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Common sense, do what it will, cannot avoid being
surprised occasionally. The object of science is

to spare it this emotion and create mental habits
which shall be in such close accord with the habits
of the world as to secure that nothing shall be
unexpected. ‘ v

B.R.
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‘THE EFFECT OF FREE-PARTICLE COLLISIONS IN HIGH uNERGY PROTON AND
. PION- INDUCED NUCLEAR REACTIONS . . , :

Norman P. Jacob, Jr.
(Ph.D. Thesis)

Department of Chemlstry
and

Lawrence Berkeley Laboratory _f'
University of California -
Berkeley, California 94720

~ ABSTRACT

The,effecttbf'free—partiele coilisionsvin simple."knockout" reactions
ef the_form'(a,aN) and in more complex miclear reactions of the form (a,X)
was investigated in a two part etudy by using protons and pions as the
incident projeetiles.vln the first part of this study,.eross sections for
the 48Ti(p 2p) 47Sc and the 74Ge(p,Zp) Ga reactions. were measured from
0.3 to 4. 6 GeV incident proton energy. The results 1nd1cate a rise in
(p,2p) cross section for each reaction of about (25 * 3)% between the
energies 0.3 and 1.0 GeV and are correlated to a large increase in the
total free—pafticle,pp scattering cross sections over the same energy
regidn. The experimental results are compered to previous (p,2p) excita-
tion functione in the GeV energy region‘and to (p,2p) cross section cal-
culations up-to 1 GeV incident proton energy based on a Monte Carlo intra-
nucleer casea&e-evaporation model. This model yields cross sections that
.are generally a factor of 2 greater than the experiﬁental values.

In the second part.of this thesis, cross section meaeﬁrements for

(v”,7nN) and other more complex pion-induced spallation reactions were



14,, 16

measured for the light target nuclei =N, ~0, and 19F ffom 45 to 550
incident pion energy. These measuremehts indicate élearly a.broad peak

in the excitation functions for both (w,nN) and {m,X) reactions near 180
MeV incident pion energy. This corresponds to the large resonances ob-
served in the free~partic1e n+p and 7 p crbss sections at the same en-'?
ergy. Striking.differences in (w,mN) cross section magnitudes are observed
among the 1ightvnuc1éi targets. The experimental cross section ratio

R /,= o(ﬁ-,w_n)/o(n+,ﬁN) at 180 MeV is 1.7 * 0.2 for all three targets.
Tge gxperimental results are compared to previous pion and analogous ﬁro—-'
ton-induced reactions, to Monte Carlo intranuclear éaséade-evapdration

. calculations, and to a semi-classical nucleon charge exchange model in an
effort to understand the mechanism of pion reactions, particularly of the

(m,mN) reaction.
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£ 4875 and 74Ge

‘Part I. Cross Sections Abd?e 0.3 Gev for (p,Zp)Réattiohs )
1. INTRODUCTION o
 The interaction ofvhigh energy prbjectiieé (>0.1 GéV/nuéleoh)"
with nuclei has been'a'fieid of.;onsiderabie interest since the advent
of thevBefkeleyﬁ184—inch'SYnChrdtyclofron in 1947.'§ince then, the de-
" velopment and construction of charged particle accelerators, and more
recently the "meson factories" have made it possibleJto perform thesev
studies with a fariety of pfojeétiles; ranging from éharged‘pions to
heavy ions, and extending in energy into the gigaelectron volt region;;
" The majority of these studies have been dirécted_toward an Uhderétahdihg
of reaction‘mechanisms, such as fission and fragmentation, nuclear prop-
'_'érties.and'stfucfure, and elementary particle behavior in the presence
of nuclear maﬁter;vln addition,such research is épﬁliéablé<in cosmic ‘ray
'thsiCs and>astf0phy$i¢s for undéfstan&ihg the yields ofvradiOnuCIides
in extraterrestrial specimens such as meteorites and moon rocks and in
'the choice of éhielding matefials for high eﬁergy, high intenéity accel-
eratérs, where aCtivation of the surroundings is a potential problem. -
Specificaliy, the broad objective to this thesis was to investigate
elementary parficle"behavior‘in the presence of nuélear matter. In order,
then, tb provide a foundation for undérsténding the p:intiples that are
fundamental to this project, a brief review of high energy nuclear re-
actidh models and theories is presented in the following section. This
area has been the subject of several excellent reviéws by Miller and |
Hudis (1), Grover and Caretto(Z)”and more recently by Hudis(S).‘These
articles afe.récommended as references for a more extensive treatment'of

the subject:than given here.
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1.1 The Cascade-Evaporation Model and the Impulsé Approximation
The model of nuclear reactions induced by high énergy projectiles
was originally proposed by Serber(4) to explain the wide distribution of

75As as

radioactive nuclides formed in the 200 MeV deuteron irradiation of
found by Cuhnihgham and co-workers(5). This model considers tﬁe mechanism
to be the sumvof two stages. In the firstbstage, the incideht projectileA:
collides with a single nucleon in thé nucleus. These collision partners
may subsequently collide with other nucleons and generate a nucleonic
cascade. The stfﬁck particles may escape from the micleus with high kinetic
énergies and be forward peaked. The incident projéctile could méke several
morevcollisions’before escaping the nucleus with most of its initial kin-
etic energy. This process is short on the time séale for nuclear reactions

2 21

and is of the order of 10722 - 102! seconds duration.

The second stage of this process is the subsequent de4¢xcitation of
" the excited‘residual cascade nucleus in a manner similar to- that for low
energy nuclear réactions i.e., by emission of nucleons,.alﬁha particles,
photons, or even fission fragments. This is termed the "evaporation"
stage and has é time scale that is on the order of 10 to 1000 times aS
long as thefcascade étage. Thus,'the average de-excitation time for an

20 _ 1418

excited nucleus would last about 10° seconds.
In light of this mechanism,_the wide distribution of product nu- | 4F‘

clides formed in a high energy nuclear reaction can be logically explained.

Depending upbn the complexity of‘the_nucleonié cascade, high as well as

low energy deposition events will occur, which in turn, create a wide range

of final nﬁclides after completion of the second or "evaporation' stage of

the reaction.



This model was further developed by Chew and co workers(6 8), who
proposed the "1mpulse approx1mat1on" This particular approach postulated
that the target nucleus. would appear to a h1gh energy projectile as a |
‘ico11ection of "free" nucleons, rather than‘an-integral cluster, and that
the followihg assumptions should hold (1) The incident particle never in-
- teracts with more than one nucleon at any one'time.'(ZJ The amplitude of
| each inc¢ident wave falling on each nucleon is the same as if the nucleon
‘were a free particle (3) The binding forces‘between constituent”nucleons
in the nucleus are negligible during the strong 1nteract10n of the in--
,“c1dent particle with the system

Assumptions (1) and (2) are somewhat over51mplif1ed for systems
heavier than the alpha part1c1e The seemingly paradox1cal "1mpulse"
'assumpt1on (3) is reconciled by the fact that for very short C0111510n
_times T the energy E of the system cannot be detennined to better. than
fAE’Vh/T s av51mple applicat1onbof the uncertainty pr1nc1ple. In spite of

these apparent,shortcomings, the impulse approximation has been success—
fully used to correlate a broad'spectrum of empirical data and still re-
mains the basic assUmption in models for high energy nuclear Teactions.

1. 2 Simple Nuclear Reactions
.Simple nuclear reactions of the form (a,aN), where a is the 1nc1dent

projectile and N is the nucleon removed from the nucleus, have been a
field offextensive investigation over thevyears(zj, mainly because this
class of reactions represents the simplest form of the cascade-evaporation
. model and impuISe approximation outlined in the previous section. In addi-
; tion, such reactions are thought to occur mainly oL the nuclear surface, |

damage the nucleus only slightly, and are therefore of value in probing
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certain aspects of nuclear structure.
According to Grover and Cafetto(Z), the most commonly assumed

mechanisms for (Nucleon, 2 Nucleon) reactions are: (1) Clean Knockout

(CKO)-The incident nucleon penetrates into the nucleus, interacts strongly
with only one nucleon, and both collision partners promptly exit the nu-
cleus without disturbing it further(i.e. the residual excitation energy is

1essvthan the binding energy of the least bound particle ih the nucleus).

(2) Unclean Knockout (UCKO)-The incident nucleon penetrates the‘nucleus;

more than one intranuclear nucleon-nucleon collision occurs, and the initial

projectile and avnucleon pfomptly exit the nucleus (3) Inelastic Scattéring

followed by Evaporation of a Nucleon (ISE)-The incident nucleon promptly

exists the nucleus with somewhat diminished energy and at a much later

time on the nuclear scale, a nucleon emerges. (4) Charge EXchange Scattering

followed by Evaporation of a Nucleon (CESE)—A nucleon of the opposité'type

as the original incident projectile promptly emerges from the nucleus and -

at a much later time on the nuclear scale, another nucleon emerges.

(5) Compound Nucleus Formation followed by Evaporation of 2 Nucleons-

The incident particle penetrates into the nucleus and a much later time

on the nuclear scale, two nucleons emerge. (6) Pickup to form a Deuteron-
The incident nucleon enters the nuéleus, interacts with a target nucleon

of the opposité type having about the same momentum, and both leave the

nucleus as a deuteron. (7) Knockout of a Deuteron-The incident nucleon

knocks a deuteron out of the target nucleus and is itself captured.
Mechanisms (1) through (4) may easily be extended to include the

general class of (a,aN) reactions and in particular the (n;nN) reaction.

For initial inelastic collisions in which pion production is involved,
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the created partlcles must also escape with the initial collision partners,

if a re51dual product one nucleon removed from the target is to be formed.

For example,_a_(p,Zp) reaction above the pion production threshold of about

400 MeVv would:inolude contributions from (p,pnﬁ+) and (p,2pr°) for single
pion production and (p,2n2w+) and (p,pnn+n°) from deuble pion'production.
Several important recoil experiments have demonstrated that simple

h1gh energy reactlons of the form (a,aN) may be understood in terms of

‘any one or a combination of the CKO0,ISE, and CESE mechanlsms For the re-

action’ V-C(p,pn) C at 450 MeV incident proton energy, Panontin and co-
workers(g)-haVe observedve monotonicaily decreasing;_slightly forward
peaked angular distribution of recoiling e jucted, and set a lower
limit of 85% for the CKO contribution to the cross section at that energy.
Iﬁ'a study of the 65Cu(p,pn) 64y reaction from 0.4 to 2.8 GeV incident
protonvenergy;_Remsberg(lb)vdiscoVered a-Sidewise peek in the ahgular
distribution for recoiling 64Cu nuclei near 90°, which was ascribed

to the'ISE and/or CESE mechanism. An estimate of the area under the

- peak showed these mechanism to contribute about 30% to the total cross

section, with the remaining 70% accounted for'by the CKO mechanism.
An evaporatlon calculation made in the same work estimated the CESE

mechanlsm to be. about 10% of the ISE mechanism or 3 of the total cross

' ;sectlon Using the same experimental technlque for the 63Cu(p n)

and Cu(p,Zn) Zn reactions at 1.0 GeV, Remsberg (11) further

illustrated that peaks in the angular distributions near 85° for the
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63

angular distributions near 85° for the recoiling “~Zn and 62Zn product

nuclei could be attributed to charge exchange and CESE mechanisms, re-
spectively. | |
Other angular distribution studies of recoiling nuclei from simple

196

high energy reactions such as 9Be(p,Zp) 8Li(lZ), 197Au(p,pn)r ‘Au(13),

and'58Ni(p,pn) 57Ni(13) lend credence to the idea that such reactions
. proceed predominantly by a CKO mechanism, with some contribution coming

from the ISE and/or CESE mechanism. For incident projectile energies

‘greater than 0.1 GeV/nucleon, the mechanism of compound nucleus formation,

pickup to form a deuteron, and knockout of a deuteron, ére not significant.
contribﬁtions to the reaction mechanism. While the proéess of unclean
knockout (UCKO) has not thus far been strongly considered as a mechanism
for simple reacfions due to a 1ackvof experimental data, evidence for its
occurrence in (w,nN) reactions will be preéented in the second part of
this thesis.
1.3 The Free-Particle Influence and the (p,2p) Reacticn
In 1ight‘ofbthe preceding discussion, simple'”knockout” reactions of
. :

the form (a,aN) are potentially feasible tools for investigating free-
particle collisions in nuclear matter. From the viewpoint of the impulse
approximation énd the evidence obtained in ahgular diétribution studies.
of recoiling nuclei, the predominant mechanivafor such reactions involves
.a ""quasi-free' knockout of a target nucleon by a high’énergy incident pro-
jectile, such as a proton or pion. It would be anticipated then that
changes in cross section for (é,aN) type reactions should refiect to some

degree corresponding changes in free-particle aN scattering cross sections.



" In ordér to'i11ustratevthis péiht’With a caSe.spgcificaliy germéne
to fhis wbrk, Fig, 1-1.display$ the total free—paftiélé pp scéttering'
éroSSvSectioné‘[heréafter denoted as o(pp)] (14).'The pp,cross sectidn
shows markedvgtructure in its.behavior, rising in value from 24 mb at
0.3 GeV to about"48'mb’at'1.0.GeV‘incidgnt pfoton énergy. This inérease
is attributed to-increasing'confributionsufo thevtbtél cross section by
inglaéfic pion producing pp collisions. Abovevi.O GeV, the curved dis-

plays a'grédual decréése. It was originaliy expected and later demon-’

strated (15-17) in light of the quasi-free nature of the (p,2p) reaction,

that (p,Zp) excitation functiohs in the GéV energyvrégion should exhibit -

significant rises in cross section values which could be correlated to

rises in d(pp)vovef,the same energy region between 0.3 and 1.0 GeV, and
to display little'orvno change above 1.0 GeV, like the'COrresponding
o(pp) behavior. Previous studies have determined (p,2p): excitation func-

tions for the target nuclei > Fe(15), %zn(15), 1*%ce(16), and 2Mg(17)

_ in the GeV enérgy'region and have illustrated the above trends, with the

added observation that the rise in o(p,2p) is significantly less than the

corresponding o(pp) rise. This relative flattening of the (p,2p) excita-

- tion function is explained in temms of a reduction in the effective PP

croés section due to attenuationbfactorS'for the incoming projectile and
outgoing particles by the nucleus.
1.4 Definition and Purpose of Project-Part I |
The general objective of this work was to investigate the effect 6f'
freerarticle collisions in ﬁuclear reactions at high energy and to un-
derstand how the presence of nuclear matter (the:nucleus) modifies these

collisions. Part I of this thesis reports the results for measurement of
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(p,Zp)‘excitation functions o T1 and ' "Ge above OQS GeV incident pre—
ton'energy * This 1ower'energy 1imit was Chosen'because it repreSents the
onset of the rise in o(pp) cross sections due to p10n production. Each
target convenlently yielded a radloactlve (p,Zp) product that could be
assayed without prior chemical separatlon. Spec1f1ca11y, the purpose of
‘these,proten experiments was to supplement the previous (p,ij'excita—-
tion function studies in order to gain a more complete understanding of
the systematlc varlatlons or trends, if any, of the free partlcle PP

| structure in such reactlons |

Part II of this the51s will be a continuation of the broad based

objective by u51ng charged pions -as the high energy proJectlles to-study
' the effect of 7N collisions in the light nuclei 14N, 16O,'\an'd 1gF, with
'particular emphasis on the (ﬁ;nN) excitation functions for‘these targets.
A detailed backgroﬁnd discbssioh on this project is deferred until then.
2. -EXPERIMENTAL PROCEDURE | |
| The_generalfteehniquesused in the proton phase of this work was to

-activate staeksvof aluninum and target foils in the interhal proton beams
of the Lawrence Berkeley Laboratory‘184—inch synchrocyclotron and the |
Bevatron. Subseduent counting of the foils with highvresolution Ge(Li) de-
* tectors and analysis of the photopeaks and decay. curves by computer code
penmitted reaction cross sections to be measured. The following is a de-

tailed description of the experimental procedure.

X o ' ' : i
The results from the first part of this thesis on (p,2p) reactions has
been publlshed by Norman P. Jacob, Jr and Samuel S. MarkOW1tz Phys. |

Rev. Cl1, 541 (1975)
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2.1 Targets
All targets for this work were prepared by high temperature vacuum
48 d 74Geoz

(94.5%); obtained from Oak Ridge National Laboratory,'to thicknesses of

evaporation of the enriched oxide isotopes TiOZ(99.13%) an
0.7-1.5 mg/cm2 on 0.0013 cm aluminum foil. This backing pfovided support
for the'target matefial and served to catch forward recoiling nuclei pro-
duced from the induced nuclear reactions..Tafgets produced in the manner
were visually.unifdrm, produced no flaking when handled, and could be
easily and cleanly cut with a séissors.‘The'isptopicrcomposition and e1é¥
megtal contamination of these oxides is shown in Table-2-1.

At the high temperatures required for this targef preparation, de-
composition of the oxides became a possibility..Since an accurate knowledgé
of térget composition is required for cross section ca1cu1étions, all tar-
géts were spectrophotometrically analyzed following completion of gamma
counting for Ti or Ge contents (18). Generally, analysis'of the targets
- by weighing agreed to within 10% of the results obtained from the spec-
trophotometric analysis. | | |

2.2 Bombardments

The fargets were activated in the internal procon beams of the 184-
inch synchrocyclotron for incident proton energies from 0.3 to 0.73 GeV
and the Bevatron‘for energies from 1.0 to 4.6 GeV.

"The beam energies in each machine were determinéd in the folléwing
manner. In thé synchrdcyclotron, the target was moved along a radial line
by'a main probé.until it intercepted the circulating internal proton beam
at the desired ehergy. Smaller energies required a deeper radial penetra-

tion by the probe. These beam energies were known conservatively to *4%,
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Table 2-1. Mass Analysis and ChemiCal Composition of Target Isotopes

48

- Target Mass Number 52 Chemical Impurities O
i ‘45- . 0.25:0.02 AL, Ca, Ni, Pb’ < 0.05%
47 ©0.26:0.02 si < 0.02%
(Ti0,)  48,‘ | 99.13%0.05 cr, Cu < 9.02%
| ' 49 _ 0.19%0.02 ~ Others negligigle'
50 0.17%0.02 |
T4ge 70 1.71£0.10 AL, Pt, Ni < 0.05%
| 72 2.210.10 In < 0.2%
(Geo,) 73 0.90+0.05 S < 0.03%
. 74 ' 94.48:0.10 thers negligible
6 0.70£0.05

3Taken from speétrographic analysis figures supplied by the Oak Ridge
Isotope Division. _ , :
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corresponding to a one inch error in radial placement of the target.19
The average iﬁtefnal proton fluxes were luA. Fof the Bevatron, a beam
enefgy was estaﬁlished by tﬁrning the rf oscillator off when the de-
sired energy was reached. Targets were then flipped into position at the
end of a pulse to intercept the beam. Energies determined by fhié method
are known to *1%.(20). Internal fluxes averaged ZXiOIZ prdtons per pulse
with 10 pulses per minute.

The.target’stacks as traversed by the proton beam consisted of a
0.005 cm aluminum foil, 3 separate 0.0008 cm aluminﬁm féils, the enriched
target layer on the thin aluminum backing, and a final 0.005 ém aluminum
foil. This descriﬁtion is illustréted ih Fig. 2-1. The first and last

. f . o - '
thick 0.005 cn aluminum foils held the thinner intermediate foils together.

- The central 0.0008 cm aluminum foil was used as a beam flux monitor via

the 27Al(p,Spn) 24Na reaction (21),:whi1e the forward and backward alum-

24

inum foils acted as guards and compensated for “"Na recoil loss in the

48TiO2 and 74GeO2 were run simultaneously,

monitor foil. When targets of
én extra‘guard and target foil were included in the stack. Typical total
stack thicknesses were approximately 35-40 mg/cmz. [rradiation times were
for periods ofv10-20 minutes.
2.3 Counting Procedure

After each exposure, a 1.25 cm diameter circle was punched from the
foil stack just back of the leading edge. This insured alignment of moni-
tor and target foils and minimized the undesirable 'leading edge effect",
whereby the beam is concentrated largély on the leading edge of the foil
stack. As a check on this alignment, the thick 0.005 cm front and back

aluminum foils were counted after each run in an end window beta-propor-

tional counter. After a small correction for recoil losses, the difference



| Proton

beam

-13-

Thick Al guard foils (O;OOSC.m.)

Al monitor foil (00008cm\

A

Target oxide (~I| mg/cm?)

on Al foil (0.0008 cm.)

Al guard foils
(0.0008 cm.)

XBL754-2684
Fig. 2-1. The target stack. '



-14-

Tab1e>2—2. Decay Schematics for the Observed Radionuclides

, Fraction of decays

Nucleus Half-Life y-Energy (MeV) leading to Reference
o y-emission

24. ‘ ' ) . )
Na - 15.0 h 1.37 1.0 22,23

47 . | |

Sc - 3.434d 0.160 0.73 23

736a 4.9 h 0.297 0.87 23

S 0.326 0.13 23
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in decay rates between the f01ls was 1nvar1ably less than 2%. Error due
to alignment was. thus 1gnored | | |

The target and monitor foils were'mounted-on standard aluminum -
counting cards and the desired product nuclei were assayed by gamma ray
counting with high reSolution,Ge(Li)ldetéctors, Thevphotopeaks from

47 73; 48 74~

Sc and " “Ga were sought from the targets " Ti and Ge respectively,

wh11e the decay of 4Na produced in the aluminum was. followed The de— -
cay characteristics (22,23) for the observed nuclides are summarled in -
Table 2. The decay of a nuclide was monitored for two or more of its |

74

half—lives. Counting of the aluminum monitor foils and the ‘“Ge target .

was'begun'usually-ZO minutes after an expoéure._For the 48Ti target,*'

counting was initiated a day or two after irradiation. This permitted
shorter 1nterfer1ng act1v1t1es to decay.

The two Ge(Li) detectors used in this work had active volumes of

3 3

20 cn® and 30 cm® and were of the planar and coaxial Variety, respec-

tiVity(24).'Each was carefully calibrated for efficiency as a function -

'of’ganmaﬁray energy using a set of standard IAEA_SourCes(ZS) (see Ap-

pendix A). Because-all counting was done at a distance of 10 em from the

. face of the detector, the 1.25 cm diameter foil would appear to the de-

tector as essentially a point source(26). Thus, no efficiency corrections

‘to the data for an extended disc source were necessary. For the 122 keV

. gamma ray of 57Co the resolution of each detector was 2 keV full-w1dth

at half-maximum (FWHM).

Electronically, each detection system was identical. The signal in

~ a detector was-first preamplified and then directed through a high rate

- linear amplifier usedlin'conjunction with a biased.amplifier. The output
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sighais were then accumilated in the memory of a Northern 1024 or
Victoreen 400 channel ahaiyzer. After a counting interval was.compléted, .
the stored gémma spectra was recorded onto either a seven inch ﬁagnetic
tape or printed onto long strips of péper. For'thislwork; the magnetic

4

tape was used exclusively for recording the data from the ' *Ge experi-

1

ments. Later, breakdowns in the magnetic tape-analyzer interface re-

48Ti spectra.

