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ABSTRACT

Recoil rangeé of Cll from the reaction Clz(p,pn)cjfl are presented for
incident proton energies from 0.25 to 6.2 Gev. From these datauit>is con-
cluded that a neutron evaporation mechanism cannot be the major mechanism.
The results for incident energies of 3 ond 6.2 Gev are consistent with a
fast reaction consisting of a single inelastic nucleon-nucleon collision.
Assuming this mechanism, an average kinetic enorgy of 19 Mev can oe'deduced

for ﬁhe struck neutron (before the collision) in the C12 nucleus.



. . .. . . L
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1. INTRODUCTION

The usual theoretical approach to high-energy nuclear reactions rests
)2 Calculations

of most experimental observables involve the consideration of a complex spectrum

of various kinds of collisions.v One of the most direct studies of these

‘collisions is the observation of products of the so-called simpde reactions

(p,pn), (p,2p), (p,pn+), etc. These reactions involve only a small number of
collisions, and result in residual nuclei with small energies of excitation.
Therefore the complexities of the interactions are minimized. These simple
reac%ions are, however, sensitive'to the individual properties of the target
nuclei. Nuclear shell structufe, for example, ap@eafs to have a significant
effect on cross sections ‘for (p,pn) reactions.3

At present, the experimental iﬁformation concerning simple-reactions
consists mainly_of>excitation—function measurements for (p,pn) reactions. A
few studieé of (p,2p) and (p,pﬂ-) reactions have been made.  In order to gain
a more detailed picture of the kinematics of £heée reaétions, measurements of
angular and energy distributions are needed. It is very difficult to obtain
velocity measurements for brotons and neutrons ejected in these simple reactidns,

because of the occurrence of many reactions that are more complex. However, .

‘
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radiochemical techniques are suitable for observations of the recoil properties
of the heavy residual nuclei.

Many different kinds of recoil measurements can be made — each having
its own particular experimental diff-iculties.LL Most of the experimental
difficulties arise from the fact that the recoil energies and ranges of (p,pn)
pfoducts are expected to be very small (region of kev to a few Mev). We have
chosen the Very'simple.thick—target integfal-range technigque in order to get
an initial survey of some features of the recoil properties of (p,pn) reactions
The reaction Clz(p,pn) Cll has been selecﬁed because a very simple experimental
method is possible for this éase.

The experimental method consists of irradiating a foil stack of thick
plastic targets and thick Be catcher foils. The fraction of the ctt atoms
that recoil from the target into the Be catchers was measured by direct obser-
vation of the beta radiation from target and catcher foils. From these measure-
ments we obtain the average components of the recoil range: (a) along the beam
direcfion, (b) opposite to the beam direction, and (c) perpendicular to the
beam- direction. _These measurements are sensitive to the combined effects of the
angular and energy distributions of the Cll products. Quantitative conclusions
can be reached only with the aid of a detailed theory of the (p,pn)'reaction,
Nevertheless, several important qﬁalitative conclusions can be obtained from
these initial experiments.

In the course of this study we have performed auxiliary experiments
to test the experimental method and establish the range-energy relationship.

The effect of diffusien.. of Cll from the plastic targets has been investigated.
It has been eStabliShéd'that this diffusion effect is very small for the
polystyrene targets. In drder to establish the range-energy relationship we

have measured the range .of Nl3 formed in the Cl3(p,q;)Nl3 reaction. The

2,6

¢«
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kinematics of this reaction have been determined by other work;ers,7 and our
measured average range has been correlated with the known distribution of

recoil velocities.

