of A shoﬁid be with respect to A not'Z!.lThé experimental parametefs
are obtained from beam particles which are all stability valley.bccupants.
But secondary fragments need not be and, in fact,.ére'not confinéd thusly.
Reaction cross ééction$ arg%Aédepéndent and only.yery weakly Z-dependent,
For iﬁstance, we calculated )\ for‘hHe to be 18.6 cﬁ.. Eq} (9) would imply
\ for 6He tovbe identicalf To the céntrafy, we calculated A for 6He tolbe.
"lj.é'cmi |

Third, the énalysis of the dependence éf A,onHD; distance travelled

in the emulsion seems to be based on Judek's 1972 two component expression19

I,e

1 )e_-D/)\

9®
A {
IL( X I2\ )

A(D)-
A )e-D/Kz

1
1 2
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where I1 is the fraction of beam which is of type ome with \ = kl’

The

. experiment thougﬁ;-inVOIQes analyziﬁg tracks wighin segments of 1ength§‘-
Ax lying anywhere between1l.b and 20.0 cm. The above expréssion is an
approximation té the tfue expression when‘Ax/x << 1 which is not, howévér,

the case. We have derived the exact expression which is

e DM (qe BNy o I.é-n/xz(l_éﬁsx/xz) "

— C 1 2
A(D,Lx) = 1 D/ -Ax/\ 1\ -D/)\ -Axfn
'_[1< —):I )e 1(1-e 1) + 12< g‘)e 2(1’3 o 2)

Wé havg done ogly a.limited amoun§ df_spaée searching on 11,,12,'x¥ and KQ
but show in Fig. 151the fit calculated with I, % 90%,|x1 = 10.3 (2.1 GeV/A
nérmal 160) and I, = 10%, Ay = 3.8 (anomalous éb@ﬁonent). hihe agreement
with the data is reaéonable and corresponds to A ~ 190, not the.Z ~ 306_
alluded to in the recent feport. Our examination ofnthe_pﬁénomenon will

continue but much better statistical data are needed.
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Table I. Thermometric Slopés in Exponential -

- ~Regions of Spallation Mass Yield.Curves

15.

Projectile " Energy (lab) Target . Slope (% per amu) Rudstam's P
o 190 Mev 89y 18 " 34.8%
~ ' o 23, 8%+
' 800 Mev g0y 9.5 12.9
CPme 720 Mev 89y 13 13.9
g ~ soomev %% 118

* &% .
Without and with pion rest mass energy

12.9




Table II. Relative Spallation Cross Sections from

800 MeV Protons Incident on 130Te'

Isotope o Half-l1life ' : Relative o

124

12906 : - . 70w ‘ 21.0
129, - 4.4 h 10.0
128, B 9.1h 3.9
127g, | 3.9 d 12.4
) S - a 4,2 4 b.b
122, . : 2.7 4 11.4
1211 2.1 h " 0.63
- 120g,m 5.8 d 5.1
Wpem - I B . 2.6
1198 o 16 h U 2.5
1185 m " 5.0h ) 6.7
e o 64 m . | 2.2
7gy | - 2.8 h | 11.3
117 : o 1.9 h 3.0
sl P | thm 3.3
gy, | 32m L 5.0
U2, | : "~ 3.1nh - 3.3
My, B ) : 2.84 ) 11.4
Hlgqm | o 49m | 5.5
M0sn : : 4.0 h o : 1.8
10914 - | 4.2 h 5.3
104,,8 | . e9m 4.8
103, ’ g | 1.1h 1.8
.1°°Rh S o 2th 3.2
7 Ru | . | 2894 2.5
e | . 44a - 2.9
e » . 20 b o 2.0
Py ‘ . 1.7 h 0.6
P 4 .' 4,9 h ' 1.6
Py B ~7.0m 1.7

87gm ‘ 13.2 h - 0.9



Table IIL. 'Camma Intensities for l.7h-""Zr

Gamma Energy (keV) Table -of Isotopes

1210 - L013

1228 o .04

* : - .
weighted means of four determinations

17.

87
This'Work*

.00916 + .00028
.0278 + .0005

Table IV, 87Zr Half-Life

4 Ref.
1.60 h PR 178 1732 (69)
.1.57 h © JINC 25 151 (63)

* PR S s
weighted mean -of four determinations

.This Work*

1.693 + 0.017 h

4

*using 56.8Y% 1040-keV branch of 4Qm-8‘¥ .