'-quired a switch to printed readouts for all-
2.4 Data Analysis

Figure 2-2 illustrates an energy region of interest in the'gamma fay_
spectra from an irradiated 74Ge target. All relevant ﬁhotopééks were
analyzed by the computer code SAMPO(27) on the LBL CDC 6600 computer.
Briefly, thigvgfogram fits each'photopeak tb anGaussiéﬁ function with
exponentiai taiis'and calculates the area (number of.total net‘counfS)‘
under this fitted function. Also tabulated in the output is an estimate
of the error in the peak area aﬁd an indication of ﬁhe "'goodness' of the
fit to the data. | ,
‘ o 47

Figure 2-3 illustrates fitted photopeaks for gamma rays from ° Sc -

73Ga. Residuals, expressed in units of standard deviations of the

and
data, are shown immediately below. When small and randomly distributed,
these residuals are indicative of a good fit to the photopeak. |

‘The decay curves synthesized by plotting the counting rates obtained

from the photopéék analysis as a function of time were fit by the standard -

least squares prbgram CLSQ(28). In all cases, Only one component in the
deCay curve was fit, and a fixed half-life, taken from Table 2, was used.

in obtaining the initial activity and standard deviation of the component
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at the end of bombardment
'F 736a, the 297 keV peak(87o) (23) was chosen for ana1y51s rather -
than the 326 keV peak (13%) (23) because of its 1arger abundance. In addi-
tion, the small 326 keV peak was often washed almost completely out, re-.
sultlng in. large errors in the area ana1y51s An add1t10na1 noteworthy

67

fact is that Ga (t = 78.0 h) (23) produced in the proton bombardment

of 74

Ge em1ts a gamma of 300 keV energy (16%) (23) ThlS was difficult to
resolve from the more abundant 297 keV 73Ga photopeak even with the a1d .
of the computer code By comparlson however, it comprlsed 1ess than 2% |

'of the area of the larger peak and its presence was 1gnored in the early

fcountlng | | S

The f1na1 reactlon cross sectlons were calculafed in the f0110w1ng
manner. The end of bombardment act1V1t1es were converted to decay rates
by d1v1d1ng by the Ge(Li) detection eff1c1ency for the particular gamma '
ray. Saturatlon decay rates D were obtalned by d1v1d1ng the decay rates

by a saturatlon'factor_(l-e ), where A is the decay constant for a

particular nuciide, and t is the length of bombardment. The equatlon
which expreSses-a reaction cross section for the production of species

X from target T,_designated as oT(X), relative to the,croSs section for

24

the production of “'Na from the aluminum monitor foil, designated as :

’ 0A1(24Na) is given then by

DS(X) ' Ny
DS(24Na) Ny

op(X) = oy (“Na) (2-1)

where n;, and nT'are respectively, the number of aluminmum monitor foil

and target,atoms per cmz.



Table 3-1, Reaction cross sections.

_Oz-

Energy Individual Cross Averagets.d. Individual Cross Averagets.d. Free ppa_ ‘Monitor Crossb
(GeV) Sections (mb) (mb) Sections (mb) (mb) (mb) Sections (mb)
0.300£0.012 23.3,22.9,22.8,  23.3:0.3 . 22.5415 10.1#7%
22.9,24.5 : . B '
- 0.400£0.016 : _ - 19.4,20.2 19.8+0.4  24.0£1.0 10.5
0.520+0.022 27.3,25.5,27.8,  26.9%0.5 - . 34.0%0.2 ©10.7
26.9 : '
- 0.730£0.029 27.9,28.4,28.1, 28.5%0.4 - 23.9,21.2 22.6x1.3  46.0:0.1 10.8
29.5 - |
1.00 £0.01 29.4,28.8 29.5:0.3  23.5,22.3 22.9£0.6 47.5%0.1 10.5
1.60 £0.02 28.8,28.1 28.5:0.4 21.9,20.7 21.320.6  46.4%0.1 10.0
2.80 +0.03 26.5,23.0 25.2%1.3 - 18.8,20.0 19.4:0.6  43.0£0.1 9.2
4.62+0.05 25.4,26.6 = . 26.90%0.6 18.5,16.1 17.3t1.2  40.9%0.1 . 8.8
dRef. 14
b

Ref. 21.
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3;:RESULTS :

~The final reaction cross sections,are summarized:in‘Table 3-1. The
monitor'cross'settions"for the-reaction 27Al(p,Spn) 24Na, taken from:the
review article by'Cumming(Zl), and the free-narticle-pp’scattering cross
sections (14) are also tabulated. The uncertainty'quoted with each mean

(p,Zp)-cross~SectiOn’is the mean standard deviation o,

X and .is calculated

according to the formula(27)
- U0y M-l (3
1 o . . .

where xi. is“an'individual measurement, and i’is the mean value for a
set Of n measurements Generally, these standard dev1at10ns averaged
_about 3% of the value of the mean cross sectlon

- An independent estimation of important random errersvtO'the experi-
mental cross sections would include 1-3% for photepeak analysis, and 3%
for the spectrophOtometrie analysis of Ti and Ge. The nonuniformity of
a given targetdis a'more‘diffiCUlt-error tovquantify; but based on the -
method of'high temperature vacuum evaporation for target preparation,
and the small area (1.25 cmz) of the target used for analysis; a figure
of 3% is assigned to this possible source of error._A3root—mean-square
estimated value of about 4 5% is in good agreement uith thevmean standard
deviation figure of»3 calculated from the individual cross sectlons In-
cluded among systematic errors are 7% for the monitor cross sections,_'
3-5% fer gamma ray detection efficiency, and 1-3% for decay SChemev” |
characteristiés; This yields a combined root-mean-square error in ab-

solute cross segtibn determination of 9-10%. In discussions of the data,
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only the random errors are important in.compafisons of cross section -
changes and trends. Systematic errors are therefore noted here, but ex;
cluded in ensuing discussions of the results. . | o o

The excitation functions for the 48Ti(p,Zp) 47_Sc and tﬁe 74Ge(p,2ﬁ) ‘ |
73Ga reactions are presented in comparison to the total free-pp scattering |
cross sections in Fig. 3-1. The datum at 0.16 GeV is taken from the work
of Cohen et al.(29). 1 ' ' : o _ : ._ é
4. DISCUSSION - | | _ ‘ | ‘_

4.1 General Features and Qualitative interpretation‘of the'Data o

As seen from Table 3-1 and Fig. 3-1, the phenomenon of quasi-free
pp scattering is demonstrated for the (p,2p) reactioﬁs4of 48Ti and 74Ge
in the GeV energy region. Each (p,2p) excitation function displays a
slight but sighificént rise between 0.3 and 1.0 Gév;:and a gradual.de-
creésé above i.O GeV incidéntvprdfon énergy. This particulaf structure
in the excitatioh functions is a reflection, to a mﬁch lesser degree, as
seen from Fig.'S-l, of the éorresponding.behavior'for free—particle pp
‘cross sections over the same energy regioﬁ.

The-obseryed rise in each (p,2p) excitation fhncpion may aiso be
viewed as eﬁidence for inelastic collisions contributing to the (p,2p)
cross section. The single pion producing pp inelastic.éollisions that
occur within the nucleus can be seen to be increasingly less effeétive
- in forming (p,2p) nuclei up to 1.0 GeV, and then of about equal effec-
tiveless above 1.0 GeV, the point at which two pion production becomes
important. Figufe 4-1 illustrates this picture by displaying a decrease

in the ratio o(p,Zp)/o(pp) between 0.3 and 1.0 GeV and a flat behavior
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above 1.0 GeV incident proton energy.

Avlarge_diffefence'of about 30% betWeen the‘(ﬁ,Zp) excitation func-
‘tion magnitudee is noted at this point and will be considered in detail
later ih the_text. |

4.1.1 Ceﬁpérisoh to Prior (p;Zh) Excitation Fﬁhttion Studies

Prev1ous studies of (p,2p) exc1tat1on functlons in the GeV energy
reglon have been d1rected toward explorlng free- partlcle pp scatterlng
behav1or in these reactlons(ls 17). The work of Reeder on the Fe(p,Zp)
56Mn and 68Zn(p,Zp) Cu exc1tgt10n functions in the GeV energy regionl
was the first to correlate the in;reasé in (p,Zp) Cross sections above
2o, 2p)

La eXcitatien’function by Meloni and Cumming(16) showed the cross

0;4 Géwaith'f;ee-pp cross section structure. A study of the
141 | ' o
sections td increase about 50% in going from 0.4 to 1.0 GeV, and then
to gradually decrease.above 1.0 GeV incident proteh energy- A later in—
vestlgatlon by Reeder(17) on the 5Mg(p 2p) 24Na reaction above 0.4 GeV
incident proton energy indicated about a 20% increase in cross section.
Cross sectlonS'determlned by Caretto(SO) for the Sn(p,Zp) In re-
action displayed a rise between 0.22 and 0.6 GeV. In addition to these
studies, the lSO(p,Zp) 17N reaction has cross sectioneﬂof 14.5, 30.4,
ahd 25.1 mb at .0.16, 1.0, and 2.8 GeV incident pfofon-energy,31’32
respectively. | |

In Table 4-1, the ratios-of the (p,2p) cross section at 1.0 GeV to
‘the (p,2p) cfoss section at or near 0.4 GeV incident proton energy for
prior and present work are summarized. The increases:ih relative (p,2p)

- cross section for the targets in the present study are in excellent

agreement with that detennined by Reeder for_the 2_5Mg(p,2p) 2
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Table 4-1. Ratio of (p,Zp) cross section at 1.0 GeV to the cross section
t 0.4 GeV for various targets.

Reaction . 01.0/00.4 : | ' | Referen;e

free pp o ' '1.98t0.68 E N 14 .
25Mg(p,2p)24Na." | “ 1.19+0.05 - | Y
48Ti(p,2p)47S¢_;'. ‘ 1.1720.03 - Present Work?® 5
e, M 1.40%0.31. . o ‘15b.» o o
_682n(p.,2p)6.7(:3u . 1.460.22 - N 15 1
74Ge(p 2p) Ga ; | 1.16+0.04 - : Present Wbrk'
142Ce(p,2p)141 ©1.47%0.13 16

%Cross section at 0.4 GeV is interpolated from excitation function.

| » T .
This ratio rgpresgnts 00'74/00.42.
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_reactioﬁ,(17)eAlthough there appears‘to be no ohvious trend from inspec-
tion of these tabulated results, an estumated 1ncrease of about 30% |
(p,2p) Cross sectlon above 0. 4 GeV incident proton energy may be predlcted
for any target nucleus 1ndependent of mass number, Thlsvtrend 1mp11es that
‘the surface (where simple knockout Teactions are_throught to occur and .
which enhanceS'the cross section with ihcreasing target_maSsbnumber)_to

jVblume effects‘(which tend to decrease the knockout cfoss'section threugh :
atteuuation of'incident and outgoing particles) neither enhance nor supe

' press (p,2p) cfoSs sectionbstructure in. a target nucleus regardless of:
mass number. Such an implication'is‘surprising in'vieu Ofbthe aphroxi;

-1/3

mate A Variation of the surface to volume-ratid‘fdr the’nucleus

Further accurate (p,Zp) exc1tat10n functlon measurements above the meson

142Ce would serve to test

v productlon threshold for targets heavier than
this 1dea more rlgorously For example, 186y and 238U would be potent1a1
candldates 1n such a study and in add1t10n, may be easily obtalned in con-
rvenlent foil form. |

4.1.2 Magnitudes of (p,2p) cross sections

487 and 74Ge are'comparable

The (p,Zp) cross sections measured for
in magnitude to other activation (p,2p) cross sectiohs in the GeV energy
fegion(SS). A particularly striking feature, hoWever,,as seeh-frovaig;
3-1, is that the cross sections for the 48Ti(p,Zp)47Sc'reaction are con-
sistently 30% higher than those fot the Ge(p 2p) Ga reaction.
| Such differences in cross sections for simple nuclear reactions at
GeV proton energies are difficult to understand, especially considering

that the absolute cross sections are based on gamma ray branching ratios

- that may introduce error. Plausible explanations for‘the trends in cross
' \
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section magnitudes in simple reactions have previously embraced a number
of ideas, four of which are applied to the results from this work and
discussed in the following sections.

4.1.2A Stability of the Residual Nucleus

In view of the cross section differences, it is conceivable that the

7:"Ga nucleus may be more unstable with respect to particle emis-

residual
sion than Sc, follow1ng dep051t10n of the about 10 MeV or less of post-
knockout excitation energy in each system. If this hypothesis were Cor-’

‘rect, then the depletion of the 73

Ga yield relative to 475¢ could quéli-
tatively be understood by comparing nueleon and parficle binding energies
in each of these nuclides. |

A concrete example ofhthis would be the anomalously low Cross sec-
tions observed for the 14N(p,pn) 13N'reactibn at GeV energies.(33) Be-

‘cause the proton binding energy'in'lsN (1.95 MeV)(34)'is less than its
first excited sfate (2.37 MeV), (35) the residual excited 13N'nucleus

‘would be unétable to proton emission with the deposition of 2.37 MeV or
more of excitetidn energy. ”

Table'4el presents a summary of the binding energies for different

47Sc and 73Ga nuclei. The last two rows des-

particles in the residual
ignated (V +S - ) and (V +S ) are respectively, the sum of the proton
separation energy and the Coulomb barrier for a proton in each nucleus,
and the sum of_the alpha particle separation energy and the Coulomb bar-
rier for and alpha particle in each nucleus. These two quantities repre—
sent the "effective' separation energies for protons and alphas in these
‘nuclei. This comparison of binding'energies shows (i) That if an evapora-

73

tion from a post-knockout 47Sc’or Ga does oécur,‘the most likely
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‘Table 4-2. Binding Energies of Various Particles in the Observed Npclides

b

Particle = v * Separation Energy (MeV)®

Vs T3ge

n. 1.6 . 9.2

P R ' 8.5 o 8.9

« 0.1 6.2

on o ) 9.4 158

2p . v : ' v 22.3 : » _—

p

w+s)® 14.1 o 16.1

P

b | .
Vyrs)° B V- . 16.4

aRe

As

ferencev34{v

sumesvr0 = 1.44 F for calculation of Coulomb barrier
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candidate for emission would be a neutron. (ii) Thé binding energies

for the neutroﬁé in the residual nuclei are very similar and HIGH in

comparison to an expected residual excitation energy of 10 MeV maiimum.

Thus, these two residuai nuclei are expected to be stable with respect

to further particle evaporation if 10 MeV or less of excitation energy .
remains. Ohe is then left with the possibility that.a shift in the ex-

citation enéigy spectrum to higher residual cascade ﬁnergies.would be

47Sc to explain the large difference in

required for 73Ga relative to
(p,2p) cross sections. Such a difference is unlikely in view of the low : é
momentum transfer, low energy deposition characteristics of the (a,aN) \
knockout reactions in general. |

NOTE: Monte Carlo cascade éalculations performed fof inéident 0.73 and

48Ti and 74Ge target nuclei show that the excitation _

1 GeV protons on
energy spectra for cascade products having one mass number less than

these targets are essentially identical. This informatioﬁ was extracted
from the sfandard computer calculation, which was perfbrmed as part of
this project to calculate reaction cross sections. These computed Cross

sections are presented later in the text.

4.1.2B Number of Bound Levels in the Residual Nucleus

This concept can be an important factor in influencing the yield of
a huclide.formed in a nuclear reaction. The cross sections measured in
this work are in reality, equal to the sum of the individual cross sec-
. tions for the formation of all bound residual nuclear states, both -
ground and excited. Therefore, the number of excited bound levels de- f
caying to the ground state (which outside of long-lived isomeric states

is the only state measured in activation) would effect the integral
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cross section. For example, anomalously low ~ 'N(p,pn) ~~N cross sections
may also be'ascribed to theffaCt'that only the ground state of 3y is
formed.. A1l excited states in thié‘nucleus'are'unbound;(SS) and thus

cannot feed the ground state and contribute to the observed cross section.

47

Accordihg to thevinformation in Nuclear Data Sheets(36), Sc has

45 partlcle bound excited levels below the proton separatlon energy of

8.5 MeV, while '°

states for 73

Ga has only its ground state 115ted Several exc1ted

Ga have recently been. found by Erdal and co- workers(37) in »
a study of the B decay of 732n.' It is obv1ous that add1t10na1 exc1ted

-'states do ex1st but are not yet known. ThlS 1nformat10n would be neces—_;.
sary. in determlnlng the 1mportance of this proposal,:

4.1, 2C Neutron Skin Thlckness

The concept of a neutron sk1n thlckness has been presented as a
suitable explanatlon by Caretto.and co-workers(38,33) for (p,pn) and
(p,Zp) cross sectlon trends across a row of cadmium and tellurium iso-
topes. The "thln" neutron skin hypothesis. has been dlscussed by Karol
~and’ Mlller(40) in relation to the anomalously low 8N1(p,pn) _ N1 Cross
sectioh (30.mb-at 0.4 GeV compared‘to a "normal" Value'of 60 mb).
Such a‘hypothesiS'may be applied to the targets in the present work;

The neutron skin'thickness t , derived according to the-theory of the
Droplet Model, (41).is defined as the difference between the radii of the
spheres correSponding_to the protonand neutron denSity distributions, -
and is QUantitatively given by

= (2/3)r0A 315 | S (4-1)
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where I=(N-Z)/A -and B = (I + kz?A™/3)/(1 + kZA'l/ 3y, with k; and
k2 being known constants, and T, the nuclear radius cdnstant. If the
nuclei.along beta stability are defined as having '"normal'"' neutron skin
thickness, then I = O.4A/(200fA) (34) can be used as an approximation to
the valley of beta stability. o

TaBle 442, generated by applying Eq. 4-1 with k1 = 0.01117,
k2 = 3.15, and r, = 1.16F, summarizes the neutron skin thickness for
48

"normal" beta stable nuclei with mass numbers 48 and 74, and for Ti

and 74Ge, the target isotopes'in>this study. In ¢omparison to the neu-

74

tron skin thickness for A = 74, " Ge displays a neutron skin thickness

4813 shows only a slight

which is 29% higher than‘"hormal". In éontrast,
increase of 9% over the "normal neutron skin thickness for A = 48. Ac-
cbrding to the Droplet Mddel, these figures imply that on tﬁe average,

the protons in 74Ge are closer to the center of the nuéleus than usual,

while the protons in 48

Ti have a more usual distribution. Since knock-
out reactions are thought to occur on the nUclear'surface, such a cir-
cumstance would be a plausible explanation for the observation of smaller

74Ge than for 48Ti.

(p,2p) cross sections for
Some caution should be taken in postulating the variation in (p,2p)

cross sections with neutron_skin‘thickness, because this idea is not

clearly separablevfrom the increasing particle attenuation factors

- associated with larger nuclei.

4.1.2D Shell Structure and Proton Availability

A theory incorporating shell structure effects to explain (p,pn)

Cross section magnitudes-was first developed by Benioff(42). This theory
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'Tab_le 4-3. A‘Comparisori of Neutron Skin Thicknesses -

© "Normal" 4814 " "Normal + 74Ge
. A=48 | A=74
t_(F) ~0.088 | 0.096 0.133 0.172
A so1 - 4203
A°/=' (t, (X - t (Normal) ) x 100

e t, (Normal)
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was used later by Porile and Tanaka(43) in a study ofr(p,pn) Treactions
on medium mass nucleirto demonstrate thét the drop in o(p,pn) between._
N = 40-42 wasidué to the sudden "unévailability” of the eight 1f7/2 neu-
trons, i.e., $uaden removal of a neutron from this level would 1eavé a
'hole", resul?ing in evaporation of a.partigle (neutron), and thereby
destroyihg the (p,pn) product. For (p,2p) reactions;'the coincidence de-
tection ovaUtgoing protons has cléarly shown that'quasi;free scattering
of the incident proton occurs from bound proton shelig.(44,45).

For purpoées ofvexplofing possible shell structure éffects on the
Cross sectioﬁ:magnitudes in this work, a calculation’of relatiVe'(p,Zp)‘

48 74

cross sections for “OTi and '*Ge was made by applYing the theory of

Benioff to these reactions. In analogy to the (p,pn) reaction, the cross

section for a (p,2p) reaction'in the GeV region would be given by |

: — , _
o(p,2p) = Ef%Eﬁegnlj Mnl ' ,. o (4-2)
shells

where.k is a constant proportiOnal to the effective pp scattering cross i
section (defined as the frée pp'cross section reduCéd bvaauli Exclusion ‘
factors) in a'particular nucleus, anj is the numbef of available pro-
'tons in the nl1j shell, and Mnl is the fractional availability or the
probability per proton that the incident protbn collides with an n,1
proton and ali collision products escape the nucleus without further
interaction.

Three important assumptions were made in order to perform the cal-
. culation (i) The effective pp cross sections in 48T’i‘and 74Ge were equal
(1ii) The nuclear radius parameter T, was set equal to 1.20F (consistent

with T, values for medium mass nuclei measured by eleétron'scattering)
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(iii) The variable Mﬁl waé equal for_targét neUtrQns_and-profons.
‘This last assumption may not beﬁstrictly épplicabie_for'boundvproton
shells. ThévoVerallvapproach, howevér, should yiéld some idea about rela-
tive cfoss'secfion magnitudes. | o |

48Ti and 74Ge from

Finaliy, available profon shells were chosen for
- experimental binding energies sunmarized by Millener and Hodgson (46)
- and Riou(45). The shell model calculations of Ross et al (47) were also

used as a guide. From this information, it was detérminéd that each -

nucleus has the following available protons:

B 16,0, 145,00, 25,0, 15,6

74 | ‘ ~ ' 3
Ge ..v2p3/2(4), 1f7/2(8), 1d3/2(4), 251/2(2) .
. From Eq. 4-2 ahd the fractionai aﬁailability charts in.the paper by

Benioff(42), a calculation of relative (p,Zp) CTross Sections yields

L 47 |
o 48...("'Sc) ,
1 -0

73
o 74Ge( Ga)

in contrast.to the ékperhnental ratio of 1.3. It is fhus conéluded that
thé availébilify bf proton shells may not be a-satiéfécfofy:eiplanation
for the diffeiehces in (p,2p) magnitudes. o o

4.1.2 E Summary

1. Proposals based on the stability of the residual nucleus ahd shell
structure effects in the target do not sUccessfullyvréflect the experi-

48

mental result that the (p,2p) cross sections for ' Ti are systematically

30% higher than those for 74Ge.
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2. Sufficient data on the existence of excited bound states for
73

in its yield.

Ga does not exist presently to determine if this phenomenon is a factor

3. An argument based on neutron skin thickness, calculated by for-
mulas derived from the Droplet Model of the Nucleus,.shows that the pro- '\;
ton distribution in ’*Ge may be more recessed from the nuclear surface
than usual, and correspondingly, results in lower (p,2p) cross sections |

74Ge than for 48

- for Ti. Of the above mentioned considérations, this is
the most plausible; aithoﬁgh it does not quantitatively predict'the 30%
difference iﬁ cross section magnitudes.

4.2 Monte Carlo Calculations ' : !

Since the electronic computer calculations of Metrbpolis et al.

(48,49) , much WOrk has followed in implementing'the Monte Carlo techni-
que to simulate the cascade-evapofation model of high energy nuclear
reactions. The overall scope of the effort has been to correlate a
large body of cross section data to this general model; To date,‘refine-
- ments in the details of the model have been made to the extent that very
good agreement is generally obtained with experimental studies inVolving
high energy protons and pions on a variety of target nuclei (50-55) for
more complex reactions.

The (p,pn) reaction has been a particular concern in these calcula-
tions. Since this reaction is thought to occur mainly'én the nuclear sur-
face, a calculated (p,pn) cross section would be expected to be sensitive
tb the choice of nuclear model representing the target. Fdr example, the

calculations of Metropolis(49), using a'constant'density nuclear model,

yielded (p,pn) cross sections a factor of 2 to 3 lower than the radio-
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Chemical déta' Receht Monté Carlo.calcuiations, iﬂcorpbrating'realis—
tically 1mproved nuclear models(SO 52 »53) have achleved good agreement
with exper1menta1 (p,pn) Cross sectlons

‘In contrast,_(p,Zp) reactions have'not‘receivéd such attention.
Comparisdhs:between eXpefimental and Monte Caflo.télcu1ated crossvéec-
tidns'afe spafse. In addition, these calculations havé been confined to
incident-protoh enérgies less than the'pioh.threshold’of about_SSOvMeV'
(17,53).tThus far,-there;exists no (p,2p) cross sectioh éalculations'in 
the 1itefatﬁre_ab0ve this energy. It would be of considefable intérest to
detérmine'if the MontevCarld caécade-eVapbration c31¢ulatioh above'0;3
GeV would prédict the same energy dependence behavioribbserved,for ex-
ﬁérimental (p;Zp) excitation functions above the pion production thres;
hold; | |

48T1 and Ge up

As part of this study, (p,2p) cross sections for
to 1 GeV incident-proton enérgy were performed, using‘the intranuclear
éastadé model of Harp(55) (HIGH ENERGY VEGAS-ISOBAR hefeaftér referred to
" as HEVI) couPled'to the evaporation code of Dostrovsky et al.(56) (here-
| after referre&tto‘as DFF). This cascade model is an extension to 1 GeV
incident projectile energy if the earlier VEGAS ISOBAR code'(heréafter
réferred to. aS'LEVI)(54). A brief review of HEVI and DFF codes is given
in the follow1ng section. “

4.2.1 The HEVI mode1(55) o

- The low energy VEGAS ISOBAR Model (LEVI) was developed by Harp et al.
(54) to includé.the elastic formation and subsequent decay or interaction

of (3,3) pionfnUCieOn isobars in the cascade stage of high energy nuclear

reactions. Previous cascade studies(49,51,52) assumed immediate isobar
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incorporated. Since only single pion and thus single isobar producfion are
considered, the HEVI code was not eXtended beyond 1 GeV, the point above
which double pion production becomes important. . : : o E
4.2.2 The DFF eVaporation code (56)
The cascede nuclei from the HEVI program are subsequently used as
the initialzinbUt to the Monte Carlo DFF eVaporatien progfém(56). For a
given A and Z input, the relative emission probabilities for neuﬁrons,
protons, deuterons, tritons, 3He, and 4Hewere computed according to
derived expreésions for the emission widths (one is referred to Egs. 15
and 16 in reference 56 for these expressions for the -emission widths for
neutrons and charged particles). After normalization of these probabilities

to 1, the type and kinetic energy of the evaporated particle are selected

by a random number between 0 and 1, and this proceés is then repeated as

a starting point. The evaporation was terminated wheﬁ none of the maximum
~values of the emitted nucleon kinetic energies exceeded-O,'and e new _ ;
evapofation was started With the original A,Z, and E. Gamma emission could
occur when'parficle emission was energeticaliy prohibited, but was not
allowed to compete above this limit. The details in the development of
this code are contained in the ofiginal paper(56).