II. EXPERIMENTAL METHOD

We ﬁave performed a number of thick-target recoil experiments with
plastic,térgets and Be catcher foils. The basic target diagram 1s shown in
‘Fig. l; - One or more of these stacks of foils were Elamped'togéthef and éi~
posed to proton beams from the Berkeley Bevatron, 184-inch cyclotron, and
60-inch cyclotron. After irradiation the foils were separated, and the
relative amounts of ClL(N;3 in the GO—inchJCyélotron experiments) in the
targets and. catchers were determined by end-window B proportional counfing.
The direction of the proton beam was parallel to the normai to the‘taﬁgetﬁ
piane for "forward-backward" experiments, and at an 8C—deg.angle for -
"perpendicularq experiments. The target holders have been described else-
where.

The targets were polystyrene and polyethylene foils of 2‘to 3 mg/cmz,
~ Beryllium foils (from Bruéh Beryllium, Cleveland, Ohié) ofm% or ~ 10 mg/cm2

3

were used. Targets and catchers were cub to known areas by using stainless

3

s

steel templates. For 60-inch cyélotron studies of the ¢t (p,n) '3 reaction,
both target and catcher foils were cut to an area of 3.62 cmz. In these
studies a collimated external beam was used. For Bevatron and 184-inch
cyclotron studies of the Clz(p,pn) Cll reaction, targets and catchers were
cut to areas of 2.33 and 3.00 cmz, respectively. The larger areas of. the

catcher foils ensured that no recoils were lost from the target edges in

these internal beam exposures.



-3a- : . UCRL-9911

)

Backward " Forward
///’“f~/\—”‘\\\ ///—\\_AN,/-N\\

Guard Blank Catcher Catcher Blank Guard
—_— - Target |
Beam direction

in forward-backward

experiment |

Be plastic - Be

MU-25282

Fig. 1. Target diagram. v



!‘,e

e -~ UCRL-9911

Plastic foils were washed witﬂ methyl alcohol and-distilled water.
The Be foils were cleaned in various wayse— always including'washes with
petroleum ether, distilled water, and-acetone. .

After irradiation the blank, catcher, and target foils were rigidly
mounted on Al plates for. counting. Samples'were.fixed te the counting plate
With double—faced'adhesive tape, and covered with thin plasﬁic (abeut O,Slng/cmz)e
The most active areas of the foils were centered on the-counfing plates, and
the side of the Be catcher foils that faced the target was mounted toward the
counter. Simultaneous counting was usually done on a group of end-window P
proportional counters gated by a single off-on switch. In some experiments the
samples were rotated from one counter to the next, but this was found to be
unnecessary because the relative efficiencies of the various counters differed
by less than 3%4 In a.few experiments Y counters were used.

The usefulness -of these éxperiments as a meaeure of recoil properties
of the nuclear reaction depende on a knowledge of the relative importance of
thermal diffusion and recoil phenomena. It is known that some Cll-diffuses
out of plastie foils in the form of hydrocarboné,9 We will refer to loss by
diffusion effects as hot-atom loss. It is essential to evaluate .the following
effectsc on these experiments: (a) a hot-atom loss from the plastic targete,
(b) retention of activity on Ee catchers as a result of hot-atom loss from
the plastics, (¢) not-atom loss from the Be catchers, and‘ (a) the dependence
of the above effects on irradiation conditions such as beam intensity.

. The hot-atom loes from,polystyfene tergets_has been,measﬁred.both by
absolute measurement of gaseous Cll and by relative measureﬁents of retained
Cllo In twowseparate experiments a stack of polystyrene foils was exposed tQ
neutrons produced from 48-Mev O bombardment of thick Be. The plastic foils

were mounted in an evacuated glass tube. After irradiation the gaseous activity
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of Cl; was measured by sweeping it into a proportional counter with inactive

methane carrier.lo .The'Cll retained in the plastic foils was measured by
end-window B proportional counting. A similar tube not containing plastic
was Simultaneously:irradéated as a blank. The blank activity was about 10% \  1%
that of the sample.