"‘Table V. 84 ¢ Half-Life
_ x .
t1/2 o Ref. This Work
28.5 m (unassigned) NP Al6l1l 12 (71)
5.0m _ JING 33 3223 (71) 25.7 + 0.5 m
16 m ‘ 7 Yad F 1 385 (65)
* : ‘
weighted mean of seven determinations
- A . 84 %
Table VI, Intensity of 112-keV Gamma in =~ Zr
~ Sample 51 . Target ' I %)
60 BV 1 97.8 + 8.1
63 . " 106.0 + 9.1
69 ' o 96.6 + 7.1
66 | oMo 91.7 + 20.9 .
_ 68 _ 100Mo _82.8 + 23.1
weighted average ' 98.4 +

4.44



Cross Sections with the Soft Spheres Model

“Table VII. Comparison.of.Nﬁcleus-Nucleus,Reaction

'18.

Reaction ‘Kinetic Energy' Experiment Soft Spheres
' ~ (GeV/A) (mb) (mb)
C-H 2.1 270 + 14 266
C-H 0.87 260 + 14 264
He-H 2.1 111+ 6 106
He-H 0.87 120 + 6 - 105
D-H 2.1 60 + 16 72,5
C-D 2.1 426 + 15 469
c-D 0.87 411 + 21 466
He-D 2.1 203 + 8 218
He-D - 0.87 198 + 10 216
D-D 2,1 134 + 8 141.3
C-He 2.1 535 + 19 549
C-He 0.87 527 + 20 547
He-He 2.1 276 + 14 269
He-He 0.87 262 + 18 268
c-C 2,1 888 + 44 954
c-C 0.87 1939 + 50 951
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FIGURE CAPTIONS

Figure 1. Mass defects for A=100 in the region neaf stabilit& showihg syﬁmetric
parabolic ﬁéhavior with Z as_ébscissa and ésymmefry with N/Z as abséissé..‘ |
Figﬁre 2. Relative isobériclyield curve,vmass adjustmén£s<included, for Zr isotopes
‘from SOQ‘Mgv protons‘bombardiﬁg 89Y.,'. |
Figure 3. Same as Figure 2 but for Y and Zr isotopes from’gzMé.
Figure 4. Same'aé Figuré 3vbﬁt fbr_96Mo. | |
FigureAS; Same as Figure 3 ﬁut éqf‘¥00Mo.
Figure 6. Relative isobaric yieid curve,'mass'AAjustments inéluded, for As and
Ge isotopes from 800 MeV pﬁotons bombarding 89Y..-
Figure 7.» Same as‘Figufe 6, butAforvlooMof
Figure 8. Relative mass-yield curve. for 800 MeV proton inducgd spallation
of 100Mo, | N |
.Figure 9. Relative .isobaric yieldsvof Zr isotopes from various targets at
800 MeV (openlqifqles) and 500 MeV (closed circles) showihg,lack of
bﬁmbafdment energy de?endence; - |
Figure 10, INC calenlation for 1 GeV protons on ;97Au»to pﬁodﬁée cascadés'
of M = }5 (opén circles) and AA = 16 (closed cifclés) shoﬁing correlation
between aﬁefagé deﬁosition energy and cascade ?ath as qualified by product N/Z;
Figure 11, Average depositioﬁ energy pef.caécade asla funcﬁiqn o£ initiél
‘impact parameter.
, Fiéure 12, . Average deposition energy ?er cgscade as a function of cascade
length, AA, | | | |
: Fiéufe 13. Rélative,isobaric yield curves for, production of Zrliéotoﬁes from
_various targets using décay data.in Téble 11T fdr 87Zr. “Black squares fof
7Zr are what is obtained using Table of Isotopes data. |

Figure 14. Decay sqheme.df 26m 84Zr.
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Figdre 15. Change in composition of an'initiélly pure 90Sr sample as a
function of time due to high intensity spallation transmutation.
Figure 16. Data and analysis from reference 14 on tﬁelanomalous mean'free'

paths of secondary relativistic fragments. 'Heavy histogram is our fit.
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