4.2.3. Computational Procedure | -

For each nucleus, 5000 incident cascades were performed at each T
incident experimental energy below 1 GeV. The input information included
the total energy of the projectile (kinetic plue rest mass energy), atomic
and mass numbers of the target, average binding energy ef the last nucleon
(taken as the arithmetic mean of the last neutron and proton binding

energies), and a cutoff energy for isobars, which in this calculation was



set equal to the sum of the Coulomb barrier for a proton in the target
nucleus plus ‘the average b1nd1ng energy of the last nucleon. The pion po-
tential was set;equal to 25 MeV and the process;of 1sobar exchange scat-
‘tering was ignored..Each of theseblast two choices was followed based on
the recommendationrin'the'paber by Harp(54). | |
~ The following DFF code performed 10 evaporation'cascades for every
excited residual nucleus for all calculations. The level dens1ty pa—'
rameter wasﬂtaken to be a = A/20 where A is the target mass number
' Generally;btheRfollowing information was listed as_standard output R
from the HEVI;DFF program (l) each cascade nucleue,vincluding transpar- )
'.enCies, with respective Z,A, ercitation energy, and the'kinas of partl-
c1es‘emittea in_the cascade as well as an indication of whether a formed
isobar escaped,'decayed, or was captured. (2) The'ayerage number of pro-
tons, neutrons and pions emitted per inelastic Cascade;(S)’The number
of protons, neutrons, and pions emitted in kinetic energy intervals of
10 MeV. (4) Angular diStribution of_emitted protons,; neutrons, and pions.
(5) Excitation energies in 25 MeV intervals versus_change in the mass
number of the target. (6) The total number of emittednisobars. (7) Cross
sections for the formation of all possible nuclei.‘(é) Mass and charge
‘distributions.j The emphasis of this work was on point (.
| 4.2.4. Comparison of Experhmental Trends |
The calculated and exper1menta1 cross sections are presented in
F1gs 4-2 and 4-3. Included in the plots for contrast are computed (p,pn)
" cross sections. Errors on the calculated cross sect1ons are statistical -

and are given by the Monte Carlo code.
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decay after formation. In this model, two possible modes of isobar in-
teraction are considered (1) Isobar capture, schematically written as
A+ N1 > 'NZ + N3, where A is the isobar and N is a nucleon

A, + N

o, _
(2) 1sobar-Nucleon ''exchange' scattering, written as: Al + N 2 2

1 >
whereby both the charge and mass of'the isobar may change.

As in the 6rigina1 VEGAS code by Chen et al.(53) the nuclear radial
 density distribution is represented by a step function. Consequently,
thié introduced the processes of reflection and/or refraction of the in-
coming and Outhing particles. Both possibilities were ignored in.thé
calculation. | |

The pion-ﬁucleus potential was constant, attractive, and determined
in the LEVI program(54) to be a "besf” value of 25 MeV. Potentials for
isobar-nucleus interactions were taken as the sum éf proton and pion po-
tentials for positively charged isobars and the sum of neutron and pion
potentials fér négatively charged isobars.

Only'T = 3/2 pion-nucleon interactiohs were allowed. Cross sections
used for these interactions were elementary particlelpibn—nucleon total

cross sections. Cross sections for n°n and ©°p were taken to be the

arithmetic mean of (n+p)rand (v"p) cross sections.

Finally, differential cross sections for isobar decay, isobar capture,

and isobar-nucleon 'exchange'' scaftering were built into the code for
these processes. The derivation of the angular distributions for each of
these processesris'described in detailrélsewhere(53,54).

Modifications to the above described LEVI model to extend the code
to 1 Gev inéident project@lé energy are described in‘detail in a subse-
quent paper by Harp(55). In the HEVI model, the fornmtion of (3,3) iso-

bars from inelastic nucleon-nucleon and pion-nucleon collisions is



: vcurve" w1th the

00wUas307607
_“4'3_:_

In order to. brlng the comb1ned exper1menta1 and computer results

‘1nto a general picture whlch conc1sely empha51zes Cross sectlon changes,
excitation function shapes, and comparlsons to free pp cross sections,
the followiné procedure was employedﬁ The Monte.Carlo reeults for the °
74Ge(p 2p) 73Ga reaction were multiplied by a factor'ofvl 06 so as to
place these p01nts on the uppermost smooth un1versal "calculated (p,Zp)
48T1(’p 2p) Sc Monte Carlo results,-1llustrated in F1g

__4—4. Mu1t1p11Cat10n of the experimental 74 Ge(p,Zp) Ca data up to 1 GeV
by 1.27 would:place these points on a unlversal"expernnental'(p,Zp)
curVe. immediatelylbelow.nLikewise the “Calcolated (p,ph) curve" is.ob- -
tained by vertlcally shifting the Monte Carlo results for the Ge(p,ph)

73 48

Ge reaction up by a factor of 1 11 to smoothly mesh with the Ti(p,pn)

47T1 data. Plotted at the bottom of the,flgure is the»free PP cross sec-
tion. | | |

The abore’analysis may be summarized (1) The’general ehergy de-
pendence of (p,Zp) Cross sections abovevthe pion threshold is correctly'
predicted by'thelMonte Carlo calculation. The experimentally observed

48 d 74Ge.is,however,substantially smaller than

rise in o(p;Zp) for “°Ti an
the HEVI calculations ihdicate. Quantitatively, for each target, the rela-
'tive-increases ih‘going from 0.3 to 1.0 GeV are (25+3)9 experimentally to
(51£19)% theoretlcally (ii) The HEVI DFF results are generally a factor '

; of two larger than the experlmental values (111) Both the experimental
and calculated o(p,2p) rises are 51gnrf1cantly smaller than the free

pp rise of (98;8)% over the same energy region. Again, this observation

~may be interpreted as evidence for attenuation of the incoming projectile

‘ and‘outgoing particles by the nucleus (iv) The shapes of the two'experi—.



Cross section (mb)

100 — — ———
80 - 048Tj (p,2p) *'Sc calc. ® 48T (p,2p) 4-'Sclexp't. j
| 07%Ge(p,2p) "3Ga calc. ® 74Ge (p,2p) "3Ga expt. |
60 |- §C0|C. (p,2p) curve al
- | | | :
ol -G —R i
| - l/i/!/ Expt. (p,2p) curve |
20 | | —
80 - Calc.(p, pn) curve J |
60 I@J———lé’l‘ 4
40 1= a (pp) | 7
o0 | A 48Ti (p,pn) *7Ti calc. —
o ™Ge (p,pn) "3Ge calc.
10 | | | [ L1

Fig.

-44-

0.0 0.2 04 06 08 1.0 [.2 1.4
e Proton energy (GeV)  XBL7410-4099

4-4. Comparison of cross section changes and excitation function
shapes. The "experimental" and 'calculated (p,2Zp) curves' were -
obtained by normalizing the 4Ge(p,2p) Ga results to the
48Ti(p,2p).47Sc results up to 1 _GeV. In a similar fashion, the
gg,pn)'Monte Carlo results for 74Ge were normalized to those for,
Ti to yield the smooth ''calculated (p,pn) curve'. Plotted at the
bottom is the free-pp cross section over the same energy region.
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(r,2p) excitation functions and the two theoretical excitation func-
tions are similar. The above analeis shows. the experimental 48Ti(p,2p)

47Sc Cross sections to be systematically about 275% larger'than those for

' h Ge(p 2p) - Ga ‘reaction. The HEVI DFF calculations predict a (p,2p)

crdss section'increase for 4.8T1 in the same direction but only by 6%.

V) The "calculated (p,pn) curve” shows a 51gn1ficant drop above 0.3 GeV

as opposed to the rising "experimental (p 2p) curve” It is noted here

that this’ behav1or reflects changes in the elementary pn scattering Cross
sections over the same energy reg10n(l4)..The calculatlon also predicts

48Ti than for 74

Ge by about 11%.
4.2.5. Other Interesting Results of the Calculation

A very 1nterest1ng by-product of the HEVI code is the contribution of

- pion-producing colisions and isobar formation to the total (p,Zp) Cross

sections. Such” 1nfonmation is summarized in Table 4- 2 where o(pnw ) and

o(pr ) denote cross sections for produc1ng the 1nd1v1dua1 particles in

 parentheses, and oCnI ) and o(pl ) are respectively, the cross sections
'_ for production’ and escape of doubly charged (p+n ) and 51ngly charged (p+m°or

Ny ) isobars and their partner nucleons. The figures in this tabulation

imply that (1) Inelastic collisions do contribute to the total (p,2p)
cross section, as stated invSection 4.1. According_to‘the computation,
inelasticvcolliSiOns make essentially no contribution to the (p,2p) cross
section below 0 .4 GeV, but above this energy, const1tute an increasing
fraciton of the cross section (ii) Above 0.5 GeV, the’ contribution from
isobar formation.becomes strikingly large, being responsible for about
12-20% of-the Cp,Zp)_cross section between 0.7 and 1 GeV incident proton

energy. This particular result confirmS'the'plausibility of isobar
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Table 4-4. Inelastic contributions to the (p,2p) cross sectlon from the

HEVI program

#ria

: Inelastic (p,2p)
Proton. Cross Sections (mb) ‘ -~ FPFraction =
Energy - 2
(GeV) o(pnﬂ+) O(ZPW ) o(nI " o(pI ) 1nel(1:)’2p)olnel(p »2p)/o pALp)
0.300 o o 0o o0 o 0
0.520  4.1#1.0 0.5:0.4 0.5:0.4 0.3:0.3 5.4t1.2  ~.0.1170.027

0.730 10.2¢1.6 3.3:0.9 2.3:0.8 0.3:0.3 16.1¥2.0  0.349:0.050

1.00 10.7+1.7 2.0%0.7 3.3%0.9 2.0:0.7 18.0%2.2 0.39910.057

74Ge

©0.400 0 0 0 0 0o 0
0.730  9.7+1.7 2.4+0.8 4.6%1.2 1.2+0.6 17.9%2.1 0.422+0.061
1.00 7.6%1.5 2.420.8 7.9+1.5 0.9%0.5 18.8%2.3  0.424+0.062

aOnly inelastic events leading to residual 47Sc nuclei with less than
10.6 MeV of excitation energy (binding energy of the neutron) were
accepted as contributing to the cross sections. :

bOnlylnelastlcevents leading to residual 73Ga nuclei with 1ess than
9.2 MeV of excitation energy (binding energy of the neutron) were
accepted as contributing to the cross sections.
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formation and interaction in the cascade stage of high energy nuclear
reactions, and spec1f1ca11y in the mechanism of 51mp1e knockout reactions.
The formation and escape of isobars could be an espec1a11y significant
contribution to (m, nN) reactions.
4.2.6. Discrepancy Between Computed and Experimental Cross Sections

.ih For:the present study, the Monte Carlo HEVI-DFF cross sections are
generally a factor of two higher than the'experimental (p,Zp)'cross sec-
%811 and 7%Ge. In addition, the HEVI-DFF code predicts only a
%\systematic increase in (p Zp) for 48Ti over 74Ge, compared to an
experimentally observed 27-30% increase in the same‘direction

This discrepancy, although large, should be v1ewed as a common dif-

ficulty among Monte Carlo cascade- evaporation codes in reproduc1ng Ccross

‘sections for the simplest nuclear reactions of the form (a aN). Pre-

viously, the VEGAS-DFF code(53) has achieved good agreement with (p,pn)
Cross sectlons below the pion production threshold From Fig. 4-1, it is

noted that moderately close agreement between computed and experimental

. (p>2p) cross-sections at 0.3 GeV is found, but that the discrepancy in-

creases above this energy.
. : v

Generally,vthe reason for the differences between the Monte Carlo
calculations and experimental results is unclear(57). It is suggested
here,'that perhaps inelastic collisions are contributing too heavily to
the total'(p,Zp) Cross sections, as was implied in thelpreceding paragraph.
Future Monte_Carlo.calculations incorporating further refinements or input

parameters may shed some light on the reasons for such discrepancies.
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5. SUMMARY AND CONCLUSIONS - Part I
Cross sections for (p,2p) reactions above 0.3 GeV incident proton

48Tiand 74Ge were measured by activation and calculated using

energy for
a Monte Carlo intranuclear cascade-evaporation model (HEVI-DFF). The com-
bined results 1eéd to the following observations and COnclusions:

(1). Both experimental and Monte Carlo computed 48Ti(p,Zp) 47Sc and
74Ge(p,2p) 73Ga excitation functions display rising cross sections from
0.3 to 1 GeV ‘incident proton enérgy. These results:indicate that ”quasi;"
free'" pp collisions, a large fraction of which are inélastic, contribute
to the studied reactions. | | |

(2). Attenuation scattering of the incoming projectile and outgoing

particles, including pidns, by the nucleus accounts for thevflattening of

both experimental and calculated (p,2p) excitatién,fﬁnttions reiative to
the free pPp scattering cross sections. | |

(3). The rise in: o (p,2p) over thé energy region 0.4 GeV to 1 GeV for the
reactions studied was (17%3)% and was.roughly'in agreement with pre-
viously observed‘(p,ij cross section rises in the same energy region for
a wide range of tafget mass numbers. This may impl& the approximate can-
cellation of éross section reduction due to inéreasing attenuation of ini
coming projectile and outgoing particles, and cross section increase due

to an increasing nuclear surfacevarea, where simple_reactions such as
(p,2p) mostvfrequehtly occur. |

(4). Of several proposed explanations, the inordinately thick neutron skin -
48

of 74Ge as compared to a more ''mormal" neutron skin thickness for ""Ti is

- the most plausible argument for the 27-30% higher (p;Zp) cross sections

for 48Ti than 74Ge. The magnitude of the difference, however, is not pre-

- dicted. : ;
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,(5) Although the Monte Carlo calculat1ons generate the correct energy
dependence for the (p,Zp) exc1tat10n functions, they predlct a much 1arger
(p,2p) Cross. sectlon rise above 0.3 GeV 1nc1dent proton energy than ob-
served exper1menta11y Generally, calculated%cross section magn1tudes

v'vare a factor of two h1gher than experlment Excessive contribution to the

(p>2p) cross_sectlon_fromvlnelastlc events is cited as a possible cause

for this disérepancy |

| (6) Accord1ng to ‘the HEVI cascade calculatlon 1sobar format1on and ;

escape const1tutes as much as 20” to the total (p,Zp) cross section.

Qualltatlvely, thls demonstrates the 1mportance of isobars in the mechanism

- of 51mp1e knpckout reactions.



II

"Science is nothing but good sense and sound reasoning"

Stanislaus Leszcynski
King of Poland, 1763 -
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Part II. Cross Sections for (nt,nN) and Other More Complex Spallation

14,, 16 19

Reactions on " 'N, 770 and "°F Through the (3,3) Resonance

1. INTRODUCTION
1.1 >GeneraliConsideratiOns of Free-Particle Pion-Nucleon Cross
Sectidns

The use of 7 mesons in nuclear reaction studies isva potentiélly
valuable tool in elucidating the mechanism of nuclear reactions at high
energies. Naively, high energy ( > 100 MeV) pion-induced nuclear reactions
are anticipated to proceed accbrding to the impulse approximation, dis-
cussed in Part I of this thesis, and to show similaritiés to the inter-
actions of high énergy protons with nuclei. In contraét, however, to the
.nucleon—nucleoﬁ tota1 cross sections, total'pion—nucledn cross sections
display several resonances(58). This picture is illustrated in Fig. 1-1,
which is a plot of the total free-particle 7 p and vn+p cross sections
as a function of incident pion kinetic energy. Each set of cross sections
(hereafter denoted as o(w_p) and o(n'p)) exhibits the well-studied
T = 3/2, J = 3/2 resonance (commonly referred to as the (3,3) resonance)
at about 180 MeV. Smaller resonances are observed for o(m p) at 600 and
900 Mev. | |

Therefore, the structures and magnitudes of the free-particle =N
cross sections may manifest themselves in two important ways in a study of
simple pion-induced nuclear reactions:

(1) The excitation functions for 'kmockout' reactions of the form
(ﬂ,ﬂN);vwhere N is the removed nucleon, should exhibit the resonant
structures if a pion-nucleon initial collision has occured. (ii) The

ratio of m to m cross sections leading to the same product in knockout
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Fig. 1-1. The total free-particle ntp cross sections.
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-~ reactions at the same incident pion energy should also relate to the

free- partlcle pion nucleon cross sectlons For example the measured ratio

of cross sections R _ = g(r ,m n)/ o(n ,MN) (the notation (n ,MN) is

+
m /7

compact for the (w*,m*n + n0p) reaction) for a target nucleus with N
(the number of heutrons) equal to or very nearly equal to Z (the number
of protons) would be expected to be approximately eqﬁal to the ratio of

corresponding free-particle cross sections at a-given energy. Thus

R_ &

o(n ,m ) /ol ,mN)
m /T : o :

o(w;n)/c(n+n) = o(ﬁ+pj/o(j—p)' _ - (1-1)
according to a simple impulse approxhnatioh treafment and_epplying the
principle ofxchafge symmetry to pion-nucleon systems.(59)

The most - famous and interesting case is near the (3 3) resonance

where the reactlons

. . . . -
1) m +p->mm +p Elastic scattering

2) w +pom +D | Elastic scattering (1-2)
3) 1w +p-~ A +n : Charge exchange'_

haﬁe cross sections in the ratio 9:1:2. These'relative vélues coﬁe from
.approprlate comblnatlons of Clebsch-Gordan coeff1c1ents in pion-nucleon
elgenfunctlons and are derived in Appendix B. (60) Slnce o(w P)

= o("n) and ofm p) =  ofnr n) by charge symmetry (small Coulomb

effects are igﬁored), one has that

o('p)/o(np) = o(mm)/ o(n'm) = 9/(1+2) =3  (1-3)




~ trate a ‘broad peak at 180 MeV in the excitation function for the
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This ratio wodld be‘expeCted to be approximately 3. from 100 to 250 MeV,

above wh1ch p01nt 1nelast1c p10n nucleon colllslons become 1mportant

Below 100 MeV the longer mean free path and DeBroglle wavelength of the -

incident pion tends to make the impulse ratlos less valid. In comparison,

the ratio of correspondlng experlmental p10n nucleon cross sections is

2.9 at 180 MeV (58)

1.2 Review of Prlor Experlmental and Theoretlcal (n nN) Studles -

' 1 The PIONeerlng work of Reeder and Markowitz was the first to illus-
12,
(w‘,n_n) C reactlon (61). This observation was not,only ascrlbed to the
dominanee of the,(3,3) free-particle .ﬂN reSonance,”but was alsolinterﬁv;:

reted in terms of a CKO mechanism (see Section 1.2 of Part I of this -

thesis){

" This origihal study initiated considerable interest in the afea of
pion reactions related'td'free—partiele 'nN-;ollisione_in'the nucleus.
EXcitatien fﬁmctiohs fot (r,m n) reactiohs on 12¢ and 19F were measured .
above 450 MeV ahdvcempared with simple calculatiene based on 7 n cross
sections and epproximations to attenuation factors‘for:scattering'of the -
incident pion prejectile in the nucleus. (62-64) An interesting study of
the’40Ar(ﬂ-,ﬂ7p) 391 reaction showed preservation of the 7 p resonances

in its excitation function at 600 and 900 MeV (65)t Excitation functions

‘ determined in the v1c1n1ty of the (3 3) resonance for the gF(nf,ﬂ-n)

_F(66) and F(n ,TMN) F(67) reactions dlsplayed Very narrow peaks near -

. 180 MeV. Cross sections measured 1n several of the above'mentloned studies

for the more Complex spallatlon reactions 27A1(1r ,X) 11 C, 18F(62) and

Ar(ﬁ ,T 2D) S(65) above 450 MeV failed to exhibit any structure in
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their excitation functions that coﬁld be cerrelated'te the ¢ p res-
onances at 600 and 900 MeV. | | |

Theoretical treatments followed tO'explain‘the’observed shape of‘
(w,7mN) excitation functions. Kolybasov(68) achieved féir agreement with
the shape of the 12C(n_,n_n) 11 excitation function by employing a plane
wave impuléefdpproximation apprach, later modified by ﬁalkarOv(69) to get
even better agreement with the shape.‘Selleri(70).atteihed excellent

12C data by incorporating kinetmatical corrections.

agreement with the
The Monte Carlo LEVI-DFF calculations of Harp and co-workers(54), based
on possible,formation and interaction of isebers,vwere also in good
agreement wifh-the shape and magnitude of'the 12C(ﬂ—,ﬂ-n) 11C excitation
function. The Monte-Carlo intranuclear casCade-evaperatjon'cdmputations
of Bertini(SZ),_baSed on effects due to ébsorption.end a diffuseynuclear
surface, reproduced the peaks in the 40Ar(n';n;p) 3g_Cl excitation func-
tion at 600 and 900 MeV and also demonstrated,'as the'experiment showed,

lack of structure in the 4

OAr(n',n—Zp) 385 reactieh at the same energies..
The first extensive preliminary iﬁvestigation using both positively.
and negatively charged pions was performed by Chivers et al.(71) This
study measured activation cross sections and excitation functionsvfor
severel nucleon knockout (including 12C(nt,nN) 11C ) and charge-exchange
reactions on light nuclei, and discovered the surprising result that the

6

ﬂ-/ﬂ+ cross section ratio for (w,nn) reactions on 12C, 14N, and 1 0 was

1.0£0.1 at 180 MeV. As pointed out in the paper at that time, this ratio
was in conflict with the simple impulse value of 3 at 180 MeV. Other de-
“terminations of pion-nucleon knockout ratios at various pion energies for

4 64

He thru Zn(71-81) have also been in disagreement with the impulse
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approximatibn prédicfion. These measﬁred and predicted.ratios are sum-
marized in Table 1.1. |

These’discfepaﬁcies of the Chivers aata.with the impulsé approximé—
tion continued to be a puzzle with regard to the exactlreaction pathway
or mechanism of these simple (n,an reactions. Séﬁéral'théorieé, none of
which were entifely convinéing in resolving the discrepancy, were
applied to explain the resuité. These proposéls iﬁcluded'the ideas of
:"quasi-alphapafficles"(82), excitation of intermediétéiisospin states
| (71,83), Fennifaveraging(84,85), compound‘hﬁqleus effects(86), qumation,
-of nucleon isobafs, and nucleon charge eXchange (87). Until recently, the
nucleoh»chargevexchahge model developed by Hewson(87) and the final state
interaction theory of Robson(86) have appeared to be the most viable of
| the'numerous:éonSiderations.‘ |

A redeterminétion(SS) of the 12C(ﬂi,ﬂN) 11C éxcitation functions
through the (3,3) resonance for the purposes of monitdring pion beams at
high.intensifies'has shown a cross section fatio at 180 MeV for‘
 ﬁ7/n+ = 1,55¢0.10, in serious disagreement with the ratio of 1.0%0.1 by
Chivers et al.,(71) and still in discrepancy with the impulse model value
of 3. However, the ratio of these newly measured crOssrsections as a func-

tion of incident pion energy has recently been interpreted successfully

in terms of a semi-classical nucleon charge exchange model by Sternheim
‘and Silbar.(89)
'1.3'Definitibn and Purpose of Project-Part II
The overall scope of this thesis, which was defiﬁgd in Part I, is
cdntinued wi#h.the following experiments. In light of the introductory

remarks and review of past work, the specific purpose of the projectvwas



Table 1-1. Comparison of measured pion knockout cross section ratios with impulse approximation predictions

Measured

_95_

Energy Cross Section Impulse o
(MeV) Target Isospin Ratio Ratio  Approximation | Reference
30 i%C' 0 0.410.06 _ 73
50 1€ 0 0.50+0.12 1.3 73
70 15C 0 0.80+0.10 1.8 73
90 15C 0 0.80+0.10 2.5 73
180 1€ 0 o 0.97+0.09 3 71
180 14C 0 o(m,m n) 1.4 +0.1 b 3 75
70 N 0 0.52¢0.11 1.8 76
90 N 0 o (msmN) 0.75:0.13 2.5 76
180 16C 0 ' 0.95+0.09 3 71
180 100 0 1.02+0.09 3 71
184 1oF 1/2 1.11:0.14 ~3 80
190 31F 1/2 1.52+0.05C L3 79
184 eP 1/2 . 1.61#0.31 ~ 3 80
184 7n 2 2.94¢1.12 .3 80
L+ +
180 %Be 1/2 o(m,mp) 2.1 £0.6 -3 71
o(m 7 N) , : :
153 e 0 oln mn) 4.7 111 8.7 72
o(m mp)
12 o(m,m ny) '
250 C 0 ST 1.3 £0.4 2.7 74
- 15 : -
215 16 0 o(w , "N[6.32(3/2) 1) 4 g 49 3 77

o(n”,"016.18(3/2) 1)

(continued)




Table 1-1. (contihuedj'
_ Energy .Cross Section Measured - Impulse :
MeV) : Target Isospin Ratio o Ratio Approximation® = Reference
NP , + 15 -y - . -
180 . o 9w 06I8G/2) ) yge4 3 78
o L o(r,7>0 6.32(3/27) ) ol T .
. + + o .
70 2N 1/2 o, mp) 0.52:0.16 . 1.8 81 .
- o(r , mN) , . ' _ '
70 28gi 0 | 0.28:0.13 .- 1.8 81

Free partlcle plon -nucleon experimental cross sections were taken from reference 58. It is noted here that ,
these impulse ratios may not strictly apply at energies less than 100 MeV due to potentlally 1nCT€aSlng
contributions to the reaction mechanism from the ISE process. : : :

bMeasured ratio is based on a redetermined (n*,mN) cross section of 50 + 4 mb.