A group from the Brookhaven National Laboratory has made similar
measurements of the hot-atom loss from polystyrene and polyethylene foils.9
We - have measured thé specific activity of C:L:L activity retained in the plastic
used in' this work, relative to some plastic foils from the Brookhaven group.
. The -polyethylene and polystyrene foils from Brookhaven were about 7 to 10
.mg/cmz thick; in our work we used thinner foils. The dependence of counting
efficiency on sample thickness was measured as described>in the Appendix° ~The'
hot-étom loss from Brookhaven polystyrene was taken to be 3+1%, and from the A
Brookhaven polyethylene was faken to be 14i3%all With these values as reference
standards, the hot-atom loss from our plastics has been calcuiated from measure—
ments of relative amountsfof Cll activity retained in stacks of plastic foils
exposed to 6.2-Gev proton beams. Various methods were usea in the alignment of
the different plastics and both f and ¥ counting were used for the rélative
activity measurements.

The results of all ﬁeasurements of the hot atom loss are shown in
Table I. In the last column appears the measured hot atom loss. Most measure-
ments were for dﬁplicate foils and the errér shown is the standard error of
these determinations.~ The hot agom loss from our polystyrene was onl§ about
3% but for polyethyLene it was -about 12%. Thus it i1s possible to correct the
observed target activities for this effect. |

The results of the high-energy ( >.250 Mev) récoil.experiments show

that the ratio -of the .observed Cll activity in the forward Be catcher divided
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by that in the backward catcher is the same for polyethylene and polystyrene
fargetS'(see.TableJEI in Section III). - The amount of‘CJ‘l gctivity obsérved:in
the Be catchers, was only about'ﬁ% of the total produced. _I£ is clear that if
any appreciable fraction of the hot-atom activity lost from the polyeﬁhyiéne
or polystyrene targets was retained by the Be, ‘then the observed forward-
baékward ratios would differ for the two materials. However, the observed

forward-backward ratios are essentially the same for polystyrene and poly=

.ethylene'target%. Thus we conclude that essentially no Cll observed in the Be

catchers is from hot-atom effects in the plastic targets.

\

Tﬁé'ﬁgééfbility exists that some Cll was lost from-the Be catchers by

hot-atom effects. Since no volatile compounds of C and Be are known, this

possibility seems unlikely. It is known, however, that some Beryllium oxide

must be-preseht on the surface of the Be foils. Thus some possibility exists
for hot-atom loss of CO or,COz. We have made a preliminary search for Cll~ .
activity in the form of COZ' From experiments using neutron irradiation of
plastic targets and Be Catchérs, it has been possible to set an upper limit

on the Cll as COZ' Léss than 30% of the Cll activity in the Be foils escapéd
as COZ; This limit does not:rule out the possibility of significant loss of
oxides of carbon. Nevertheless we ha&e progeeded in analyéisAqf the data with
the assumption that this effect/can be neglected.

At most bombarding energies, experiments were performed with quite
different beam intensities. In’every case the resﬁlts were.indépendent of
beam intensity.

To summarize the effects of hot-atom loss, we cogclude that polystyrene
targets - lose a negligible frgction-(m3%) of the ¢ activity produced. This
hot-atom activity is not retained by the Be catcher foils, and therefore does
not -appreciably affect the range measureqents. ~Al]l measurements have been found

to be independent of beam intensity.
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Table I. Measurements of hot-atom loss of Cll from plastic foils.

Experiment | ‘ -Type of _ Material _ Hot-atom

numbexr ~~ counting - loss (%)
s=T IR B(absolute)® | polystyrene -~ . 3.8
s-k : - p(absolute)? polystyrene 3.4
16° : B | polystyrene’ 0.9%2.0
16 | Y polystyrene 1.6%3.5
17 B polystyrene -0.7%2.5
17 Y polystyrene 2.0t1.5
18 B polystyrene 1.5%1.0
18 Y polystyrene .~ 3.2%1.0
16 B polyethylene - 10.1%2.5
16 Y polyethylene 11. %2.5
17 B polyethylene 4.7
17 Y polyethylene 14,8
18 N : B - polyethylene 12.8%5.0
18 S Y polyethylene '13.5%6.0
® The ¢t

activity in the gas phase was observed.