C 12, + .. 11 . .
Based on the C(n~,mN) ~7C cross sections in reference 85.

-LS_
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multifold. (1). To firnﬂy establish the appearance of the (3,3) resonance

14

in the excitation functions for (m,mN) reactions on the iight nuclei N,

160, and-lgF (2).To provide a set of ﬂ-/ﬂ+ cross section ratios for

14,, 16 9

(m,7N) reactions on the light nuclei "~ 'N, ~°0, and 1,F as a function of

pion energy for potential insight into the reaction mechanism puzzle.

(3). To recheck the activation results of Chivers et al;(n+,nN)
14 16

reactions on ~ °'N and "0, using the’intense pions beams at the Clinton P.

Anderson Meson Phyéics'Faciiity in Los Alamos, New Mexico (LAMPF).

14, 16 19

~ The light nuclei ~'N, 0, and ~°F are good choices as targets for

this reaction study because their constituent nucleons are essentially all
on the '"surface', where knockout reactions are thought to occur. There
exist some small differences in nucleus structure among these nuclei:

14N and 1% both have N = 7 (T = 0) while °

14

F has N =’z +1 (T =1/2)5
N is also "odd-odd" and has spin angular momentum of 1.
2. EXPERIMENTAL PROCEDURE

The experimental procedure used to study,pionvreaCtiOns on the light
nuclei mentioned involved activation of thick (0.3-2.5 g/cmz) target discs
in the secondary pion beams at the Lawrence Berkeley Laboratory 184-inch

'synchrocyclotron and the Clinton P. Anderson Meson.Physics Facility in

Los Alamos, New Mexico (also referred to as LAMPF-LQS Alamos Meson Physics

Facility). Generally, pion fluxes attained at LAMPF were 5-10 times greatér

that those obtained at Berkeléy. Postirradiation assay of target and
monitor discs was achieved by coincidence detection of the two 511 kéV
gamma rays from.positron (6+) annihilation. Decay curves obtained in this
manner generai@y consisted of from one to three components. The unfolding

of separate radionuclides from these decay curves proVided their yields.
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The reactionsilzc(ni,nN),llc for which cross sectionsbhave been accurately
determinéd,:were used to monitor the pidn fluxéﬁ.tDOj The details of the
experimentalxprbceduré employed are given in the_follgwing sections(‘
2.1 Targefs:: | o
The rélatively low $econdary pidn—béém Fluxes if 10°-10%/sec (com-

12

pared to an average synchrocyclotron current of 1pA%6%10 protons/éec)

encountered in this work required the use of thick targets for activation

studies. For well focused pion beams with fluxes exceeding 1065ec, target

" discs having thinner and. smaller diameters . than thosé run at lower fluxes

could be exposed.
Targets for 12C, 14N, and 1°F took the form of machined discs of

plastic scintillator or polyethylene, boron nitride, and polytetraflﬁoro-

ethylene (commerically known as "Teflon'), respectively. The dimensions

of these discs varied from 4 to 6 am in diameter by 0.3 to 1.3 cm thick.

16O consisted of powdered boric acid:packed tightly in a

0.013 cn thick aluminum can withvdimensions 5 cm, in diameter by 1.3 cm
thick. A'summary of the targets and their respective chemical compositions
is given in Table 2-1. |
- 2.2 Bombardments

'_AithOugh the targets used in this pion study were generally much

.thicker than the evaporated thin targets used in the,proton'bombardments,

a similar stacked arrangement was used. This picture is illustrated'in

. Fig. 2-1. For each run, the combined target consisted of two discs of

éQual diameter and thickness, one being a disc of plastic scintillator

_or polyéthylene and the other being a disc of either boron nitride, Teflon,

or a can of boric acid. The plastic disc was always the first target to

receive the beam and acted as a beam flux monitor by the reaction



Table 2-1. A summary of pion targets

Target. Empirical Diameter " Thickness Surface " Chemical-
Nucleus Formula = (c.m.) (cm.) Density Composition
o  (g/cm?)
"Pilot B @ CH - : ' o
12C _ . Plastic 1.1 3.8-5.0 .0.3-1.3 0.3-1.3 91.4% C
Scintillator : o 8.5% H
(monitor) (Polyvinyltoluene) 0.2% impurities
' 6.3 - _ 85.4% N
Polyethylene _(CHZ)n‘ 5.0-6.3 0.6-1.3 0.6-1.2 13.4% H
0.2% impurities
H Boron - | - 95.5% BN
Nitride | BN - 3.8-5.0 0.3-1.3 0.6-2.6 1.5-2.5% O ;
‘ . : 1% By03 =N
169 Boric Acid . HB0, 5.0 1.3 1.1-1.4 77.6% 0 o
(in 0.013 _ 17.4% B
cm Al can) : 0.1% sulfates
metals, phosphates
metals, phos-
"Teflon™ o o phates
19 (Polytetra- : (CFZ)n 3.8-5.0 - 0.3-1.3 0.6-2.6 75.8% F
F -fluoroethylene) ' , ' 24.0% C
' 0.2%
impurities
" %btained from Pilot Chemicals Division, New England Nuclear Corporation,'Watertown, Massachusetts L
b : _

D. Malone, private communication.
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 Monitor dise | LL_rorger ais
(Plastic scintil lator (Teflon,HzB03
or Polyethylene) or .BN)
 XBL755-2873

Fig. 2-1. The target stack.
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12C(nt,nN) 11C,'for'which cross sections from 50-550 MéV incident pion
enefgy are known.(88). These target discs were aligned in a stack and
taped together. For the first few'experiménts, a third pfimary target
disc was added:to the stack in order to maximize the efficiency of the
exposure time. This policy was not employed 1atervbecéu5e of the po-
tential problem pf'increasing séconary particle.trénSmutation effects
from overly thick targets. ExpOSUré times were ffom.10-20 minutes for
borén nitride targets, 10—40 minuteé fcr'Teflonvtargets, and 2-4 minutes
for a boric acid target. Weighing of the targets between experiments
showed bnly'neéligible-changes in masses.

The importéncé of making the targets the same shape and dimension is
twofold. Equal;féce areas will'insure that the beam_intercepts both equally.
In addition, for each disc,}the effiéiehcy for coihtidence detection of .
the twopositron annihilation quanta would be equal, with the exception
of small"sélf#absorptibn differences. This last point will be discussed
further later in the text.

In order to check the contribution of stray neutron background in
the experimental meson caves to the production of the desired nuclei,
thick "dummy'' targets were periodically exposcd out of the pion beam,
-simultaneously with the real targets. The dummy targets, which were
identical to the actual targets, showed negligible»aétivity relative to
the pion aétivated targets. Thus, the stray neutron effect was ignored.

2.3 Secondary Pion Beams
The study of pion-induced nuclear reactions was initiated at the

Lawrence Berkeley Laboratory 184-inch Synchrocyclotrbn, where secondary




‘main proton beam current of 1 milliampere.'Average fldxes of 109-10
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pion fluxes of generally 10 /sec could be obtained in . the Meson and
Physics Cave The advent of the Clinton P. Anderson Meson Physics Fac111ty

(LAMPF) at the Los Alamos Scientific Laboratory made it possible to com-

‘plet the project.in the Land of Enchantment. During ‘this pefiod, the

main proton beam at LAMPF was Tun at an energy of 800 MeV at an average

intensity of 5—10 uA. The flukes obtained in-the Low Energy Pion (LEP)
and the Pion and fartiele Physics (P3) chanhels averaged 5x105 pions/sec
and toward the last running cycle of the machine, approached 107 pions/sec.
Final desigﬁ specifications of the LAMPF accelefétor wouldiallow anaﬁerage
| 10
w/second could be achieved under these conditions.
2.3.1 The 184-Inch Synchrocyclotron

| The ﬁaih pfoton beam of the LBL synchrocyclotron was used to pro-
duce secondary ﬁion beams in two diffefeht'experimentelvereas. Brief
desefiptions of these beams are given in'the fellewing’sections;

2.3.1 A - The Meson Cave (LBL)

The method for obtaining typical external pionfbeams in the Meson
Cave is illustrated in Fig. 2-2. An internal proten beam of appfoximately

1 pA current at the maximum energy of 730 MeV is allowed to strike an

| internal beryllium or polyethylene target. The charged pions produced from -

the ihelasticinucleon—nucleon collisions are then bent out of the vacuum
tank by the fringing magnetic field of the synchroCycletron fhrough a

thin aluminum.window. A quadrupole magnet just outside the windew focuees
the beam before it proceeds into the caﬁe. After passing through an iron

wheel, the pions, having many different energies, are filtered for a
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184 inch

Synéhrocyclotron

Quadrupole

magnet
- <

74.0p MeV

N iron wheel
' Bending magnet
"Hector IL "
‘Quadrupole magnet
"Juno"
Chemistry disc targets
Physics targets

XBL754-2686

. Fig. 2-2. The Meson cave at Berkeley.
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- specific méméntum by a bending magnet ("Hector'II”) and:then'focused

again by another quédrupole‘magnet (""Juno') before'striking'a target.
The chemistry disc targets'were'exposed in a parasitic fashion jﬁst up-

stream of the physics targets. Pion fluxes in‘the'Meson'Cave'averaged
2

106/second_over an area of about.100 cm” at IuA:of main proton bean.
The effective flux at the disc targets was approximately 2x10° /sec.
The pion éﬁergies were determined accurately from range enérgy‘

curves taken by the physics group using the beam. The energy of the 7

'"beam,-determihéd in this manner, was found to be 10010 MeV. (91) This:

was the only beam available in the Meson Cave during the coufée of

these expefiments. Se&eral 45 MeV beams were obtaihed by degrading the
energy of the ofiginal pion beam with several incheélbf polyethylene.
Calculations of the beam contamination by 1eptons-was also ﬁér- :
fonmgd by the physics group(91) and indicated that about 20% df the
beam striking the target position contained u—‘and é"résulting from

the decays

T eu v 1=2.5x10"% sec.
u +e +v+vV  T= 2_.2><10-6 sec.
These decay muons and electrons have the same momentum as the pions and
henﬁe, cannotAbevdiscrhninated aginst by the bending magnet. It maylbe
assumed thaf»thése weékly interacting leptons contribufe only negligibly,
compared tb'the strongly interacting pions, to the deSired nuélear reac-
tions.(60)
For sevefal irradiations, the exposure of thick "dummy'' targets out

of the pion beams simultaneously with the real targets revealed a
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negligible contribution by stfay neutrons in the cave to the nuclear
reactions under study.

2.3.1B The Physics. Cave (LBL)

The setup‘for obtainihg well defined pion beams in the Physics Cave
is illustratedbin Fig. 2-3. The pions are iﬁitially-produced when an ex-
ternal proton beam from the synchrocyclotron éollides with a polyethylene
target. These pions are respectively focused by a quadrupole magnet
("Hera");'selectéd for a desired momentum by a ben&ing magnet ("'Ulysses')
and focuSed‘again ("Hero'). .A pdlyethylene block just after this quadru-
‘pole'serves tO‘eliminate the protoﬁ component of the beams contéining
positive pions. These protons in m beams have the same momentum as the
'pions,'but much 1owef kinetic energies due to their greater mass. The
absorber, then, can completely eliminate the proton comtination of the
beam with negligible effect.on the piohs. After paséing through the ab-
sorber, the beam is bend ("Amphion"),vand focused (“Bélona") once more
before striking a physics target; For exposures relevant to this work, it
was possibie to'ihterrupt the long-running physics‘éxperiments to per-
form short, independent irradiations. These chemistry targets were always
placéa just upstream of the liquid hydrogen targets.

Pion beams from 160-340 MeV incident — energy were used for the
study of the pion reactions in this_work. Typical fluxes averaged
106"+/sec and 105ﬂ3/sec, with a momentum fesolution_ Ap/p of *2.6% at 300
MeV and #4% near 160 MeV. Figures on the beam momentum resolution were
determined by either range curve measurements, magnetic field sweeps, or
a Monte Carlo‘compﬁter reconstruction of ﬂtp scéttéring.(QZ) The percent-

age of beam contaminants was (7%1)% u+, and (0.5+0.5)% e’ of beams _

.
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‘Fig. 2-3. The Physics cave at Berkeley.
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containing‘ T, between 260-300 MeV incident pion:energy and remained
‘very approximately equal at lower energies. These contamination figures
Wére measured by Cerenkov counters or differentiallfange curves in Cu and
were'obtaihed from the physics group.resonsible for setup of the beam. (92)

Néutron counters used in the physics experiménts yielded backgrounds
of 2-5 neutronS/cm2 sec in the Physics Cave. Exposure of thick dummy_far-
gets outside of the beams during a run showed no significant effect caused
by his low.neutron background.'

2.3.2 The Clinton P. Anderson Meson Physics Facility (LAMPF)

This faciiity, operated by the Los Alamos Scientific Laboratory
(LASL) was designed to deliver an average proton beam current of 1 milli-
ampere at SOO;MeV energy. The intent of LAMPF was to provide the scien%ific
community witﬁ'a tool for carrying out a broad spéétrum of fesearch in :
such fieldé as atomic and'huclear‘physics, radiochemiétry, and biology.
'Impdrtant pfactical applications of this facility Would encompass'the
areas of mediéihe and isotope production.

This pidn work was completed at LAMPF duringzaperiod while average
main proton beam intensities were 5-10 pA. These currents are low compared
to the final design capabilities and were kept at these levels to be con-
sisteﬁt with the amount of shielding stacked around the experimentai

areas. Pion fluxes at this time were an average of about 5x105—106/sec.
| 9

The final design current of 1 mA would correspond to approximately 10
n/sec in the secondary channels.

The project at LAMPF was perférmed in conjunctionvwith the remea-
surement of the'lzc(nt,wN) 11C excitation functions from 50?550 MeV 1in-

cident pion energy by members of the nuclear chemistry divisions from
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LASL, Argonne‘and Brookhaven Nationaleaboratoriés.(88) The_purpose of
this companion_experiment was to devélopva Suitable monitor.reaction
for use at high pion fluxes. TheleXposures relevént to this work were
" done by pafasiting targets downétream from the targefs_of the Pion Moni-
toring Groﬁﬁ; or by using the time Betweén their irradiations to do an in-
.dependént‘run. o | |

.Secdndafy Beam channels were'set:up by fhis grbup for all pion runs.
‘The quadrupole and beﬁding hagnet'voltage settings for a desired pion
energy were»calculated by a computef'éode (TRANSPORT).'After thé tuning
- of the channe1>to_thesé settings, fufther beam.refinements could often;be
made. A maghefic field éweep of the last bending mégnet in the channel;
for examplé; cdu1d position the beam in~é desired;spOt,_Thé last quadrupole
in fhe'channeixcould'be set to‘focus or defocus thé'béém as suited fhe.
needs of the experiment. °

The pién monitoring expefiment was initially limited to low beam
intensities of”3x105 parficles/seq in 6rder'to minimize the accidental
counting‘raté fhiough the‘3 element counter telescope and to prevent
the phototubes attached to the scintillation paddles from damage by ex-
cessive current. Toward the end of‘the scheduled shﬁtddwn when Al and
heavier metals such as copper and molybdenum were exposed, the emit-
tance and momentum slits in the channels were opened'to give secohdary
pion fluxes appfoaching 107/sec. Consequently, it then became possible
ité irradiate_thinner targets than previously at thellqwer pion fluxes.
" Throughout this work at LAMPF, post-exposure cQunting rates of the
samﬁles were an;avérage of 5-10 times larger than they had been for com-

parable runs at’ the LBL synchrocyclotron. -
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A layout of the LAMPF facility is illustrated in Fig. 2-4. A 50 mA
ion source and a 750 keV Cockcroft-Walton accelerator inject H ions into

a 100 MeV Alvarez drift-tube linac. The beam out bf:the Alvarez section is

then injected into a wave-guide linear accelerator which increases the pro-

| ton energy from 100 MeV to a maximum of 800 MeV. A separate ion source can
inject H ions if desired. Thus, the LAMPF machine_has the capability of
accelerafing H' and H ions simultaneously, Qith average currents of 1 mA
and 100 'uA, réspectively. '

The main proton beam passes into Area A, illusfrated in Fig.'Z-S.
Pions are producéd when the.beam strikes the graphite or aluminum oxidé
rotating wheels,which are the meson targets 1abé1ed A-1 and A-2. The four
main experimenfél channels using the mesons created from these targets
are the Energetic Pion Channel and Spectrometer (EPICS), the Stopped Muon
Charnel (SMC), the Low Energy Pion Channel (LEP), and High'Energy Pion
Channel (PS). Since the LEP and P3 channels were used in this study, a
brief descriptioh’of these beam lines is given. Details concerning the
accelerator éhd secondary beam lines are contained elsewhere(QSj;

2.3.2 A The High Energy Pion Channel (PS)

The P° channel was used to obtain pions from 100 to 550 MeV for =~
and up to 450 MeV for n'. Above the energy of 450 MeV, beams containing
m were intolerably contaminated by protons. This condition wasvnot
acceptable for pion activation experiments, since the proton induced re-
actions have cross sections comparable to the pion reactions of interest.

5 Channel is shown in Fig. 2-6.

A schematic representation of the P
The total length of this channel is about 20 m. Thebpions created at A-2

are transportedéthrough various quadrupoles for focusing, bending magnets
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for momentum purification, and beam slits, for defining emittanCe and

-~ momentum. Located just down stream from the momentum slit S3 is a graphite

degrader for removing protons from the ™ beams. A pfoton absorber located

after Q8 serves to remove low enefgy protons thatvpéss'through the de-
grade; and étill remain in.the beam. The third.bending.magnet.can steer
the beam to“eifher leg of the channel (east or west) and can be tuned to
~ position the beam Spot where desired. The last‘foﬁr quadrupdles in eachb
beam leg can be.adjusted té modify the beam phase space. The normal beam
distribution emergihg from the exit quadrupole waé‘a Well-focuseq spot
with a 2.5 am diameter. During the course of this w0fk, both legs of the

channel weré used. For high energy n experiments,exééeding about 350

MeV, it was discovered that the West leg of the beam line yielded less

proton contamination that the East leg. This phendmenon‘waé thought to be

due to the fact that the proton absorber shadowed the entire beam more
thoroughly in the West than the East leg. Therefore, the West leg of the

P3

Channel was most useful for exposures requiring m energies exceeding
350 MeV. | |

Magnet settings for obtaining pions of the desired energy were de-
termined by the'compuéer code TRANSPORT.(88) Momeﬁtum resolufiqn of the |
beam was adjﬁstéd by S3, and was calculated according:to the digital
voltmeter readéﬁt on this slit. Throughout these experiments, momentum
resolution for pioﬁ beams in this channel varied from' Ap/p = 2?10%. Con-
tamination of the beam by muons and electron was measured by a time-of-
flight technique. (88) These figures varied from 60% u; and e for beams

containing 7 and 30% u' and e for beams containing n at 100 MeV;

. . + -
and less than 10% muons and electrons for beams containing = or =
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~at 350 MeV Proton contamlnatlon in h1gh energy pion beams exceedlng

350 MeV was measured by a dE/dx technlque (88) W1th the proper thickness

of degrader, this was kept to less than about 5% of the ™ beam.

Perlodlc exposure of dummy targets revealed neg11g1b1e contribution
of fast neutron background to the measured Cross sectlons

'2.3.2B The Low Energy Pion Channel (LEP)

The LEP Channel was useful in obtaining low energy pion beams with

a minimum amount of COntamination from muons and électrons This is due to

‘its relatlvely shorter length of 14 meters, compared to the length of the

P channel of 20 meters. For example, for 180 MeV n , the percentage of

~ muons and electrons in the. beam was about 25% on the P3 channel, but less

than 3% on_the ‘LEP channel For this channel, energ1es from 90 to 220 MeV

were used.
A schematic 1ayout of this channel is illustrated in Fig. 2-7. This

channel utiliZes 4 Tectangular bending magnets and two extrance and exit

+ .
quadrupoles Removal of protons from beams contalnlng 7 1s accom-

pllshed by means of an absorber 1ocated between the second and third

ending magnets.vThe pion momentum resolution is set by a slit also lo-
cated here;ﬁFor.mOSt of the runs.on this beam line Ap/p was around 0.1%.
Several runs hear the scheduled shutdown of LAMPF were made at Ap/p of
about 4%. Beam size at the exit;quadruple was a‘spot about 1 cm in diam-
eter. | |

Typical beam contamination figures measured by the Nuclear Chemistry
Pion.MonitoringGroupwere about 104 u' and e at 100 MeV and less than
1% at 220 MeV. for beams containing n+; and about 25% u” and e~ at 100

MeV and less than 1% at 220 MeV for beams containing’_ﬁ_. These figures
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were obtalned by employlng the dE/dX technlques used prev1ously for de-
termining proton contamination in the P3 m beams. (88) |
2.4 Countlng Procedure

After exposure in the pion beams the targets were qulckly removed
to a countlng area. The decay of the product nuclei in the target and
‘monitor discs was then followed for several half-lives by counting the two
511 keV gamma rays from positron anhihilation in coihcidence;‘The two de-
dtectors used in this work were each composed of‘a.pair-of 7.5 anx7.5 cm
NaI(Tl) crystals oriented at 180 The countlng for boron nitride and -
Teflon targets‘was initiated about 6 and 20 mlnutes_respectlvely, after
the beam shutoff'in a coincidencevdetector in the Nuclear Chemistry
Bu11d1ng and w1th1n 2 minutes for the bor1c acid target 1n a c01nc1dence
‘detector convenlently ‘located 1n a P3 countlng house. The carbon monitor
and target discs were wrapped in copper sheaths sufficiently thick ~
(0 025 0. 05 0.1, and 0.1 cm for Teflon, plastlc boron n1tr1de and
boric acid targets respectlvely) to ann1h11ate all emltted positrons
and were counted in identical geometries between the NaI(Tl) scintillators.
Generally, the samples were alternated after every counting interval.
Because the disc dimensions for target and monitor were equal, the
efficiency for detection of positron anmnihilation quanta would also be
equal, aside.from small self-absorbtion corrections. This approach allowed
~relative reactionvCrOSS sections to'be measured without knowing absolute
‘ detector efficiency. The backgrounds for the detectors in the Nuclear
Chemistry 1aboratory and the P3 counting house were’about 2 and 25

counts/min respectively.
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One exposure in which the plODS in the beam were counted directly

| by a Counter telescope required a knowledge of the 001nc1dence efficiency
for the detector in the Nuclear Chemistry Building. This was measured

vby first determining the absolute decay rate of 11C in an irradiated
plastic scintillator disc of size equal to a target disc in a B -y
coincidence_detettor and then by counting the positron annihilation
gamma rays with the 511-511 keV’counter. Several steps were taken prior
to counting of_thepsample in the y - v detector. The'exposed'scintillator
was first wrapped in a sheath of copper O;Os_cm. thick. Second, care wes
taken to make certain that the activated area in the plastic scintillator
‘was very nearlyvequal in size to that produced by the.beam spot in the
actual 1rradlat10n The Y -y eff1c1ency detenmlned in this manner was
then corrected for the greater self- absorptlon factors for Teflon versus
the plastic scintillator. Derivation of these‘self absorption factors

is discussed later in the text.

A final efficiency of (9.5%0.5)% was determined for the nuclear
chemistry deteotioﬁ system by the above describedvﬁethod. Both v - v and
B - v detection systems are briefly discussed in the next section. The
suhject of coonting of ooincidence radiation for determining'absolute
disintegration rates has been previously reviewed.by Remsberg. (94)

2.4.1 The Positron Annihilation Detector |

A diagram of the system used to detect the 2 511 keV gamma rays from
positron annihilation is illustrated in Fig. 2-8. Narrow energy windows
were set on the 511 keV gamma ray .peak in each chaonel. The delays in each

branch were then set to maximize the coincidence rates,and the resolution

time 2.t was adjusted to accept two pulses within a certain time interval.

e e b e
.
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For these experiments, the resolving time of each‘coincidence detector
was 110 nanoeeconds,‘which was the maximum limit on the coincidence
modules . |

2.4.2 The‘B - v Coincidence Detector -
‘This detector was used to determine absolute 11C decay rates in an
irradiated plésfic scintillator‘ny counting the coineidence between the
emitted positron and one 511 keV annihilation gamma. The chief advantage
for employing this method is its high efficiency for’detection of priF
trons. This;detection system is shown in Fig. 2-9.

The eXpdsed piastic scintillator was first_attacned with optical
. coupling grease to an RCA 66SSA phototube. Flashee of light, caused by
the emitted positrons in the scintillator are deteeted_by the phototube,
which outputs pulses broportionai to the energy depesited. TheiNaI(Tl)
branch of the detector has. its energy windows set to_encompass the 511
keV annihilation gamma, whiie the lower threshold in the positron branch
was set to discriminate against noise and still aeeept mostvof the spec--

trum of positrons. Beta, gamma, and beta-gamma coincidence rates were

always output on scalers. From these numbers, the absolute counting rate

of the 110 in the plastic scintillator is given by
I S
abs N
By

where .NB is the number of counts observed in the beta branch, NY is
the number of counts observed in the gamma branch; and NBY is the num--
ber of observed beta-gamma coincidence counts. Generally, the positron de-
tection efficiency, given by N /Nabs was about (90+3)%, a figure very

consistent with the magnitudes of positron efficiencies attainable with
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the arrangement. Further corrections, such as for extended source size or‘
for +y-ray efficiency of the B counter, could be.addé@i}o improve the
accuracy of this method to within 1%. The above formﬁla, however, is
acceptable for determining counting rates to‘withina3b4%f(94) |

Typical backgrounds for the beta, gamma, and beta-gamma branches were _ o
about 60, 250, and less than 2 éouﬁts:per minute,vréspectiQely. o I

2.5 Data Analysis | |

2.5.1 Decay Curves

All decay'curves synthesized frbm counping'bf the exposed disc
targets were fit by the standard least squares pfbgram CLSQ, (28) using
flxed half- 11ves for each radloactlve component A summary of the product
nuclei and thelr respectlve half-lives used in obtalnlng end of bombard-
ment act1V1t1esv15 given in Table 2-2.
' 12

2.5.1 A C Monitor Target

The irradiation of a plastic scintillator or polyethylene disc in

the high energY'pioh beams Yielded only 11C as the single compdnent

in the decay curve (7Bé is not produced singificantly). Figure 2-10 repre-

11

sents a typical ~~C decay curve obtained after exposure of a plastic

scintillator disc with dimensions 3.8 cm diameter by 0.6 cm thick in a
180 MeV 7 beam in the LEP channel at LAMPF. Generally, the standard

deviation of the initial activities as given by CLSQ was less than 3%.

2.5.13 N Target

Exposure of machined boron nitride discs in the high energy pion

3N as detectable components of the decay curve.

The decay curve from a 190 MeV © experiment at the Ps‘channel at

beams ylelded C and
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Table 2-2. Decay Characteristics for the Observed Radionuclides

- Half-Life Fraction of Decays Reference

Nucleus .  (minutes) leading to g*

T emission
11 R S o
B 9.96 .o | 22
Bo 200 10 .. 22
18

F . 109.8 0 22
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Fig. 2-10. Decay curve from 180 MeV  on plastic scintillator.

The solid line is a CLSQ fit.(28)
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LAMPF is illustrated in Fig. 2-11. The_target dimensions in this case are
3.8 am in diameter x 0.6 cm thick. It is noted here that the closeness

11C and 13N ‘20’4 and 9.96 minutes respectively, in

in half 11ves for
- addition to the low y1e1d of 3N observed in this work - may be responsi-
ble for the standard dev1at10ns being a large 7- 10 of the corresponding
: end of bombardment activities, as determlned by . CLSQ The decay curve

standard deV1at10n for the 11C.component averaged less than 3%.
16 o '

,. 2.5.1C 0 Target o _
:Threeﬁdetectable radiOactive nucleiflso, 13N, and’11C’were unfolded

from the gross_decay”curve from the exposure of boric acid targets in
the high'energy pion'beams. A representative'deCayvcurve is shown in
Fig. 2-12. Two different analyses showed 140 to be formed in such rela-

tively low yield that it could be ignored in the decay curve. The first

14

approach was_to include ~'0 with a half-life of 1.19 minutes in the de-

cay curve analysis. ‘In every case in wh1ch this was- done,'a decay rate
witha positivevalue, but having over 100% uncertainty, or a negative
decay rate was obtained. The second method was to omit the first few

points in the decay curve and then to compare the results of a CLSQ fit '

of this modified data to a CLSQ fit of the original data. 1f 140 were

15

present in sufficient quantities, a large difference in the ~"0 end of

bombardment activity between the two different fits should be observed.

This difference, however, was always found to be less than 2-3%. The

149 componentrin the decay curve was thus ignored.

13

Because of low statistics and low yield for the ~ N component in

the decay curve, the CLSQ standard deviation for this nucllde was generally

15 11

high 25% of the end of bombardment activity. The ~~O and C initial
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activities could usually be determined statistically to within 5% and

10% respectively.

2.5.1D _lgF Target

11

Generally,vonly C and 18F were present in the decay curve obtained

by counting the activity induced in a Teflon disc target.“A.representative

decay curve is shown in Fig. 2-13. Sufficient time waé often allowed be-

13

fore counting to permit any ~°N produced in the reaction to decay. For

experiments where many targets required judicous alternating in the
counters, only the 18p activity was usually measured.

The production of.llc in the Teflon targets is a result of contribu-

tions from bbth the 12C-ahd 19
determine the cross section for formation of 11C from 19F,‘a large cor-.

F present (Teflon = (CF)) ). In order to

 rection must be applied. The large error induced in éross'Section from
this approach is a consequeﬁce of subtracting two lafge numbérs. Errors
to the 19F(n,X) 11C cross sections vary from‘abdut 10—25%.

Decay curve resolufions were less fhan 3% for fhe 18F-componeht and
. less than 5% for the gross'11C component (from 19F and~12C) as given by
CLSQ. |

2.5.2 Corrections to the Data

2.5.2 A Beam Fluctuations

Intensity fluctuations in the pion beams during iiradiations were

| moni tored with>almost every experiment either directly or indirectly. For
the work dbnc at.the LBL 184-inch synchrocyclotfon,.the main proton beam

rates were continuously measured by what essentialiy constituted an

ammeter, set up by the physics experimenters. (91,92)'Dufing the course

of these experiments at LBL, little or no main protbn beam fluctuations
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were observed. It was assumed, thén, that no fluctuations had occured
in‘the pionlbeams; Thus, ho corrections.for beam fluctuations were made
for the data accumulated at Berkeley. For the parasifié and independent
exposures at LAMPF where fluxes less than 5 x10° were encountered, the
pion beam intensity was multiscaled continuously by éounting the number
of particles that passed through thé counter telescope over a shoft time
interval, storing this information in the memofy of a mu1tichanhe1
analyzef, and then, repeating’fhis procedure for thé'duration of the run.
Then, for irradiations where the intensity of thevbeam varied significantly
corrections could be applied to the reaction cross sections. Using the
equation given' in Nuclear and Radiochémistry by Friedlander, Kennedy ,
“and Miller(QS)'for a varying rate of formation of‘product.nuclei,'the
Cross section_:'cT(X) for the production of X from target T, in terms of

12, * 11 . . . _ -
the ""C(w ,N) ~~C monitor reaction is expressed as

(a1 at) -Allc(t'ti)
n % ) )
o - DOCT) | 12, ool El I|l-e | e
T p,("'ey "1 12¢ O Bt ) Ag (et
s ) Ii l1-e - e
i=1 L J

(@2

- where DO(X) and D0(11C) are the end of bombardment decay rates of prodﬁct
x and 11C, respectively, n,, and n. are the respective atomic surface
densities of the monitbr andCtarget, ' Aty is the time interval over which
the flux is measured, Ii is the number of particlés counted in the thné

interval 'Ati,.-ti is the time at the end of the ith interval, t is the

length of bombardment, A is the decay constant for a specific nuclide,




and = © (llé) is the cross section for the‘IZC(ﬂi,nN),llc reaction.

12
c. - 4 _
Only a few‘irradiations required saturation corrections, none of
which amounted to more than 5% with appllcatlon of Eq. (2 1.

2. 5 2. B Proton Contamlnatlon 1n the ﬂ Beams

For all experiments at the 184-inch synchrocyclotron,'the proton
compqnent_in the m beams was compietely.filtered:out by the carbon
absorber in fﬁe beam line ofvthe Physics Cave (Figr 2?3). Proton con-
tamination ef_the m beéms in the LAMPF P3 chanhel‘(Fig: 2-6), however,
became a problem beginning'et apprexhﬁately 350 MeV;vaove this point,
the grabhite degrader in the channel could no longer completely eliminate
‘the high energy protons in the beam. As a consequence, a substantial if
not at times'intelerable fraction of the beam striking/the final target
contained protons"having the'same momentum es:the piohs. In the worst
cases, the p/ﬂ rat1o was observed to ‘be as h1gh as 1/1 at 400 MeV using
the normal th1ckness of graphlte degrader in P3 East.

Later, proton contamination was significantly reduced to less than
about 5%, by u51ng-degrader 5 to 8 am thick, and by running 1nstead on

3 West Leg Apparently, the proton absorber, whlch functioned to

the P
absorb low energy protons st111 remalnlng in the channel was more effec-
tive when the West Leg of P was used.

The actual corrections to the cross sections obtained from using
beams with'contamination from protons was made in the:following manner.
| Letting RCx),be the measured cross section for the'formation of product

11

X relative to the cross section for the monitor reaction 12C + ~C, one

obtains
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| D On. o (X) + f o, (X
RG) = = 11nT =7 ! (2-2)
Ds( C)n12C oﬂ( C)+f OP( C)
where the various symbols are defined as follows:
DS(X) = saturation activity of product X
DS(11C) = saturation activity of 11C
n, = surface density of the target atoms
n, = the surface density of 12C atoms
C -
GH(X)‘= pion cross section for thé reaction T » X
0(11C) = pion cross section for the reaction 12C.->- 11C
f = the ratio of protons/pions in the beam -
OP(X) = the proton cross section for the reaction T - X
_cp(11C) = the proton cross section for the reaction 12C > 11C.

Since cross secfions for (p,pﬁ) (33) but not for the more complex (p,X)
spallation reactions are well;established for the targets in this work,
only corrections to the (m,nN) cross sections were‘madé.
The firstbfdur quantities defined above are determined as a conse-

" quence of the experiment. Cross sections for‘the monitor reaction
12C(wt,ﬂN)11CVhave been accurately measured. (88) The cross sections fdrv
the (p,pn) reactions needed in the correction werevtaken from the com- - |
pilation by Caretto.(33) The kinetic energy of the proton striking the

- target was calculated by assuming that all particles in the beam

(u+, e+,n+,p) had the momentum for which the channel was originally tuned.
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Values for f were independently obtained from a dE/dX‘meaSUrement made
by-the Nuclear Chemistry Pion-Monitoring Group Generaliy, for the four
.exposures in thlS work that required correction (368, 370 380 and 430 NkWO,
the proton contamlnatlon in the beams never exceeded 5%.

The remainrng'quantity' oﬂ(X) then, mayveaSily he'caloulated. The
COrrectionS'to the (m,nN) érose sectione from (p,pn)‘reactions were gen-

erally low and found to be in the range of 1-5%.

2.5.2 C Self-Absorption of 511 keV Quanta
As mentioned previouS1y in the tert the efficienciés of the Y-y

detector for c01nc1dent 511 keV gamma rays from p051tron annihilation for
disc targets of equal thickness are. also equal except for small self-
. absorption eorrectlons. For example, dlSCS of boron,n;trlde and Teflon are
approximately tﬁice as dense as a plasticwscintillator'of the same di-
mensions. Furthermore, nitrogen and fluorine have-greater atomic numbers
than earhont“The boron nitride and Teflon discs, then, should attenuate
the two 511 keV gamma rays originating Within.the‘éampies to a greater
degree than wouid the plastic disc. - |

B In this work, the relative attenuation factorsvfor the primary disc
targets relative to the plastic monitor disc were measured for each dif-

224 TAEA

ferent target'thickness in the following manner. A standard
source was. taped to what was defined as the "'back' 51de of a prlmary
disc" target W1th this back side of the dlSC turned away, a Ge(Ll) meas-
urement was made of the number of counts in the 511 keV photopeak (from
'p051tron annlhllat1on3 This entire procedure was then repeated for a
plastic monitor disc of equal dimensions. Then, the ratio of primary

- target to monitor intensities yielded a good experimental measurement
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of the.relatiVe self-absqrption factors. Table 2-3 prevides a summary of
these relative self-absorption faétore determined from‘such measuremeﬁts.
Effectively, these corrections imply a lower counting efficiency of the
coincidence detector for Teflon and boron nitride relative to the plastic
monitor, and essentially no effieiency_difference'between the boric acid
and monitor discs. | |

2.5.2 D Secondary Reactions from Thick Targets

The use of targets on the order of g/cm2 for this study pfesented
the possibility of internally generated cascade nucleons eausing'secondary
nuelear reactions leading to the desired product nuclides. A usual em-
pirical approaeh'to the measurehent of this effect would be to irradiate
a "'sandwich" of the usual target between two thick targets of the same
material. | | |

A'slightly modified procedure wes used. Since all the'croés sections
in this work were originally measured relative to'the 12C(n#,nN)11C Te-
action, a study of.the relative cr055>$ection increase as a function of
two different target thicknesses was made. This was accomplished by
,varying the thickness of the monitor and primary target disce, but still
keeping the thicknesses of these discs equal for every exposure. These
.results are given in Table 2-4 for Teflon and boron nitride targets with
both positive and negative pions. The data show that the change in rela-
tive cross section from the use of thick targets is small, and not sig-
nificantly outside of statistical errors to warran}'correction.

As seen.from Table 2-4 secondary effects may be considered not
~ important for the more complex reactions as well. Contributions from

secondary particles to these more complex spallation reactions would be
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‘Table 2-3. Self-Absorption Factors (relative to_a‘plastic_disc)a

Primary Target Primary Target Thicknesé (cm)

Mgterlal _ 0.3 0.6 - 1.25
Teflon I . 0.975 0.945 0.901
Boron Nitride - 0.990 0.975 0.950

Boric Acid ' e : —— 1.02

%These figures were also applied for the few experiments that used a

polyethylene monitor.




Table 2-4. A Summary of Relative Cross Section Versus Total (Monitor + Primary Target) Thickness

14N: Target= BN + Plastic
Relative Cross Sectioﬁb ' . O(Rel)/am(%)
Pion Kinetic = TN - Y By 0 I By + g
Energy (MeV) 125 am 1.25 cm- 2.54 cm - 2.54 cm
a - : - '
29310 ﬂ+ 0.238+0.033 0.587+0.028 0.220+0.015 = 0.595+0.016 -6.1%¥12.2 1.1+4.4
19 _ .
F: Target-—(CFz)n + Plastic
Relative Cross Sectionb v | O(Relj/cm(%)
‘Pion Kinetic 185 - Mg 18, He 18, - g
‘Energy (MeV) 1.25 am 1.25 am 2.54 cm 2.54 cm
177%12 mf 0.687+0.011 mrmm——a- 0.694+0.010 T -- 0.8t0.7 ~ ~=------
207+10 T 0.724£0.018 0.3800.024 = 0.616%0.014 0.3430.029 -11.9 #2.5 -16.0%6.4
| | 0.683£0.014 0.343%0.020  -4.582.5 - -7.8%7.9
157+11 w 0.799£0.037 -------- O.7S4i0.027 - -4.5%4.6 -
297x11 7 0.744+0.025 0.223%0.054 0.698+0.023 S mmmemmes -4.9+£3.7  ------

This ehergy is the mean of two runs at 290%9 and 296+11 MeV.

bErrors on the relative cross sections are 1ms errors of the end of bombardment activities as given
by CLSQ for the plastic and primary discs.
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" expected to be small because of the'high reaction thresholds. Thus, no

corrections to any of the cross sections (including 6O although no
independent study was performed) were deemed necessary
2.5.2 E -Other.Con51derat10ns |

Attention was also given to the following.effects:

(1). The Fast Neutron Background - As mentioned preViously in the text,

the exposure of_dummy targets outside of the area of the beam revealed

no significant contribution from this effect.

2). Lepton Reactions - Although no independent'determination was made
for'the contribution of lepton reactions to the'measured Cross sections,
it may be safely assumed that the muons and electrons in the pion beams
are too weakly 1nteract1ng, compared to the strongly 1nteract1ng pions, :
to cause significant nuclear transmutations.

). Hp » g "Impurity". Charge Exchange Reactions

(a) vt + BN- the cross sections for the formation of 11C from
boron nitride'have contributions not on1y~from the primary 14N(ni,X)11
reaction, but also,'from the Secondary B(p,n) C and for the case of
n+, the 11B(n+;n0) C reaction. Since the one BN thlckness experiment
(Table 2-4) shoWed no effect that could be ascribed,to secondary pro-

duction, corrections to the 11C cross section for the (p,n) reaction

11 B(m ,wo) 11C reaction, however, has a cross section

were ignored. The
of about 5 mb at the (3,3) resonance, as measured:in.the work of

Chivers et ai;(71) This compares to a gross cross seotion of about 25 mb
for the w t‘BN > 11C reaction. Because 11B constitutes approximately
35 of the mass of BN, the pion charge exchange reaction may contribute

up to 8% of the gross 11C Cross sectlon from BN. Due toa 1ack of
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accurate cross'Section data for the charge-exchange reaction, no correc-
tion could be applied for its effect.

(b) o+ H3B03 - The proton and pion charge—exéhange possibilities

discussed in‘the>preceding paragraph may also produce 11C. Since sec-
ondary effect corrections were.shown to be small for BN and Teflon tar-
gets (Table 2-4), no corrections for the 11B(p,n).11C.reéction were
deemed necessary. In bbric acid, the boron constitutes only about 1/6 of
the mass and the charge exchange cross_séction of about 5 mb at 180 MeV
is roughly 1/4 of the total cross section fof the prdduction of 11Cvfrom
the target (the gross cross section measured in this'wbrk if.about 21 mb-
at the (3,3) resonance). Thus, oﬁe can expect an estimated contribution

0, 11
)

- of about 5% from the 11B(n+,n C reaction, and‘the'remainder coming .

from the primary'réaction }60(ﬂ+,X) He

(4) . Production of 11

C from Teflon - In order to determine the cross
section for the 19F(n,Xj 11C reaction, corrections.must be made for the
contribution of thé 12¢ in the Teflon to the ‘lc prOductibn; Since the
12C(ﬁi,ﬂN) 11C'feaction has appreciable cross sectionén(45 mb for n+, v
70 mb for 1w ‘at about 180 MeV) (88) and 12C is about;ZS% of the mass |
of the Teflon target, rather 1arge correction factérs‘ﬁere applied. The
cross sections determined in this manner are believed‘accurate td only

about 25%.

(5). Reactions from the aluminum can - Since the aluminumvcén that con-
tained the boric acid power was only 0.013 cm thick (compared to the
sample of boric acid inside that was 1.3 cm thick),‘one may safely assume
that it made no Significant contributions to the ﬂ# + boric acid

cross sections.
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(6). Accidental Counts in the y-y Detector - The low counting rates and
moaerately:short reédlving_time of about 0.1 usec forvthe'coincidence
_ detector'imply low or‘insignificant contribution fromhthis effect A
calculatlon to thlS end for the case of the most intense sample generated
in this work demonstrated that at most, only 2% of the observed counting
‘rate was due to accidental counts. (94) Since all other exposed samples
were less intense, no eorrections‘were made. e
3. RESULTS .