® 14 experiments 16 to 18, Cll.activity retained in plastic foils was measured

relative to standard plastic foils.
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VIII. ANALYSIS OF EXPERIMENTAL RESULTS

. Egpefiﬁental obserVafions;for a:typicallhigh-energy’(>:256 Mev)‘:.
irrédiation afe'given in Tableﬂli.. The first column gives the foil desigha-
tion (see Fig. 1), andAtheAsécénd, the material. The third and fourth columns
give the résults*of the first and last counting. These data show that'the~:
counﬁing rates of the Bé foils afe-almost e@uivalent after the Cll in the
térget has deca&éd away. This activity is attributed to activation of
;fimpuritiés in the Be foils. Hoﬁe&er, the firét counting shows that the Be
recoil éatcher foils have,significantly'more acﬁivity thaﬁ the blanks. We
_attribute,this additional activity to recoil atoms of C:Ll from the target
that have come to rest in the catchers. (See‘the'diséﬁssion ofEhot~atom
effects abéve{) |

The amount of C':Ll activity in the recoil .catchers has been determined
by correcting the observed coﬁnting rates for acfivation bf-impurities; The
relative activities of the Ee blank foils were essentially independent of 7
decay time. The variaEion.in the magnitude of these couﬁt rates is attributed
to imperfect alighment of the Be foils, and to variations in the quahtity
of impurities.

The last counting wes takén as & meaéuré-ﬁf‘thé relative ééﬁivities
due to impurities. For each counting time, t, the actiyity~of each Be—gafcher
foil due to impurity activation, Ai(t), Wés taken to be the anrage"blank :
activity (B(t)) ndrmalized.by fhe‘final counting rates:

Ai(final counting)
Ai(t)=<B(t)> TB (final counting)) °

The activity due to impurities, Ai(t), was subtracted from the gross activity

of each catcher for each counting. After subtrection the 20-min decay period

11

of C7 was observed in all but one experiment. This one experiment was rejécted.
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Table IL. Activation correction in a typical Cll recoil experiment.a

Sample ‘ Type Count rate Count rate Count corrected
' after mlﬁlmin after ~7 hr for .
(cpm) (cpm) - activation
Blank Be _ 3198 30
Backward : ,
catcher. - Be o o 7063. o 2 o 3916
Target Polyethyleneb 194753 < 3 ' i9h753
Forward ,;ﬂ, o ' '
catcher Be ' 2265k » 26_ v - P
Blank Be 3789
Backward
catcher Be o 769M 3t hOkT
. Target polystyrene’ 189273 <3 189273
Forward ‘ L e . ’
cateher . Be C 14330 28 - 1102k
Blank . -Be _ 2917 23

& This particular experiment was for 6.2-Gev protons.

b The thicknesses of the polyethylene and polystyrene were 2.40 and 2,08

mg/cm?, respectively.

[
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The fracpions (F) of the ectivity in each catcher were taken as the average
result of tne first several counte The prec1s1on of the actlvatron correctlon
is reflected by the reproduc1blllty of the measurements (see Table III)

The average component of the range in the forward direction is defined
as the effectlve forward range. It is given by the product (F W), in Wthh
FF is the fraction of the total C act1v1ty observed in the forward Be catcher,
and W is the target thickness. 5’ Similarly, the effective backward range
is given bvaBw_ We define the effective perpendicular range as(ZERW),in :
Which_EP is the average.fraction of the total Cll activity observed in the
l_Be catchers. for exposures with,theJtarget plane at 10 deg to the beam direction.
(ZF‘W)leMG average component of the range on a line perpendicular to ‘the beam.
It can be shown that this effective perpendlcular range (ZF W)ls 2/% times
the average component of the range on a plane perpendicular to the beam. |