The crose sections for the‘(nt;nN) and other more oomplex snallation
reaotionsvare summarized in Tables 3-1 through 3-3.'Also tabulated at .
each individual pion energy is the number.of'detenminations (in parentheses),
the ¢ross seotion for the 12C(n N) 11C reaction, the.dimensions.of the
monitor and pr1mary dlSCS and the external beam used for that partlcular |
exposure. The energy of the plon at’ the midpoint of the th1ck targets was
taken as the effective bombarding energy. Initial plon-energles were CoOr-
rected' for energy'losses suffered in trareling‘throuéh-upstream targets
(at LAMPF,'for example, the pion beams often traveled.through four (4)
thin ecintiilators.of total thickness 1.3 cm prior to Striking the disc
targets used in this study)and from the face of'thehdisc stack to its mid-
point. The 'spread in a pion energy is the root-mean-square oombination of
the‘beam momentum resolutiOn A obtained from the groop responsible for
the beam line, and the energy loss in the target itself (6). Quantitatively,
then, the effectlve bombarding energy may be expressed as

= (B-8) + (&% + 6% . ) (3-1)
where E1 is the pion energy prior to striking the targets The values
for & were estimated from the range curves of Trower.(96);

Errors on the reaction cross sections are purely statistical, and



Table 3-1. Cross section for pion reactions
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14

N
i _ Target aI}d
Engrgy oN(13N) UN(11C) GC(llc)a be%é;;;Dlsc Boanb
(MeV) - [mb] - [ mb] [ mb] Dimensions
96+10 6.8:6.4(2) 10.8:0.3(2)  30.4+10% 5x1.3 MC
126t 2 10.7¢1.3(1)  13.0:0.9¢1)  48.7 .8x0.6 LEP
144+ 4 13.110.8(1) 17.3:0.6(1)  59.4 5x0.6 P3(e)
166+ 4 15.3¢1.4(1)  18.0:1.1(1)  67.5 3.8x0.6 P3(e)
188+15  14.8+0.5(1)  21.120.4(1)  69.9 3.8x0.6 P3(e)
233t 6 14.840.5(1)  22.6%0.3(1)  64.2 5x0.6 p3(e)
256+ 4 12.1:0.9(1)  16.1:0.6(1)  56.7 .8x0.6 P3(e)
206:11  10.6+1.3(2) 20.141.4(2)  45.2 ' 5x1.3 PC
328+ 9 8.4+0.5(1) 14.8+0.4(1) 37.8 5%0.6 P> (e)
433t 9 5.8:0.5(1) 8.4:0.4(1)  23.5 5x0.6  PO(e)
'ﬂ'+ | |
98+ 2 6.9:0.7(1)  19.5:0.6(1)  32.5¢10 .8x0.6 " LEP
136+ 2 8.6:1.0(1)  23.1:0.8(1)  43.7 .8x0.6 LEP
146t 2 8.8+1.3(1)  24.1¢1.2(1)  44.9 .8x0.6 LEP
156+ 2 8.6:0.8(1)  25.0:0.6(1)  45.7 .8x0.6 LEP
167t 5 8.0:0.8(1)  25.6:0.7(1)  45.8 .80.6 P> (e)
176% 2 8;910.9(1) 24.60.7(1) 45.2 .8x0.6 LEP
1 256%10 7.1:0.7(1)  17.3%0.6(1) 30.9 5x1.3 PC
200+ 9 6.120.8(1)  15.0:0.7(1)  25.5 .8%0.6 P3(e)
296:11  5.5:0.9(1)  15.0t0.7(1)  25.5 5x1.3 PC(e)
336t11 . 5.9:0.4(1)  12.120.4(1)  25.2 5x1.3 P3(e)

(continued)
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Table 3-1 (continued)

_ : : - Target and v

s 13 11 11 .\a Monitor Disc

Energy GN( N) UN( Q) ' OC(n 9 (cm) Beamb
MeV) [mb] [ mb] [mb] Dimensions
37010 4.2%0.8(1) 12.7£0.6(1) 21.1 3.8¢0.6  PO(w)
43010 5.9+0.9(1)  12.9%0.4(1) 23.7 3.8¢0.6  P>(w)

dReference 88. Errors on these cross sections are conservatively assumed
to be * 10%. ’ '

bMC = Meson Cave (LBL)

PC = Physics Cave (LBL)

LEP- = Low Energy Pion Channel (LAMPF)

P3 =_High Energy Pion Channel (LAMPF) (e=East, w = West)
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16

Table:3—2. Cross sectioné'for pion reactions on ~ 0
. a Target apd

Engrgy 60(}5(D 00(13N) 00(llc) 00(11C) Mon%2;§ Disc Beamb
(MeV) [mb] [mb] [mb] [mbl  Dimensions

98210 34.6%£2.2(1) 3.6%#1.5(1) 10.8%#1.1(1) 31.7#10% 6.4x1.3 MC
188+ 8 70.6t2.1(2) 7.1%2.0(2) 17.7%1.8(2) 69.9 6.4x1.3 Ps(e)
348+23 31.6£0.9(1) - 3.4%0.8(1) 10.9+0.8(1) 33.6 6.4x1.3 Ps(uﬂ
'n+ : ,

82+ 4 25.1#1.5(1)  7.5%0.4(1) 17.2#2.7(1) 25.910% 6;4#1.3 LEP
188+ 9 41.9%0.5(2) 8.210.5(2) 20.8+0.5(2) 44.9 6.4x1.3 Ps(e)

29810 24.6+0.9(2) - 1.9#1.0(1) 15.5%0.5(2) 25.0 6.4x1.3 PC‘
380+10 21.6+1.3(1) 6.8x0.6(1) 14.0%1.4(1) 21.2 = 6.4x1.3 Ps(w)
3peference 88..Errors»on these cross sections are cohservatively assumed

to be *10%.

byc
PC
LEP

PS

Meson Cave (LBL)

Physics Cave (LBL)
Low Energy Pion Channel (LAMPF)

High Energy Pion Channel (LAMPF) (e =

East,w = West)
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11.3%0.

Tablé 3-3.‘Cross sections for pion reéﬁtions'on 19F
) S "Tagget and

Engrgy UFGBIU OF(11C)‘ Occllc)a Mont2$§ Disc Beambr
MeV) [ mb] [ mb] [ mb] Dimensions

45+ 5 7.6£O.2(2) : 4.0%10% - 5%0.6 MC
96+ 2 26.3%0.5(1) 3.520.6(1)  30.5 .8x0.6 LEP
98+10  30.5:0.3(3) 317 50.6 MC
116 4 34Q7t0l8(1) 5.6:¢1.0(1)  43.4 .8x0.6 LEP
157411 50.4+1.4(2) 65.0 5%(0.6-13)  PC
178+ 2 52.4+0.7(1) 9.4¢1.0(1)  69.4 5%0.6 LEP
178+ 2 50¢3 (1) 7.0£0.7(1) 69.4 5x0.6v IEP
206t 4 49.6:0.8(1) 9.3:1.1(1)  69.7 .8%0.6 P3()
247£17  44.0:0.4(1) 59.9 3.8x0.6 P2 (e)
280+ 6 33.6+0.3(1)  7.6:0.5(1)  49.5 5%0.6 P3(e)
207+11  32.5:0.8(2)  10.0:2.4(1)  45.2 5%(0.6-1.3) P>(e)
328¢ 9 28.1:0.8(1)  9.0:0.8(1)  37.8 50.6 P> (e)
433t 8 16.9%0.2(1) 5.2#0.6(1)  23.5 ' 5%0.6 P> (¢)

546£10  15.420.5(1) 18.6 5%0.6 P> (e)

. , | , .
96+ 3 22.4+0.5(1)  7.3:0.6(1)  32.1:10% .8x0.6 P> (e)
117+ 4 27.2%0.2(1) 39.7 .8%0.6 LEP
146 3 29.4:0.4(2)  12.7:0.6(2)  44.9 .80.6 LEP
17712 31.2%0.3(2) 45.2 5x(0.6-1.3) PC

226+ 4 25.7:0.4(1) 6(1)  37.5 .8%0.6 P> (e)

(continued)
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} . A . ~Target and
Energy o (8 F) op(0) ooy M9n%§;§ DIsC
MeV) [ mb] [ mb] [ mb] Dimensions
258+ 0 19.120.5(1)  9.4:0.7(1)  30.6 5%0.6 PC
207410 16.7£0.2(3)  8.4:0.3(3)  25.0 52(0,6-1.3j PC
336£12  15.5$0.2(1)  7.9:0.3(1)  22.2 5x0.6 PC
368210  14.4%0.4(1) 8.4:0.8(1)  21.3 5x0.6 P2 (w)

aReference 88. Errors on these cross sections are

to be * 10%.

LS
PC
LEP
p3

Mesoﬁ”Cave (LBL)
Physics Cave (LBL) _
Low Energy Pion Channel (LAMPF)

High Energy Pion Channel (LAMPF)

conservatively assumed
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were established from the root-mean-square combinations of standard devi-
ations of the end of bombardment activities for monitor and target discs

' as given by the-least~squares code CLSQ. On the average, these statistical

14,, 16

errors were 10%, 5%, and 3% for the (m,mN) cross sections for = N,

ahd 19

0,
F respectively, about 10% or less for the more Complex spallation
reactions. Where duplicate measurements were made, a weighted mean o and

standard deviation X were calculated according to the following formulas

o ?_wioi/ i Qi | (3-2)

o]

where o; = the individual cross Section measurement and w; = (gla)

s

X (3-3)

2 .
with the notation s.d. representing the S£andard'déViatioh of an indi-
viduél‘crOSS sectibn; This approach was applied'in”brder to weight the |
statistically'superior Cross section'measurement(s):more heavily. For
example, it was not uncommon in this work to pérfdnh duplicate measure-
ments at one energy where the twé pion fluxes differed by a factor of

:10—20.>(Thi$'difference was often clearly reflectéd in the observed
éctiVities in the targets after exposure). | :

Since decay characteristics for the observed ﬁpélei are well-
known'and the efficiencies (with corrections) for  Y'Y’ detection of
target and mbhitor discs were equal,vthe only dominant systematic error
-for the pion wofk would be attributed to the lZC(ﬁt,an'llc Ccross sections.
From the work of Dropeéky et al., (88) this error éppearsvto be about
5-10%. For fhe one exposure where the pions passing through the Teflon
target werezcounted with the 3-¢1ement scintillation teiescope-belonging

to the Pion-Monitoring Group, (88) the «y-y detector efficiency was
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measured to within 6%. Thus, the totél root-mean-square error in absolute
cross section determination would vary from 5-155. The cross sections for
the 19F(ni,X) ;1C reaction would be 1érger (about 25%) due to the nature of
corrections appiied to this data (see Section 2.5.2 E).-

The eXéitation functions for the (ni,nN) and other more complex
(m,X) spallatioﬁ.reattions are presented in Figs. 3}1 through 3-4. The
cross section value of 50 * 3 mb for thexlgF(n-,n_n) 18F reaction‘at
178 MeV méasured_by the direct coﬁnting of pibns is'in Vefy good agree-
ment with the value of 52.4 * 0.7 determined by siﬁultaneous exposure of
a plastic scintillator monitor and Teflon disc. |
4, DISCUSSION.

4.1 Features and dualitative Interpretatibn of thetResults

The broad.peaks that appeér in the (ﬂi,WN) ahd'the (nt,X) excita-
tion functions at about 180 MeV incident pion energy:clearly illuétrate
the preservatipn-of the (3,3) resonance, and thus, lehd credence to the
concept ofkquasiFffee pion-nucleon coliisions'in these reactions. An
additional clue for anticipating tﬁe resonance behavior for thevmore com-

plex reactions is that the n + 12

C inelastic (reaction) cross section
~exhibits a broad peak at about 150 MeV. (97) |
Figure 4-1 demonstrates the striking,differeﬁcés iﬁ Cross sec-
tion magnitudes for the (ni,wN) reactions. In order, hoWevér, to compare
these excitation function shapes and magnitudesvmore systematically, a
normalization analysis similar to that made for comparing (p,2p) cross
sections (Section 4.2.4 for Part I) was employed. By scaling all the
(ﬂt,ﬂN) curves_td match the 12C(ﬂt,ﬂN) 11C data of Dropesky and co-

. + - e e
workers, (88) one obtains two sets of 'universal" w and 7 excitation
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functions, shown in Fig. 4-2. The folidwing information is yielded as

a result: (1) The universal m curve shows that the (7 ,m n) excitation

12, 14, 16

functions for ““C, ~'N, 0, and 19F have the same shape; width (250£20

MeV FWHM) and peak maximum at 180-190 MeV (2) The universal n curve

shows that fhe:(ﬁ+,ﬂN) excitation functions for 12C,»ll_lN, 16O, and 1gF

have the same shape, width (also 250 * 20 MeV FWHM)'and peak maximm at
about 180 MeV " (3) The (m,mN) excitation functions are4cdnsiderably

broader that - the free-particle pion—nucleon resonances, which are about

14,, 16

140 +' 10 MeV (4) Cross se¢tions for the (v ,m n) feéctions on ~ N,

19 12

0,

and ~°F relative to (m ,m n) cross sections for ~“C are respectively,

0.23 * 0.02, 1.01 * 0.06, and 0.75 * 0.04 (5) Cross sections for

(ﬂ*,ﬂN) reactions on 14N,'16O, 19

F rélative to (n+,nN) cross sections
for '2C are respectively, 0.21 * 0.03, 0.97 +'0.04, and 0.68 + 0.03
(6) From (4) and (5) above, the relative (ﬂ',n'n) and (w+,nN) Cross
section magnitudes are very similar. |

In emphasizing trends for the more complex'reactions, the text
will fefer‘only to the dominaﬁt reaction occuring in the target (see
Section 4.2.5 of Part II of this thesis). For thesé_mOfe complex spalla-
tion reactions, it is seen that (1) The 14NGT+,X) 1.1(,_2_'c'ross sections are
somewhat iargér than the 14N(n-,X) 11C Cross sectioﬁs above 225 MeV,
and thereaftér, the excitation functions essentially>coincide. This dif-
ference in the excitation functionsrwould be redﬁced'slighfly after cor-
rections for the contributing llB(n+,n0) 11C reactipn; (2) The 160(ﬂ+,X)
11C cross sections are slightly larger than the 160(17_,)() 11C Cross sec-

tions, while ‘the 16O('nt,X) 13N excitation functions have nearly equal

magnitudes. (3)’The 19F(n+,X) 11C cross sections are iarger than the
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19F(ﬂf,X) 11C cross sections below about 250 MeV, .and are approximately

N reactions, at higher energies. It should

19

equal, as in the case of the 1
be emphasized that the errors on these "°F excitation functions are
necessarily large (about 25%) due to the required éorrections and that
definitive cdmparisons should be éttempted with caution'(4) All the com-
. plex réactions’exhibit a broaﬁ“peak near‘180 MeV with perhaps some down;
shift in peak maximum to lower energies for the (nf,X)_éxcitation func-

14N and 19F.

tions, particularly for
4.1.1  (w,mN) Cross Section'Magnitudes'
" As mentioned ih the previous section, striking>differences in
(m,mN) cross section magnitudes were obserVed. Severa1 exp1anations simi-

lar to those discussed in Part I are considered here.

4.1.1 A Stability of the Residual Nucleus

A clue to the stability of the residuai post-knockdut nucleus may
be fouhd by considering the first excited, particlé.unbound energy level
in the system. Table 4-1 summarizes this correlationrbétween nuclear
stabilities and felative cross section magnitudes. For ﬁhe cases studied
in this work; it is seen that the cross section maénitudes may be.satis4
factorily understood in terms of this phenomenon. qufhgr experimental
examples would be required to either establish more firmly or refute this
~consideration. | |

4.1.1 B Number of Bound Levels -in the Residual Nucleus

The number of bound levels for each observed nﬁclide is given in
Table 4-2. The low 14N(n,nN) 13N cross sections appear to be consistent
with the fact that all excited levels of 13N are unbound, and that con-

sequently, only the ground state of ;SN may be formed. The other cross
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‘Table 4-1. A correlation of residual nucleus stability to cross section
magnitude

First particle

Nucleus = - “unbound level Particle | © " Relative cross
(MeV) L emitted - ~section
'11C o | .8.48 co S o o | . 1
Ly N WL - P, 0.2
5 e p o
18 W e 0.7

:aRéference 98.
bReference 35
CReference 99‘jv
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Table 4-2. A comparison of (w,nN) cross section magnitudes to the number
of residual bound levels :

Approximate
: Number of bound

Reaction relative cross L excited levels

. 12, w 11 ,
section (to "°C — “°C

L2c*,my 1 1012
ye®,my By 0.2 1 °
160(ni,nN) 150v | | 1 ."l_ 7 b
Vp®,my 8 0.7 o 20 €

aReference_98
bR.eference 35_'
CReference 99 _
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sections, however, do not clearly correlate with the number of residual

bound 1evels;(35,98,99) For example, the 19F(ﬂi,nN)‘18F cross sections are

18

approximately 70% of the 12C(ni ,MN) 11C Cross ;ections-'even'though F

11C It 1s concluded then,

has twice as many particle bound levels as
that the number of Tesidual bound 1evels can only partly Tationalize the _
‘relative (ﬂ ﬂN) cross section magnltudes |

4, 1 1 C Avallablllty of Neutron Shells

Agaln, as in Part I, one may use the neutren shell ava11ab111ty
theory of Benioff(42) for (p,pn) reactions to roughlyvestimate relative
(m,mN) cross eection magnitudes in this work. The neceseary assumptions
made to perfonn the calculatlon were (1) The effectlve TN cross sections
in 12C, 14N 160 and lgF are equal (2) The nuclear radlus parameter

T, was equal to 1.30 F, a figure consistent with the results from high
.energy electron scattering experiments(100) (3) The Values-of'Mni, the
fractional avaiiability, for (ﬁ,nN) reacticnS are equnl or'ac leastvnro¥
portlonal to M 1 for (p,pn) reactions.

Finally,; the follow1ng neutron levels were con51dered avallable

for a (m,mN) reaction:

2 1py, @
14y 1py (i)
Y0 1py, @), 1y, @
19 14, @) -

From Eq. 4-2 in Section 4.1.2 D in Part I and the fractlonal availability

charts in the Benloff paper, a calculation of (n ,nN) cross sections for
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14N, 16O, and'lgF relative to the 12C(ni,nN) 116 reactions yields

o (3N o, P0): o, (BF) = 0.24: 1.3: 0.64 which is in good
14, 16, 19, n ©
agreement, considering the rough nature of-theicaléulation with the

observed relative cross sections for m R
u, P %160y P19 = 0.23: 1000 0.75
and for m | i

13 15, . S8
014N( N) : 0160( 0) : olgF( F) = 0.21: 0.97: 0.68.

This agreement can be taken, then, as reinforcing thé plausibility of
shell structuré.effects on the magnitude of'(ﬂ,ﬁN):reactions on the light
targets studied‘in this work.
4.1.2 widths of (n%,mN) Excitation Functions |

‘The pbserved FWHM of 250 + 20 MeV for all the (n*,7N) excitation
functidns is much broader than the free-particle ﬂN’FWHM'of about
- 140 = 10 MeV-dﬁe to the Fermi motion of the struck neutron. This broadening
has also been previously observed for the 12C(w+,an 11C reaétions through
the (3,3)_resoﬁaﬁce.(61,88) Qualitatively, the momentum distribution of
the struck nuetrdn will cause a smearing out of thé resonance, because
the center of mass energy will have a range of values at each incident
pion energy. |

In estimating the effect of the neutronvmdmeﬁtum, it wbuldvbe
necessary to average the free-particle pion-nucleon @ross seétion over
the neutron momentum distribution. For a given pion kinetic energy'T,

“this cross section is given by(65)

/o (EIT,p,6]) P(py)sine dp, do

()

= (4-1)
IS P(pN) sinf de de '
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where'P(pN) is the distribution of struck neutron nomenta pN,-e'is the
angle between fhe struck neutron momentum vector and the beam direction,
and o(E [T,p,6]) is the ﬂN:CTOSS section at{a center of mass energy E
‘corresponding rova given T, p,.and .. Normally, one”could use a‘Ganssian v
momentum distribution of the form P(pN)~'pﬁ.e-pNz/POZ;'where 2 is the
angular momentun number»corresponding to the struck neutronvshell, and

Py 2 parameter»characteristie of"the momentum distribution.44_

Conversely, a quantitative estimate of the average"momentum of the
struck neutron may be obtained from a 51mp1er approach ‘Using the formula
of Reeder and by assumlng an average incident plon.momentumvof 288 MeV/c
(thls corresponds to a pion with 180 MeV kinetic energy) one obtains

.pN ~ 180 MeV/c,,a value very consistent w1th the average momentum flgures
of Py ~ (160—170) MeV/c for 1p_protons in light nuclel Thus the (ﬂ 7N)
reaction may serve as a tool for measuring averageiﬁallowed" nucleon mo-
mentum. | | | | |

4.1.3 (ﬂi,X) Cross Section Magnitudes

From this work, the A(n+,X)B‘excitation functions are‘larger in mag-
nitude than thenA(n-,X)B excitation functions untilfabout 350 MeV. At
this energy, tne two curves are seen to-eross and remain approximately
equal thereafter. If it is assumed that the mechanisms:of n+~and T
spallation reactions are identical (a discussion offthese‘more complex"

mechanisms is given in Section 4.3); then it might‘befpossible_that the
(m,x) cross section difference at lower pion energiee nay be>sensitive to
some aspect of eompound nucleus formation and/or de—exeitation following

pion capture.
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Considering, then, the various pion absorption reactions for the _ ;
light targets in this work and the compound'systemijormed following the

capture of the incident pion, one would have the following processes ' oo

14, m 16 11C

N — 0 ——
1) N - % .
14 s 114 ' 11

N T—|"c | —— C

16 o

- 0 ——L"F_
2) o L___*llc |
- \

11

16, - b [1

C

*

19 rt (9] _ 11g
3) -

19 11

- *
F. W__;,E'goj —_— " C
where the bracketed nucleus denotes an excited compound'intermédiate.i'

Two observations are derived from the above réactions; (1) All the prod-

ucts formed following nuclear de-excitation are neutron poor (ii) The

+ . . . - .
m capture reactions lead to intermediate compound nuclei that are neu-

tron poor, like the final products, in contrast to the neutron rich com-

pound nuclei formed following captﬁre. These facts may suggest that
the formation of neutron poor nuclei following pion absorption is en-
hanced from neutron poor compound Systems relative to-heutron rich com-
pound systems. - ‘ | N

At higher énergies ( > 250 MéV), pion absorpfibn should becomé less
important compared to a pion scattering-cascade-evaporation scheme (again,

/
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see Section'4,3j, Assuming this particular meChanism‘tofdominatevat
higher energies, and the fact that the totalvlnelaStlc (reaction) cross
sections for and' T aréheqﬁal for N = anUClei'(by charge symmetrY),
one could infer that o(n X) = o(n X) in the cons1dered energy reg1me

'The above proposals appear to correlate reasonably, at least qual-
itatively, with thevobserved magn1tude trend for complex pion 1nduced
reaCtions, More work on other target systems is needed; '

4.1.4 Comparison to Previous Pion Studies | |

4.1.4 A (ﬂ, mN) Reactions

' Part of the purpose of this prOJect was to check the activation cross
sections and;ratlos of Chivers and'co-workers.(7l) Figure 4-3 illustrates

comparisons between prior and present (m,mN) cross sections for 1N and

19F. The 14N_ahn £ 13N excitation functions from this work appear to be

in generally_good‘agreement with the measured.cross eections from the
work ofVZaider et‘al.(76) and Karol et al.,(79), bntfare in serious diée
'agreement with the cross sections of Chivers et al;-atv180 MeV. The
_Chirers'lsN croes sections as seen from the figure are about 4-6 thnes

~ the value for the 13N cross sections from this work; The reason for this
largetdifference.ls unclear. As mentioned earlier.in the text;bthe low

13N cross sections observed in this work are consiStent with the instability

1:(’N states w1th respect to proton emission. The 9F(ni nN)l8F

- of excited
data of Hogstrom et al. (67) and Plendl et al (66) are in serious dlsagree;

. ment not-only w1th_the magnltudes, but also with the general shape of the

| excitation functions from this work. The excitation-fUnctions of Plendl (66)

and Hogstrom (67) appear to be too narrow and do'not:exhibit,the expected
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hroadeningvot the free-particle' nN curves by the'Fermi_motion of the struck
nucleon. Generally, as discussed previously,_the'(ﬁ;ﬁN) excitation function
would be anticipated.to be approximately 1.5-to 2 times the FWHM of the
| free—partiolerexcitation function .This would imnly a FWHM for the (w,nN)
: eXcitatiOn.funetion of 240 + 30 MeV, a flgure that correlates nicely with
the observed w1dths from the present work |

| Flnally, the O(n ,nN) O Cross sectlons of Chlvers et al (71) at
180 MeV of 41 + 3 mb for 7" and 42 *+ 4 mb for n'vare_ln
good and poor agreement respectively with the corresnonding cross'sections |
 from this work at 188 MeV of 41.9 + 0.5 mb and 70'6'i'2 1 mb.
The ratlos R dlscussed in the Introductlon to Part IT as im-
, portant 1nd1catorg ég the (n WN) reactlon mechanlsm are compared for past '
andvpresent work.rn Table 4-3. At about 180f190 MeV,,the rat1o R for
all (ﬂ,ﬁN)'reactions in this work can be taken.as 1‘7»+‘0 2. Thisniéﬂin
'dlsagreement with Chlvers et al.(71) result of 1. 0 t 0. 1 in fair agree-

18F ratio of 1.52 * 0 05 from the work of Karol et al. (79)

ment w1th the
- and in Very good agreement with the ratios of 1.8 * 0 4 and 1.7 * 0.4 for
(ﬂ,ﬂN)_reactions on 16O measured by Lieb et'al.(77) These measurements,
however, are still at variance with the impulse apnroximation ralue of
about 3 at 180 MeV. Close_agreement is also observed‘betWeen the ratio
from this work Rﬁ v; = i 7 t‘OVZ and the value of: R._ 4 = 1.6 ¢ 0.1

v 12 o /n
for the C(n ,nN) C reactions near 180 MeV. (88)

A broader comparlson of the ratlos from this work to ‘those for the

12C data as a function of incident plon energy is shown in Fig. 4-4. From -
this diagram, it’is seen that the ratio R - for (w,mN) reaction on
12 14y 16 w/n

C, °'N, 0 and 19F have snnllar energy dependences and nearly equal
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. -+ . . 0
Table 4-3. Comparison of 7 /m cross section ratios for nucleons knockout

Reaction Pion R_ | : . Reference
energy (MeV) ™ /1r e '
1266,mn ¢ 180 - 0.97%0.09 C o 71
180 1.55:0.10 88
Yym,my By 180 0.95¢0.09 . 71 |
| 188+15 1.68+0.18% present work
om,my %0 180 1.020.09 : 71
' 188+ 9 1.68%0.05 ~ . - present work
215 1.8 20.4 > 77
180 1.7 0.4 P 78
Bem,my ¥ 190 1.52#0.05 . 79
' 178+ 2 1.68%0.03 L present work

184 1.11+0.14 . B .80

3he = cross section used to calculate this ratlo was 1nterpolated from
the excitation function.

16 15

b o » 1%,

Ratio measured here is for n? + 15

N 6 Mev 3/2” states.
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magnitudes, Such a comparison implies that the mechaﬂism of (y,qN) Te-
actions on these nuclei should be also similar, | '

4.1.4 B (w,X) Reactions

Thus far, there exists no cross section data iﬁvthé 1iterature for
complex pion reactions on the nuclei studied as téréefs in this work. Further-
more, prior excitation function studies for high enérgy pi6ns (> 100 MeV) on
other nuclei are few. The excitation functions for the 27AI-’(ﬂ; ,X) 1'1(3, 18F'(62) and
40Ar(ﬂ-,ﬂ; 2p) 383 (65) above 450 MeV.pion energy display no stfucture
thaf could be related to higher energy pion-nucleon resonances. The pre-
liminéry measurements performed by the LASL pion monitoring group, however,

of the 27Al(n#,X) 18F‘excitation functions101

illustrate very broad peaks
in the regioﬁ{of the (3,3) resonance, as found for the (n,X) reactions
from this work. Ih addition, the 27Al(n+;X] 18F>excitation function is
slightly larger in magnitude than the 27Al('n-,X) 18F7eXCitation function
until about 300 MeV, at which point the curves cro$s ahd become'apprbxi—’
mately equal thereaftef. The low energy 65 MeV ﬁt'spallation study on a

" Cu targetlo2

also shows generally larger cross seCtioﬁs.for ‘7" than 7.
These previously observed magnitude trends correlate'wéll with those ob-
served for the (m,X) reactions in the present study. Additional work on

- the spallation of heavier nuclei through the (3,3)-re$6£ance_would be de-
sirable. | o

4.1.5 Comparison to Proton-Induced Reactions

4.1.5 A:‘(p,pn) Reactions

Since (a,aN) reactions are expected to occur by similar mechanisms,
it would be interesting to compare cross sections forathe'well—studied

(p,pn) reaction to those for the (nt,nN) reaction. Such a comparison would
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be especially yalid for 1, which like the proton, is a p@sitively charged
prdjectiié that can change its identity thrdugh aiéharge exchange‘step.

A compariSon of cross section'magnitﬁdes is summafized'in Table 4-4.
In.synthesizing this table, two approaches were used. First, all cross

IZé - 11

sections were determined relative to the c reaction for‘cdn—
venience of.comparison. Sécond, since (p,pn) excitation functions have
similar shapes, as do the {m,mN) reactions, it was possible to find only
one ''scaling' factor (which is actually the relative cross section value)
for each (p,pn) target. This pr0cedure is entirelyvanélogous to the nor-
malization performed earlier for the comparison of (m,mN) excitation func-
“tion shapes. The method is attractive because it allows a comparison of
cross section magnitudes to be made over a véry broéd:enérgy range.
As‘Tablé 4-4 shows, striking similarities between relative (p,pn)
and‘Cn,ﬂN) cross section magnitudes are seen. SeVeraI statements may be
made from these results (1) The observed low cross'sections.fOr the
14N(ﬂi,ﬂN) 13N feactions are.consistent with the experiméntal.(p,pn)
results (2) The (p,pn) and‘(n,ﬂN) reactions may pfoceed by very similar

mechanisms. The subject of (w,mN) mechanisms, a major concernof this

thesis, will be covered later in the text. .

4.1.5 B (p,X) Reactions

A comparison between high energy (p,X) and (m,X) reéctions is somewhat
mbre difficult than that made for (wi,nN) and (ﬁ,pn) reactions for several
reasons. First, the (ni,X) cross sections do not '‘parallel" fhe 1ZC(ﬁt,nN)
¢ excitation functions as do the (" ,7N) excitation reactions. Therefore,

a single relative cross section for the entire excitation function energy

region cannot be calculated. Secondly, the cross section data for high
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Table 4-4. Comparison between (n mN) and (p,pn) cross- sectlons relative

- 0.68%0.03

to the 12 11C reactions
* Relative Cross Section
Reaction o(m ,m n) ' eo(n*,wN)A'. o(p,pn)a
12 g 1.0 1.0 S _1;0
| 14y iSN‘ 0.23£0.02 0.2140.03 :‘“ 0.16£0.03"
165 13 1.0120.06 0}97:0.d4i”ij 1.3120.38°
19 18 0.75£0.04 0.65:0.08

aCross sections obtained from Reference 38

b

Derived from cross sections in Reference 38 above 200 MeV

“Derived from cross sections in Reference 38 above 400 MeV

dDerlved from cross sections in Reference 38 above 460 MeV
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‘energy P, X réactiqns on light nuclei in-the lower GeV energy region
(<0.6 GeV) are scarce and generally, only fair at best in éccuracy.v
Still, a limited but interesting comparison was made. Experimental
and theoretical (Monte Carloj studies have iﬁdicated“that the yield dis-
tribution from pion-induced reactions should be about equal to those for
pfdtoné with kinetic energies equal to thertotal energy (kinetic + rest)
of the pioﬁ. Thus, Table 4-5 gives a comparison of éross'seétions for

14N, 16O, and 19F. The similarities

260 MeV pions and 400 MeV protons on
~in cross'sectién-magnitudes between pions and protbns is striking and
tends to support the plauSibility of the comparative épproach. Comparisons
at higher and lower energies could not be made due tora 1ackAof pion and/or
proton cross section data at the desired energieé.
4.2 Mechanism of the'(n,nN) Reaction |

Originally thought to occur by a CKO mechanism, the (w,nN) reaction -
had been a puzzle until recently with regard to its exact feacfionbpathway.
The . theories (82—87) following the work of Chivers, (71) although sﬁccess—
ful in reducing the ratio R _ , to a value less thén the impulse approxi-
mation prediction of 3 at 1g0/aev, could not sétisfaétorily explain the
ratio R _ _ =1 % 0.1. The semi-classical nucleon'chafge-exchange-ex-
change oot of Sternhein and Silbar (89) applied to the Y2C(r®,mN) 1lc
excitation functions measured by Dropesky et ai.(88) has provided By far,
the most satisfactory interpretation of the (w,nN) mechanism.

The purposeiof the immediate sections will be.to.réapply several
prior theories for (n,ﬂN) reactions to the present work and to presént com-
‘parisons of the measured cross section rétios to those calculated by the

HEVI-DFF code, described in Part I, and by the NCE model of Sternheim and

Silbar.
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Table 4-5. A comparison between cross sections for complex pion and proton
reactions on light elements ' . v

Cross Sections (mb)

a . _a
Reaction - 260 MeV 1 260 MeV - 400 MeV p
By Mg 17,8018 19.5¢22.0  19.8:2.0%°C
1 -~ Me 17.201.8 14.451.4 8.420.8°
16 » 13y 4.2¢1.0 5.5¢1.4  6.5:0.7¢
19 11, | | b,c

F -»"C - 9.8#£2.5 - 8.4%2,1 .. 11.0£2.37?

AThe cross sections at this energy were interpolated from the appropriate
excitation function and assigned errors con51stent w1th those observed
experimentally.’ : _

10.5 mb
= 32.3mb

bReference 103; cross section adgusted to 0y, ( Na)

CReference 104 cross section adjusted to o Al 1l

[
N

~

2!

~—
"
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4.2.1 Previous Theoretical Treatments

The method developed by Robson (86) for explaining the variance of the
R_ . ratiOSpwith the simple impulse approximation values is based on a
tgeézment of the final state interaction of the outgoing nucleon with the
residual nucleus. hy choosing an isospin basis, Robson'derives a formula

for the cross section ratio for N = Z nuclei given by

- Sk e
T /n X '

where the variable x indicates the degree of coherence between the flnal

nuclear states of different isospin, and in this approach is adJusted to

fit the available data. For example, for x = 1, R _ [ = 3, which 1mp11es

a pure 1mpulse approx1mat10n (CKO) mechanism. Thug /Ehe value of should
y1e1d some 1ns1ght 1nto the (mw,mN) reaction mechanism.

Using the measured ratio R _ | = 1.7 + 0.2 frem this work at 180 MeV,
one obtains from Eq. (4-2) 'chatﬂx/T=T 0.64 * 0.14, a figure that implies
some contribution from the ISE and/or CESE mechanism and a larger direct
(CKO) contribution to the (w,nN) reaction.

In the same spirit for 19F, one uses the expreseion for N #LZ to ob-
tain -

R, = o’ -3=3 i (4-3)
T/ 3 T (1) (21-1) | |
the impulse approximation ratio, which is in severe disagreement with the

experimental value of R + = 1.68 £ 0.03. Equation (4-5) will always
T /7
yield the value of 3 at 180 MeV for any T = % nucleus (independent of a

value for yx), which can be considered qualitatively surprisingQ Thus,

the measured ratio for the 19F(ﬂt,ﬂN) 18F reactions partially‘refute the

'Y
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Robson theory, although (m,nN) mechanisms for N = Z nuclei appear to be
reasonably explained,

4.2.1 B Enhancement of Isospin States

In an attempt to understand the Chivers results,(71) Seki (83) ex-

amined the (m,mN) reaction from the viewpoint of isospin invariance. In

his theory, various reaction amplitudes were-expressed-USing the isospins

of two partiClgs in the three particle final states;;Thén, for any'en— '
hancement of aiparticular isospin state of the two ﬁgrticles, the ratio
of cross sections could be calculated. | |

This may be’bfiefly outlined. One begins with the final states from
a (m,mN) reaction on an N = Z target nucleus. It would be possible to have

the following isospin possibilities

?} = 1 (pion)
TN =% (nucleon) - . - (4-4)
T‘ = 4 (residual nucleus),

The initial sfate, however, has the incident pi6n with T = 1, and an
N = Z target nucleus with T = 0. Thus, the total isdspiﬁ must be Ttot = 1.
Since isospin is conserved » | .,
T Tty e
and when considering that the pion-nucleon coupled syStem (T + TN) =4
or 3/2, one has that TC =Y, 3/2, or 5/2. | :
The three cbuplings that are relevant would be.
1) (mwN) Residual Nucleus
. 2) w(N-Residual Nucleus) ' H'(4-6)

3) N(w-Residual Nucleus)
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where the pafentheseslimply that the isospins for the_pafticles within are
added togéther and that this result is added to the fémaining isospin
number, etc. | | |

o The‘amplitudeé for the three possible pion-nuciéon scattering re-
actions (see.Eq. (1-2) ) are then written using appropriate Clebsch-
Gordan ccefficients, and the ratio of (m,nN) cross séétions is then
fonmuiéted assuming an enhancement in a particular iSospin state of two
particles in the final state. These details are deséribed elsewhere. (83)

By using the table in the papér by Seki, one notes that a value of .

R ., = 1.5 occurs for the (Neutron-Residual Nucleus) coupling in a -
T /m _ - “ :
T = 1 isospin state. Such a possibility is consistent with the measured

value R +=1.7+0.2at about 180 MeV for 14N and ;?0 target nuclei

o/
in this work.

4.2.1 C Nucleon Charge-Exchange (NCE)

The NCE model was first developed formally by Hewson (87) to accbunt
for the discrepancies observed first by Chivers (71) between the experi-
mental and impulse approximation R _ , ratios. Although Hewéon did negiect
the process of pion charge-exchangg égior to nucleon charge-exchange, as
pointed out in the Sternheim and Silbar paper, (89) it would still be in-
teresting to compare the results of his calculationvto this wofk.

Two of the final results in the Hewson paper are consistent with the
"data from this work féf the following values for Wl,_tﬁe imaginary part
- of the opticai'potential @8] Wy = 165 Mev, which resglted in a calculated
ratio of R _ .= 1.6 (2) W, = 120 MeV, which yields R _ , = 1.90. Both

' T/ T /7

of these theoretical ratios can be considered to be ‘in good agreement

‘with the measured R = | = 1.7 * 0.2 at 180 MeV. The effect of ignoring
T /T : _
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the (n+, m* N) reaction channel, as discussed above, was not quantitatively
estimated, but it should give calculated cross sectioﬁ.ratios that are
high.

The semi-classical NCE model of Sternheim and Silbar, conceptually
similar to the‘abbve model by Hewson; is applied toltheApresent data and
is discussed later in this thesis. |

4.2.1 Summary

It has béen‘found that prior theories formulated'to explain the Chivers

results appear to propose viable mechanisms for thé (ﬁ;nN) reactions on

12 14N; 16O when recent results-are used. The one theory

1

the light nuclei C,

that could be applied to gF (N # Z) was in severe disagreement with the
experimental ratio from this work. |
4.2.2 Monte Carlo Calculations
The previously described HEVI-DFF code55 used to calculated (p,2p)
cross sections in Part I of this thesis was also used.for this pion study
in an attempt tqlcorfelaté the magnitude and shape of the (r,mN) (and
(m,X) ) excitation functions to a particular reactibn m6de1 (cascade-
evaporation) and nuclear model (Fermi gas with step'distribution density
~of nucleons). Again, a brief survey of the two programs in this code is
given in Part I and further details concerning the prbgrams is.given
elsewhere. (55) | |

4.2.2 A Computational Procedure

All conditions, assumptions, and basic philosophy that were followed
for the calculations in Part I of the thesis also applied here, with the
exception that the pion potential was changed to Vﬁ = 0 MeV. Preliminary

calculations of several 19FCn_,n_n) 18F cross sections around 180 MeV with
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V% = 25 MeV dispiayed a downshift of about 25-30 MeV;in the maximum of
the excitatiOn function.(57) Qualitatively, the direction and magnitude
of this shift is anticipated for a positive pion-nucleuo potential. How-
ever, since all (ﬂi,nN) excitation functions from fhis'work did not gen-
erally display this downshift, a potential of yﬁ #ydhwas used instead.
| For purposeS»of economy, only three cross seCtions_were calculated
for each eXcitation'function, yielding a total of 181theoretica1 (m,mN)
_cross sections;.The energies chosen were about 100,hi§0:vand 400 MeV
inorder ‘to obtain an idea of the predicted'energy dependence of the cross
sections. |

"In addition.to'the absolute (w,wN) cross'section.calculations, a
Supplemental SUhroutine named KNOCK was included'with each program to
determine the "knockout" (ﬁ mN) cross seciton. For'fhese particular'Cal- '
culations, a knockout event was deflned as one that produced a residual
(w,mN) cascade nucleus with less than the excitation energy needed to
evaporate a partlcle (generally the least bound).

" The DFF program was f1rst Tun to obta1n these maximum excitation
'energles which were 10 MeV for 13 N (obv1ou51y too h1gh this point will

150 and 8 Mev for 18

be discussed later), 9 MeV for F.: The routine KNOCK
then, would séan the cascade output and count knockout events, and calcu-
late the knockout (m,mN) cross section. It was hoped that‘such informa-
tion would be useful in the interpretation of the (n,ﬁN) reaction me-
chanlsm |

One further adaptatlon was made for the 4N(ﬂ nN) 13N reaction. The

1:"N'vnuclei with

'subroutlne KNOCK was used to choose only those re51dual
excitation energy less than 2.37 MeV, the energy of thevfirst excited

level, which (as all the levels above it) is unhound.
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4.2.2 B 'Cdmparison of Calculated and Experimental Results

The cdmputed (m,mN) cross sections are'plottedvin comparison to the
data in Figs. 4-5 through 4-7. Also shown are the‘caléulations of Bertini,
(52) which differ from the present code by assuming that isobars formed
within the nucleus immediately decay, and thus, do not interact as an
integral unit.

Generally, one observes the following results_in“a’comparison be-
tween calculatioﬁs and experiment (1). The value of.Vﬁ’ = 0 is seen to
be satisfactory in reproducing the energy at which'the.peak'maximum occurs
(2). The general energy dependence of the (m,nN) reacfions is correctly
prédicted (3). Fair agreement between calculated andvexperiméntal Cross
section magnitud¢§ is seen for the 16O(nfﬂN) 150 reactidns (4). Good
agreement between the 19F(n+,ﬂN) 18, experimental aﬁd‘Calculated cross
sections isvobservéd at 100 and 180 MeV. The calculatedzlgF(ﬁ',n-n) 18
cross sections, howevér,vare overestimated by a factdr éf about two.

13

(5). The calculatibn overestimates the "“N cross sections, even when the

instability of its excited states is taken into account (6). The computed

19 4N show no drop, but rather a flat

Cﬁ+,nN) cross sections for ~°F and 1
energy dependence above 180 MeV. | |
- The knockout Cross sectiohs, also plotted in Figs. 4-5 through 4-7,
are génerally a high fraction of the total (n,nN) crossvséction; greater
than 90% for Cn',ﬁ‘n) reactions and greater than 80% for Cn+,ﬂN) reactions
on the light elements, indicating that at most, 20% of the total (y,;N)
cross section may be ascribed to an ISE and/or CESE (in the case of n+)

mechanism. These percentages are in aéfeement with the estimate of 85%

for a CKO mechanism deduced from an angular distributidn study of the
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The knockout cross sections were calculated ‘assuming that the
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residual ~“0 nucleus had less than 9 MeV of excitation energy.

The results of Bertini (52) are also given.
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residual *°F nucleus had less than 8 MeV of excitation energy.
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12C(p pn) C reaction (9 and imply that some form of 1ow energy de-
position knockout process, although not necessarily of the CKO variety,
dominates the reaction mechanism

It may be anticipated that although the calculated (m,nN) cross
sections generally disagree with the experimental values, the ratio of

computed and measured CToss sections ratios R + may -conform more closely.
TT/'TT'.- .

Therefore thiscomparisonamongczlculated measured'andSimplejnmulse
approxnmation ratios 1s given in Table 4-6. The two. most obvious trends
are (1) The Monte Carlo results are always con51stent w1th the 51mp1e
impulse approx1mat10n predictions over the entire energy regime (2) The
Monte Carlo andysimple impulse approximation ratios‘are in disagreement

- with the experinental cross section ratios at the'loweet two energies, -
but in excellentiagreement at the higheSt energiesi(abont 400 MeV) with
the experiment. This last comparison may imply that a CKO process dom-
inates the (w,nN) mechanism at pion kinetic energieshexceeding about 350
MeV, but that another mechanism contributes in the Vicinity of the (3,3)
resonance. It is noted here that the disagreement of the Monte Cario Te-
sults with the measured cross sections and ratios at lower energies is
-believed to be largely a consequence of the repreéentatiye nuclear model;
.and not of the cascade-evaporation model of high energy nuclear reaction;.
Potential explanations for the observed discrepancies are given later in the
the text. |

4.2.2 C Contribution of Isobars to the (ﬂi,ﬂN) Mechanism

It was speculated in Part I of this thesis that the mechanism of



Table 4-6. Comparison of measured and calculated cross section ratios

Calculated '

Pion ' _
Nucleus Energy - Measured HEVI -DFF Bert1n1a Free—Particleb-
(MeV) ' :
N 100 0.99+0.12 2.21+0.20 - 2.500.08
190, 1.68+0.18 2.74+0.23 2.04+0.21 2.85%0.10
418%  0.98+0.17 0.77:0.08 - . 0.83+0.12
16 o £ |
0 100 1.1020.11 2.06+0.20 o -2.50%0.08
190, 1.68£0.05, 2.360.20 2.68:0.20 2.85%0.10
3608 = 1.53£0.15 1.58£0.18 . - 1.67%0.06
Be. 100 1.17£0.031  2.60%0.25 2.500.08
180, 1.6840.03, 2.95%0.23 2.95£0.10
4280 1.11£0.11 1.01x0.11 . 1.00£0.06

'aRatios are caléﬁlated at 180 MeV; Reference 52
DReference 58
CCross section ratio at 97+10 MeV .
dAverage of energies 400 MeV for m and 435 MeV for m -
Interpolated from excitation function ,‘“
Interpolated ratio, assumlng relative 16O -~ 15O tross séétion
figures given 1n Sectlon 4.1.; cross 'section ratio at 98+10 MeV
gAverage of energ1es 370 MeV for m and 350 MeV for m
hSee f; cross section ratio at 360 MeV
. XCross section ratio at 96+3 MeV
'JAverage of energies 420 MeV for 7" and 435 MeV for 7

kInterpolated ratio, assuming relative 19F-4E» 18F cross section

figures given in Section 4.1.1.
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(n,ﬂN).reactiohs'could have a large contribution frém'isobar formation,
i.e., a (wi,Ii) process, where I" and I~ are respectivéiy, positively-
(n° + por n+ + n) and negatively (m + n) charged isobars. This process
would involve an interaction of the incidentvpion wifh a single target
nucleon and the subSequent promﬁt exit of the resulfant isobar'without
| disturbing the-nUCleus further (equivalent to a CKO pfbcess){

Table 4—7'$ummarizes the HEVI estimates of the tonfributions to the
(m, N) reaction. In‘compiling the table, it was required that a (ni,Ii)
“event leave the residual nucleus with less excitatién energy than neées—
sary to evaporate the least bound particle ( given by the DFF program).
Generally, the isbbarAprocess constitutes between 7;10%-of thev(nt, N)
Cross sectioh ét the (3,3) resonance energy of about 180-190 MeV, ‘and
less than 2% at 100 and about 400 MeV. o

Thus, the Monte Carlo cascade code HEVI, which;takes isobar forma-
tion and interaction into account, has predicted that isobar processes
may contribute to the (m,7N) mechanism but, in genefal;_would constitute
a relativeiy.small fraction of the total (n,nN)'crosé;section.VThese cal-
culations are meant only as rough estimations of the isobar effect in
simple pion-knockout reactions and, as evidenced by the previously men-
tioned discrepancies between calculated and measured r¢5u1ts, should‘be”
viewed with some caution. |

4.2.3 The Semi-Classical Nucleon Charge-Exchange_(NCE) Model

An interesting NCE model, conceptually similarvtb that of Hewson, (87)
has been advanced by Sternheim and Silbar(89) to explain the R _Fratios
‘on 12C as a function of incident pion energy. In this'section;n./TT

semi-classical NCE model is applied to the present work. -
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420 (1)

Table 4-7. Contiibutions to the (m,nN) cross sections as calculated by the
HEVI code ' ' : '
o Pion } % of . % of
‘Nucleus ‘Energy o(I ) total o(1) total
' -~ (MeV) - (mb) o(m ,m n) (mb) o(m ,mN)
My 100 1.00.4  1.6%0.6 0.2:0.2  0.6%0.6
190 8.4+1.2 9.5:1.4 3.0£0.7 9.5¢2.3
400 (™) o
a4z @) 0 0 0 0
164 100 1.0 £0.4 1.90 0.6420.37  1.9¢1.1
190 7.4 411 9.1%1 2.4 £0.6 6.8+1.8
350 (") 0.68:0.38  1.9¢1.0 0.2 £0.2  0.70.7
.370. (n1) E
19 100 1.5%0.5 .420.8 0.230.2  0.7:0.7
180 7.9%1.2 .71, 1.6 0.5 5.2%1.7
435 (1) o |
0 0 0.54:0.31  1.7+1.0
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j 4.2.3 A Basic NCE Theory

The theory of Sternheim and Silbar(89) begins with the assumption,

reactions may occur in the nucleus:

\
i originally made by Hewson,(87) that the following single nucleon knockout
\
|
|

Primary Interaction Outgoing Particles
) ~ 7 n
Tn | 7p (NCE)
!
TP o TP
. v n (NCE)
‘ '
TP .
LT n (NCE)
[P
T ' mn '
Lo (neE)
where
- o, = T +n->T"T +n=9
o, =7 +n->7 +n=1 Relative Units
0g = T oenow o+ p=2

Relative Cross
Section to give
Observed Product

ol(l-X)

and X = Probability of a nucleon charge exchange (NCE) i.e., p + n or

n - p.