A summary of the experlmental data for the reaction C (p,pn)C
shown in Table III The first column shows the nominal beam energy. Beam
energies of 0.25, O.MO% and O.YQ Gev were obtained from different radiel
positions in the iBh—inch cycloﬁron} 'The other irradiations were performed
at tne Bevatron. ' The second column gives the number of>experiments; »The‘
third through the fifth columns give the effective ranges, and‘the last
column givee the ratio of the forward to backward ranges (or fractions),
FF/FB. The quoted errors are the epandard devietions‘of the mean (or standard.
error). Figure 2 shons the dependence of the measured effective ranges on
proton energy.

A very similar procedure wasrused for the analy51s ofA6O inch cyclotron
irradiations. In.these experiments C l activity could not be produced because

11

of the high threshold for the reaction Clz(p,pn)C . In these experiments

10 min. N13 was observed from thenreactions, Clz(p;Y)le and Cl3(p,n)Nl3.
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Table III. Thick—target recoil data for ‘the Clz(p,pn)cll-reaction

Incident Number Effective Effective Effective Forward

energy of forward backward perpendicular _backward
(Gev) experiments  range(FpW) range(F_W) range(ZFEW) ratio
' ' ' 2 2y
(mg/en®)  (mg/en®)  (mg/en®) (7 /7)

Polystyrene Targets

0.25 I © 0.144£0. 004" 0.0309+0.003 4,760,144
0.25 2 - 10.185+0.011
0.40 L 0.1k1*0.002 - 0.0368+0.001 _ 3.81£0.05
0.40 2 o o 0.193%0.005
0.70 3 0.132£0.006 0.0364+0.001 E ‘ 3.73%0.08
0.70 2 | ' ©0.185%0.011
3.0 1 0.118 0.0431 2.75
3.0 2 : | 0.179%0.007
6.2 ST 0.115+0.004  0.0469+0.003 ' 2.50£0.13
6.2 2 0.155+0.001
Polyethylene Targetsa’
*0.25 2 0.135%0.008  0.0290%0.006 | 4.81£0.7
0.40 1 0.137 0.0342 .02
0.40 2 o , _ 0.175%0.006 .
0.70 1 0.142 . 0.043 - | | 3.3
C.70 1 | | 0.160
3.0 1 0.112 0.0382 - : 2.88
3.0 2 . - 0.162+0,002 ‘
6.2 3 0.109+0.002  0.04210.002 2.60£0.08
6.2 3 - 0.153*0.009

% These data have not been corrected for hot-atom loss from the plastic targets,
or for counting efficiency. These combined effects are estimated to multiply
the tabulated ranges by 1.00 for polystyrene and by 0.91 for polyethylene.

b The errors are the standard déviaﬁion of the.mean;
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Fig. 2. Effective ranges as a function of bombarding energy. ‘The
effective forward range is FpW, the effective backward range is

4

FBW, and the effective perpendicular range is ZFPW.
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No studies of hotvatom effects were performed; the.assumption is made that
these effects are negligible. In these reactions the momenéa of the ejgcted
neutrons or photons are such that all Nl3 recoil atoms must be directed forward
in the'laboratory system. Thus the Be foil jgst behind the target should
contain no N13 atoms that were produced in the target. This expectation is
consistent with the counting data. In these experiments the prdtonfbeam v
energy was changed significantly from'oné f@il tonthe next. For this reason
the‘decay curves.fof the various blank foils changed in a regular manner. .The
activation corréétioﬁ was estimated by piotting the blank foil activities from
each counting as a function of‘beam energy. This procedure -is rather crude, '
- and the resulting range values are_probably in error Dby about lO%.

The results of the N13 experiments are given in Table. IV. The beam
energies were calculated from»range—energy tables of Sternheimer,13 and the

nominal maximum proton energy of 12.0 Mev.

, N I l .
Table IV. Thick-target recoil data for the Cls(p,n)N 3 and Clz(p,Y)N13
reactions.

Incident energy Effective forward
v | _ 2
(Mev) range (mg/cm”)

4.86 ‘ 0.1k

4.86 . S 0.12

5.65 | 0.1h -
6.54 . 0.14 |

<@
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IV. DISCUSSION

- A, Scattering and the Range-Energy Relation

The keys to the interpretation of any recoil range'studj are (a) the
- effects of scattering of the gecéil atoms, and (b) the knowledge of the range-
energy relationship., o . : ' o
Concerningvscattering effects, very little quantitati?e information
isawa.ilable.-lu’l'5 Some expériments with fission producfs have;demonstrated
that scattéring effects cause errors of as much as 5% in effecti&é féngeé
measured byvthe thick-target method.15 Theée errors are caused By preferential . !
écattering of recoils out of a target of heavy atoms (namely U) and into a
catcher of much lighter atoms (nameiy'Al). In our experiments thé masses 6f
the ﬁarget and catcher atomsvare so similar that we feel justified.in neglecging
scattering. We have analyzed the results gs if thg éecoils followed a straight
path. However, the actual assumption made is that deviations from a straight
path are identical in all experimeﬁts — range-energy experimeﬁts and nuclear
reaction studies; The whole anaiysis depends only on thé'relative ranges
measured in different experiments. I
No quanti%ative theory of %hé stopping procesé is available for the
energy region of interest here. However, some range-energy data for~Nl are

available in the literature, and these data are shown in Fig. 3.16 These - data

can be adequately represented by an empirical relationship between average

4

range, R, and energy E:
[ ’ : 04 N
~ R=kE . , (1)

The values of Q are about 0.8 for. all stopping materials, and thus Wwe assume
that this value is appropriate for Nl3 and-Cll atoms in-plasfic targéts. It
has been shown empirically that & is not extremely sensitive to velocity. or

stopping material.l.z’llL
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in various materials as a
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Some method of converting range data for a given recoil atom and
stopping material to another recoil or stopper is needed. The Bohr theory

of the very-low-energy stopping process predicts that average range is pro-

&iortional to energy for AR>>AS:;7

R_=BE, - : (2)

where

AS(AS+AR.)(ZSZ/3+ZR2/3)1/2

1% R

B=0.600 , B3
Here, Z and A are atomic and mass ﬁumberé with subsoripts S for stopping

atoms and R for recoiling atoms. In a previous paper it has been shown

empirically that this relationship gives reasonably accurate conversions

- of range-energy data.lz This observation held true for AR'w AS and for recoil

energies greateér than those appropriate to the equation. Thus we will assume
for‘conversion purposes that k values in Eq. (l)'stand‘in the ratio of B
values in Eq. (3).

| The purpose of the range measufements for ng was to'get-a calibration
measuremeht for the range-energy relationéhip; It was necessary to determine
the main reaction respoﬁsible for I\T:l'3 produc£ioh — Clz(p,T)N13 or Cl3(p,n)N13.

The relative cross section for Nl3 production in polystyrene was

determined in a separate sories of experiments. This excitation fuhction
follows closely the'shape of the 013(p,n)Nl3 excitation function determined

T Tnis is evidence that the ClZ(P,Y)NlSAreactiOn does

by neutron deteétion.
not contribute appreciably to the N13 radioactivity we obseived. The
excitation function for N'3 that we observed showed a shift in the energy
scale from expefimént to experimenﬁo We attribute this variation to
fluctuations in the initial‘energy of the proton‘beram° From the fluctuations,

7

and:from the comparison.of our excitation function to that;ofFDagley et al.,



-15- UCRL-9911

we can estimate errors for the incident energies in Table IV to be anut
*0.3 Mevf e |