Then for production of a (w,mN) product

0,-X(g4-0,)
R 1 172

9-8X

ﬁ—/ﬂ+ 02+03+X(61-02)

3+8X °

(4-7)
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Thus, onevmay see how an NCE process may enhanee the 7' cross sec-
tion and deplete the m cross section. The model of Sternheim and Sllbar
has also included in the above possible reaction channels the (n > N)
depletlon reactlon (charge-exchange of the E;_n_followed by charge-ex-
change of the struck nucleon) Then, following the Sternhelm and Silbar
notation, the ratio of Cross sectlons becomes ‘

 No(n n) (1-P)+ Zo (m” pom PP 9-8P C (4-8)

R 3+6p

‘ ﬂ_/ﬂ+ No (mr n)(l P)+ Zo (n p) P
where P = the probability of a nucleon charge exchange (analogous to the X of

- Hewson) . The approximate form applies only at about 180 ‘MeV for N=Z nuclei.
Interestlng 1nn1ts of Eq.(4-8) at 180 MeV are for P= 0 which yields

the 1mpulse approx1mat10n ratio of R | =3 and for P = L, expected for
w /7
large nuclei were an outgoing nucleon has no memory of its initial charge

state, whlch g1ves R = 5/6.
: n’/n
The equation for P, as derived from the appropr1ate transport

equations, is

P(T,) =% (1.- exp (-Apyopeg(T) D (T)) © (4-9)
where A = the _target mass number, Po™ 3/(4n T, ), w1th rO the nuclear
radius parameter (taken in the calculation from electron scattering data) -

NCE(Tn) the nucleon charge exchange cross sectlon as a function of
.pion energy and D(Tﬂ) = the average distance traveledaby the initially
struck nucleon as a function of pion energy. -

l NCE and D are indirect functions of the
incident pion energy. As given by Sternheim and Siibar,‘theee Variahles

As indicated-above, both o

are

|
w
=3

D = %R-A ' | (4-11)
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where R is the nuclear radius, A 1is the mean free path of the recoil

nucleon, Ty is the kinetic energy of recoil nucleon,_and g is a parameter

fit to one experimental point, usually at or near 180 MeV, to circumvent
problems in calculating the magnitude of the Pauli reduction factor.

4.2.3 B Results

14,, 16

The results'for the ratios R , on the 1ight~nuc1ei N, 70, and

19 m /1T

F from the above NCE model are shown in Fig. 4- 8 in ‘comparison to the
ratio of free-particle =N cross sections (m /w ) and to the HEVI-DFF
ratios, derived from the previously calculated Monté Carlo (n,ﬁN)vcross
sections. The Monte Carlo cascade-evaporation calculations of Bertini(SZ)

are also shown, A1l of the NCE solid curves have been normalized to an

- experimental point near 180 MeV.(105)

The agreement of the NCE model with the present data, as it was for

C data of Dropesky et al., is excellent and 1ends credence to the

'NCE mechanlsm for the (w,nN) reaction in the V1c1n1ty.of the (3,3) res-

onance. In reality, this excellent agreement is somewhat surprising in
view of the fact that the NCE model encompasses an’approach that is very

similar to the Monte Carlo intranuclear cascade method Wthh as dem—

onstrated previously and seen in Fig. 4-8, gives poor agreement w1th the

expernnental R _
T /T _
~ In summary, the NCE model of Sternheim and Silbar has been success-

, ratios in the area of the (3,3) resonance.
at R >) AR

ful in correlatlng the observed R , ratios, which were at variance
T/ ‘

with the impulse approx1mat10n predictions. It would be interesting to

obtain cross section data forv(n',nN) reactions on heavier nuclei and

N _
for (n”,mp) reactions in order to test this model more rigorously.
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4.2.4 The:NCE Model at High Energies

The NCE model of Sternheim and Silbar(89) reaches an interesting limit
beyond the region of the (3,3) resonénce, i.e., above about 350 MeV. An
increasing pion énergy TTr implies an incfeasing averége nucleon recoil

energy TN’ which is about equal to Tﬂ/S, and thus, a dramatically de-

creasing charge exchange cross section Opx» which Varies as T&l'g.
Thus, from Eq.:4—9,one would have that
~ Limit P = 0 S (4-12)
| | Tﬂ+large
and that from Eq. 4-8 for N = Z nuclei,
LimitR _ , = o(nn)/o(n) (4-13)
T /7 . , »

P->0
which is siﬁply the ratio of free-particle cross seétipns or the impulSe
approximation prediction! Qualitatively stated, aé'the'energy of the
incident pion increases, the probability of the nﬁéieon charge exchange
process approéches 0, and one has that the ratio of‘(n,nN) cross sections
is very nearly equal to that of the cbrresponding freé4partic1e pion-
nucleon cross sections. This conclusion is consistent'with the observed
excellent agreement among measured, Monte Carlo, éhd.simple impulse.
approximation ratios at energies above about 350 MeV'(see'Table 4-6).
In reality, a small contribution would probably be éxpected from the NCE
pfocess even at these high incident pion energies; but it may be concluded
that the mechanism of the (w,nN) reaction above about.350 MeV would be
almost entire CKO, with an additional small contribution on the order of

10% or less from the ISE and/or CESE mechanisms.
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4.3 .Mechanism of the.Crri X).Reactlons
| 4 3 1 Qual1tat1ve Dlscu551on
Complex p1on 1nduced reactions of the form (n ,X), where X repre-
sents a number,of-nucleons removed from the nucleus, are be thought to
occur by several mechanisms at high incident energies (i) An inelastic
or charge exchange scattering of the 1nc1dent pion, followed by a cas-
:cade evaporatlon sequence (ii) Capture of the 1nc1dent pion by the nucleus
( where its rest and kinetic energy are shared between two nucleons) and
the subsequent de—exc1tat10n of the nucleus of the nucleus by the evapor-
ation of partlcles (iii) Some complex combination of.(i) and (ii), which
would include capture of the initial pion after seueral'collisions'with'
nucleons. | o | |
Although twt,X) Teaction mechanisms were not a'major thrust of thls
vproject, it would still be interesting as well as relevent to speculate
about these mechanisms at high energy from the-limiteddresults obtained |
in this work. o

(1) Initial Pion-Nucleon Collisions are Important in Complex Pion-

Reactions - The evidence for this conclusion is seen_by the dominance

of the (3,3) resonance in the excitation functions on;the light nuclei

in this work. Initially, it was thought that the peaks,.which are clearly
observed in_Cni,nN) excitation functions, would be Washed out in the
(r,X) excitation functions due to an "amnesia" effect-in the final.re-:
sidualvnucleus.'Noting, however, that the inelastic_(reaction) Cross sec;

tion for r + 12

C exhibits a broad peak near about 150 MeV, (97) one should
anticipate that a (w,X) reaction, which constitutes a fraction of the total

pion reaction Cross section, will also display a broad peak in its
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excitation function ascribable to the (3,3) resonance for light nuclei,

14, 16 19

such as °'N, 70, and ~°F,

(2) Complex P10n Reactions have Mechanisms Similar to those for Complex

Proton Reactions - Qualitatively, this may be ant1c1pated because of the

similar overall energy deposition schemes for both protons and pions,
i.e. both may undergo energy transfefs from 0 MeV télfhe'maximum energy
possible, thereby leading to a broad distribution of final products. The
observed similarities in the yiel&s of nuclei from-ﬁigh energy protons
and piOnS seenvih_the present work and others(57,103) ihdicéte that the
caécade-evapofation model, which has successfully Correiated a large body
of proton cross section data, is also appiicable téjthe'pion data. The -
one differeﬂce in thé mechanism for‘enérgy transfer is that a pion may be
captured by the nucleus and absorbed between two nuCléohs which share
its total energy. This absorption process has been . shown to be the mechan-
ism for pion interactions with nuclei between 0 to 60 MeV (106) Pion ab-
sorptlon, however, may be-a small contribution 1n‘comparlson to a scat-
tering-cascade-evaporation mechanism at the high eﬁergies considered in
this work. At the same time, its contribution to tﬁeiréaction mechanism
should not be neglected. As a function of energy, thé,'ﬂ+ +d->p+p
reaction rises to a maximum of about 10 mb at 180 MéV énd falls rapidly,
where at 300 MeV it has a cross section of about 2.mb.(107) Pion absorp-
tion has also Béen shown to be an important process in the LEVI-DFF cal-
" culations df Hérp et al.,(54) particularly for thevﬁrqduction of'nuclei
far removed from the initial target.

~In view of the above considerations, one may anticipate that complex

pion reactions proceed according to the cascade evaporation scheme model
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applled often for protonsv with some small but significant contrlbutlon
from pion absorption on two nucleons. |

4.3.2 Monte Carlo Qalculations.

; Afcomparisohvof themeasured(n%,X) excitation fuhétions to cross
sections calculeted at three pion energies by-the HEVIfDFF code, described
in SeCtien 4.2.2 of Part II, is displayed in Fig. 4-9; The observations
may be'noted'(lj Agreement between experimental and-céidulated Cross sec-
tion magnltudes in all cases is poor. The cross sections for production

11 19 14

of F, and N are much lower than the experlmental values The

13
N cross sections.

C from
calculation is seen, however, to overestimate the
(2) The‘influenCe_of the (3,3) resonance is correctiy-pfedicted in the
excitation funetiens (3) Cross sections for 1 for é»given target and
produét appear.to be higher than the correspohding ﬁ'cross eections-at
energies iess than 180 MeV. At higher energies, the:croes sections for the
n and reactions become more equal. These calculated trends are con-
 sistent ih'genefal with the experimental excitation functions.
Thus;‘the'Mente Carlo code appears to have reaéqnahle success at

predicting the general energy-dependence of pion reactione but gives poor
agreement with cress section magnitude cempafison ihfthis work. The latter
is particularly disturbing'in view of the previous succeesful correlation
of_Cu spallation data with this same code;(103) Potentiel Teasons for,
'discrepencies between the Monte Carlo calculations and experiment are
considered subseqhently. |

4,4 Dlscrepancy between Monte Carlo and Experlmental Results
The agreement of the NCE model and the severe dlsagreement of the

Monte Carlo results with the data in the v1c1n1ty of_the:(S,S)Aresonance
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is-somemhat a surprise, because both'theoretical approaches employ similar
underlying.assumptions. Although the NCE process ishacCOunted for in the
HEVI code, (57)“it appears that'thisiparticular méchanism'is seriously un-
derestimated 1n the calculation. Such discrepanc1es may .be natural con-
sequences of the nuclear model used 1n ‘the code.
| ‘In the or1g1nal VEGAS program (53) it was assumed that the momentum
diStrlbutlon of nucleons in the nucleus was that of a degenerate Fermi
gas. Since this model is statistical in nature, it applicability to the
’11ght nuc1e1 in this work is crude at best and conceivably, could affect
' the CTross sectlon magnltudes The nuclei 14N 160 and 19F would more
accurately be represented in the calculation by the ]] coupling or shell =
model of the ‘nucleus. (108) | |
Another consequence of the Fermi gas model is that the residual ex-
cited cascade nucleus w111 have a continmuwm of exc1ted‘1evels, as given
by the level density expression p(E) = C exp 2(aE)%,;uhere C and a are
conStants and B_isvthe residual excitation energy. This treatment is
again not particularly.accurate for light nuclei, especially in the case

'13N,_Whichvhas no excited bound levels. Figure 4F6-demonstrates the

of
large-cross section reduction when the instability. of excited 13N levels
is’taken.into.account, although even then, the agreementibetween experi-
mental and theoretical cross sections in the area of the (3,3) resonance
is still poor. = |

An additional facet of the calculation may be seen as‘affeCting the
more complex“reaction'cross sections. A single averagepualue for the
binding energies of protons and neutrons is used throughout the cascade -

calculation (independent of how many nucleons have escaped) to estimate
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cutoff energies,vbelow which the cascade nucleon is captured._In reality,
“these binding energies of neutrons and protons in'the nucleus should
change with the.emission of every cascade ‘nucleon. For.iight nuclei, which
could become very qulckly neutron excess or def1c1ent w1th the emission
of just a few nucleons the variation of binding energ1es would be partlc-
uarly 1mportant- Thus, the initially fixed cutoff energles could be in
reality either too h1gh or too low as the cascade progressed and would
possibly result in suppre551on or overproductlon of certaln cascade - i
nucleons. A solutlon to this problem may be to use the correct blndlng" |
'energies throughout the cascade,‘or to apply a correction for the changing
nucleOn‘binding.energies at each step along the cascade.:

4.5 Suggested Experlments | o

As is the nature of sc1ent1f1c 1nvest1gat10n more questlons seem

to be uncovered than answered, and certainly this th351s project was no
exception. Therefore, the following are suggested as future experiments
that could contribute:additional insights to the present understanding of..
pion-induced reactlons . |
(D (ﬂ ,mN) reactlons on nuc1e1 heavier than the ones studied here and
the appllcatlon of the NCE model of Sternheim and S11bar_to the measured
R ratios. o
= _
(2) Extending (n ,ﬂN) cross sections to h1gher energies ( > 550 MeV) than
experienced in thlS work. This could accompllsh.two goals: |

(a) Confirm the CKO mechanism at these energies, if R "l o(n'n)/o(w+n)

(b) Measume the mean lifetime of the ¢N isobar 1n51dg {ge nucleus from

tbe width of,the A(n ,mN)B excitation function near 600 and/or 900 MeV.

(Momentum broadening effects make this a problem at 180 MeV) |
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) : L . B . T
(3) Further (w”,mN) cross section measurements for reactions populating . .

‘excited levels of the residual nucleus, by using counter techniques .

(4) An angular5distribution recoil study of'(ni,wN)ifeéétions, which
would become poésible only with pion fluxes exceeding_éb@ut 1010/sec.
This experimeﬁficould provide'furthér infofmation 6h tﬁé (m,mN) reaction
mechaniém. | o R

(5) Ratio measurements_for pion-induced proton knockdufvreactions around

‘the (3,3) fesoﬁéﬁ¢e on various nuclei, and the appli¢étion’of the NCE

model.
(6) Studies of.cbmplex spallation reactions on various elements by pions
and subéequenﬁAédmparisbns to proton work | >.v

(7) Total cross section measurements through the (3,3) r¢sonan¢e_fbr e

on 1*N and 19F.'.;



-156-

5. SUMMARY AND CONCLUSIONS - Part II
Cross sections through the (3,3) resonance for (n?,nN) and other

L4y, 165 ana 19 .

more complex spallation reactions on the light nuclei " 'N,
were measured by activation. The results were compared to analogous proton
reactions, to a Monte Carlo intranuclear cascade- evaporatlon model |

(HEVI-DFF) and to a new semi-classical nucleon charge. exchange (NCE) |
The combined results lead to the follow1ng conclusions: _ E
(1) The broad peaks at about 180 MeV that appear 1n;the excitation func- ?
tions for all (nt,nN) and (ni,X) reactions_illustrate;the presefvation of i

the (3,3) resonance and consequently, the concept of free-particle qN

collisions in these nucleil.

(2) All (ni,nN) excitation functions in this work have similar shapes

aﬁd.widths (FWHM) of about 250 *# 20 MeV. This peak'bfoadening indicates

that the average momentum of the '"allowed' struck neutron is about

Py ~ 180 MeV/c,'a figure consistent with those average momenta observed

for protons in‘ip nuclei. | |

(3) Striking differences in (ninN) excitation function\magnitudes are i

consistent with'shell_structure effects and the stabilities of the in-

dividual resiaual (r,mN) nuclei, o | !

(4) Cross sectidns and cross section ratios R’ g |
mw/m

excellent agreement with prior works. The measured fétlo R = 1.7%0.2

n :
at 180.MeV for all the nuclei in this work and is in excellent agreement §

, are in from poor to -

with the value of 1.6 + 0.1 determined for the C(ﬂ_,ﬂN) C system.
(5) Monte Carlo cascade-evaporation calculations (HEVI-DFF), while pre-
dicting the general energy dependence of simple pion reactions, are at

variance with the experimental cross section magnitudes and cross sections
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ratios at.the,quer energies. These discrepaﬁcies aTeIdUe, perhaps, to
‘the Fermi gas model assumption, which for light nuéléi, is'admitted1y
crude. |

(6) The_hechahism of the (m,nN) reaétion, a puzzle forisome time, is
deduced from'this work to consist of the foilowing ﬁlausible mechanisms:
CKO and NCE,_Wi;h'a'small contribution from ISE and/or CESE (about 10%)
and isobar formation (2-10%) in the energy region frbm{lOO-SSO MeV; and
almost entire1y CKO, with small mixtures of NCE, and ISE and/of CESE

' meéhanismé'abbvé 350 MeV. |

t?)vMechénishs of comblex pion spallation reactions'are'seen to be similar
:fo those for éomplex}proton reactions af energies éxceeding about 100 MeV.
Abéve this eﬁergy,bpion absorption ﬁay be a $ma11 but'sﬁill significant'.

contributor to the overall reaction mechanism.
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6. FINAL SUMMARY AND CONCLUSIONS - Parts I and II |
'Thé geneial objective of this thesis was to stﬁdy the effect of free-

particle collisions in the nucleus. This was achieVéd‘by the measurement
of cross sectioné for simple proton and pion-induced reactions over en-
efgy regions whefe the‘free-particle Cross sections displayed interesting
structure(s)..In the study of (p,2p) reactions, this\wés perfofmed over
the region above 0.3 GeV incident proton energy, whére‘a rise in o(pp),
ascribed to the onset of inelastic meson producing.collisions, occurs.

In the study Of (ﬂt,ﬂN) and other more complex pion‘épéllation reactions,
iincident pionjehergies throﬁgh the (3,3) pion—nucleonjfgsonance'were used.
A set of finél summary and conclusionsvmay be made from these two studies:
@))] Both.simp1e1réactions of the form (a,aN) and more complek reactions
of the form (a,X) ﬁay exhibit structure in their excitation functions
that is directly attributed to initial ftee—particlé‘aN‘coliisions;

(2) Cross section magnitudes for (a,aN) reactions may be influenced,
aside from'atﬁehuation facfors, by nuclear shell stfucturé and the
stability ofvthé.residual (a,aN) nucleus to particle;emission.

(3) Monte Carlo calculations of cross sections genérally give poor agree-
ment with the magnitudes of the experimental (a,aN) and more complex (a,X)
cross sections. It is concluded, that the Fermi gas mddel is not an
~ accurate representation of light nuclei for cascade;evéporation calcu-
lations. | |

(4) The mechanisms of high energy nuclear reactions indﬁced by protons
and pions are.very similar.

(5) Isobars, formed in inelastic nucleon-nucleon and elasticvpion-nucleon

collisions within the nucleus, appear to contribute, a small but signifi-



cant ( < 10%) fraction of the yield for:simple (a,aN)_reactions in this
work. .‘;‘ |

(6) The pion data_coup1ed wifh the nucleon charge-éxchange model (NCE)
gives evidencevfor the unclean knoégout mechanism(UCKO). The UCKO process,
judging frdm previous work, has not received strong.cdnsiderétioh as a

" mechanism for reactions of the form (a,aN) at_highléhérgies, where CKO

was thought to dominate.
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APPENDIX A

Measurement'of.Gamma Ray Counting Efficiencies for Ge(Li) Detectors

The calibration of the 20 cm3 planar aﬁd 30 cms‘cdaxial Ge(Li) de-
tectors for effiéiencf as a function of gamma ray enérgy was achieved by
counting a set of gamma ray standard Sources'obtained from the International
Atomic Energy Commission (IAEA)’in_Viehna, Austria. These gamma ray en-
ergies varied from 60-1333 keV. The sources, initialiyjhaving about 10 uCi
of activity,'aré summarized along with their respeétive decay character-
istics recommended by the IAEA in Table A-1. |

The counting efficiency was defined‘as the ratiq_of observed counts

-in a photopeak'to the absolufe counting rate. All photdpeaks were analyzed
by the code SAMPQ (27) and absolute counting rates Wefé calculated from
the source stfength, given by the IAEA to within 1%, with corrections.
for gamma branching ratios and decay factors. The result for the 30 cm3
coaxiai'detectdr at a distance of 10 cm is represented in Fig. A-1. The
efficiency for any given gammé ray energy‘is simply interpolated from
this curve. | | o

During the course of this work, the_efficienciés éf the two détectoré

was checked periodica11y. It was:found that the efficiency of each de-

tector never varied by more than about 2%.
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Table A-1. Nuclear data for the y-Tay standards

. NN i - Photon energy‘ | % per
Radlonuclldev | Half-life 7 (keV) : disintegration
Mpn 0 432.9 years 59.54 - 35.9
57 _ : -
Co ' 271.6 days - 122.0 R 85.0
234 - 46.8 days o292 8L.6
Na . 2.6 years ~ 511. (fromg') @ 181.1
- 1274.6 - 100.0
1376 l 30.5 years 661.6 . 85.1
>  312.6days - 8%4.8 . 100.0
0co  © 5.28 years 173.2 100.0
o | 1332.5 - 100.0
W3y 115 days . 393.0 ' Ref.a

33ource calibrated in counts/sec of the 393 keV gamma
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L i | i
5 -
‘ 1 I TR O N N B 1 IO N T (O O O
0.0 | O.l . 1.0
o Gamma ray energy ( Mev) S
Fig. A;l. The efficiency of the 30 am’

Ge(Li) detector as a function of gamma energy.
All measurements were taken at a distance of 10 cm from the aluminum cannister
housing the crystal.
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APPENDIX B

Isospin Wavefunctions and Cross Section Ratios.for the'Pion-Nucleon System

The 1nteract10n between a pion and a nucleon of definite total angular

momentum J depends only on the total isospin T wh1ch can have values

=3/20orT-= 1/2; The possible values of T3, the 1sosp1n projection, are

then * 3/2, * 1/2{for the case of T = 3/2 and * 1/2 for the T = 1/2 case.

Thus, for a given value of T and TS; it is possible to write various
eigenfunctions“for the different pionrnucleon‘combinatibns;

For example; the n+p system can only have quantum'numbers T=23/2,T

3

However, the combinations 'n;p and 7 n have Ty = - 1/2, but are mixtures

of the-T = S/Z‘and the T = 1/2 states. Therefore, the different pion-nu-
cleon comblnatlons would be added using the approprlate Clebsch-Gordan

coeff1c1ents to obtaln the following elgenfunctlons of |T T3 >

13/2,3/2)= | pa )

]3/2,1/2 )#//r%- |n a >'+V/r%- pn° )
|3/2,;1/2)=//f%. lp 7 +//h%- pm )
3/2,3/D= | nny
11/2,1/2 ) = ' : Ipa®)

| n1*) v/r%-lp T )

Conversely, any given pion-nucleon system can be expressed in terms

|1/2,-1/2>=

Gl :::3
5
A4
§
|

of the isospin states as follows

=‘3/2.



-166-

3/2,3/2)

.
lpm =] | -

| o y =/ 2 3/2 1/2) - //i |1/2,1/2)
pTT 3 | ; ’ 3 s

| pn 0 =_/§ |3/_2,—1/z>-/% |1/2,-1/2)

| n o) =/% |3/2,1/2>+/% 11/2,1/2

e =/ 32,m20 fE 2,20

| nn" ) = | 3/2,-3/2)
Now, the following'reactions

‘m +n*7m +n elastic scattering - o

it

(1) ﬂf +p >+ p

- i L= “+ . -
(2) m +p >T +p " + n>7" +n elastic scattering - 9,

(3) 7 +p >7 +n m* + n>71° + p charge-exchange- - o

scattering

3

(B-1)

can be described in tefms of a scattering matrix in isdépin space, 1i.e. a

T = 1/2 scattering amplitude associated with matrix M(l/Z) and a T = 3/2
scattering ampiitﬁde associated with matrix M(3/2). Since the scattering
matrix is indepeﬁdent of T3, the cross sections for the.prOCésses described

in (B-1) can be expressed as

oy o l('rr+p| M lvﬂ+p)|2 a|¢3/2 3/2|M3/2)| 3/2,3/2) |

a|A(3/2) |
o, altnp M| v )] (1/3¢3/2,-1/2|MG) |3/2,-1/2)

+ 2 (1/2,-1/2|M(1/2) |1/2,-1/2 |2 ot 1aG/2) + 220/2) |

Py
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0 0<l m nlMITT p)l | K 3)1/2lM( )12’1/2)°v

| L2
2L IM()IZ,—_I‘ al2a - "2 A
2 2 |
a2 1a) - A(7)|

For the one case where A(1/2) 0 and A(3/2) # 0 the ratio of cross
1.2

sections for the 3 reactions of (B 1) is 1: §~§-or 9:1: 2 . Thus one has
that
+ .
_GT(TT p) _ Gl 9
Rempmt = =7 ==% Gwo, STz 2
.-'oT(n p) 2 73 '

which is about the value one would expeet near the (3 3)'resonance. The
assumption that A(1/2) contributes neg11g1b1y to the cross sectlons compared
to A(3/2) near 180 MeV is verified by the fact that experlmentally,

R , for free-partlcle scattering is 2.910.2 (58) at 180 Mev incident

o/

pion energy.
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