As previously stated,‘if.is-likely that the lO—min Nl3‘activity=that
wé observed is mainly from the ClB(p,;n)ng réaction. The kinematics of
this reaction are known from éxperimental data. There are no excited states
of N:L3 that-decay by photon emission to the ground state. Thus the kinetic
energies of the emitted neutrons as a function of angle are specified by
the Q value vathe reaction. Dagley et al., have measured. the angular
distributioh of the emitted neutrons for many incident proton ehergies.7
From these data, the energy‘and angular distributions of the le recoil
atoms can.be calculated. |

Consistent with the daté_in Fig. 3, we assume that the recoil distance
is proportional to the initial enefgy, EL’ in the laboratory system to the
power 0.8. In these experiments-we have measured the effective forward
range or‘thé average <RF> of the components of the range along the beém

8

direction. The ‘average quantity (Eg' cosQL), where cos®; is the laboratory’
angle of recoil with respect to the beém, caﬁ be evaluated from the kinematics

of the reaction. . From the relationship
ooy /0.8 : ~ |
<B§¥?k<EL cosQL) | (&)

we. have determined the value of 0.176 (mgvcﬁzMev-O'a) for k of N13 recoils in

v ' 13 - 1z , 13 .
. polystyrene. (1f 20% of the N observed was produced by C- (p,xi)N reaction,
the value of k would be changed by less .than lO%Q This determination was made
only for the range datum at 5.65 Mev, because the neutron angular distribution
is not sharply dependent on proton energy in this region.7 From the value
of 0.176 for k of Nl3.in polystyrene a value of 0.213 for k of_Cll recoils in

polystyrene was obtained by the. conversion procedure previously described.
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Thus the rangeéenergy relationship used for Cll in polystyrene is R=O.213EO'8,

with range expréssed in mg/cmz'and energy.in Méﬁ.' This relafiohéhip has
beeﬁ obtained from recoils of up to ~'i/2 Mev. 2Wé use the-relationship for
recoils of ~2 Mev.
This range-energy relationship can be tested by twﬁ‘compar156né:
(a) Thevmeésured ratio of rahges of Cll_in polyethylene (CHz) to polystyrene
(CHl) is about Oj83 (see Téble.III).v The calculated ratio, using Eqs. (2)
and (3).to éStimaté the felaﬁive stopping effééti?eness, is 0.84.
(b) From the data for Nlu in carbon,l6 using the ;dnversion method previoﬁsly

described, a value ova.ZSFfor k of Cll in polystyfene has been calculated.

> This Value differs from ours by only about 20%.'

B. Recoil Consequences'of Several Reaction Mechanisms

Let us cqnsider four possible mechanisms for the (p,pn) reaction:
(a) a low—depositioh (p;p‘) process congisting of an glastic nucleon-nucleon
collision followed by neutron evaporation oﬁ a.slow“time ?cale, (b) a single
inelastic collision with a neutron having an isoﬁﬁopic momentum distribution,
(c) a fast reaction consisting of an elaétic préton—neutron collision, and
(d) a single inelastic collision with a neutron having an anisotropic momentum
distribution. For each mechanism the limi%iné case of high inqideﬁtvenergy
(E% >> 931 Mev) is discussed. Neutron'evaporaﬁipn'(a).is found to be in-
consistent with the recoil data at all energies. Vafious cémplications-
prevent a detailed éonsideratioﬁ of the role of eiaétié collisions (c). It
is concluded that for the highest energiés a fast reaction consisting of a single
inelastic collision is consistent Wifh these data. 'By using this mechanism,
the average kinetic energy of the struck neutr@n:ié found'fo be 19 Mev. Detailed

discussions of the above four possible mechanisms for thev(p,pn) reaction

follow.
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Neutron evaporation follow14g,(p,p ) reaction Consider a process in

which the incidentvproton_strikes a C12 nucleus — imparting some ex01tation
energy and leaying an excited Cl2 nucleus. Then, on -a much slowerrtime scale,
imagine‘that a neutron is evaporated. According to the Sernerxnodel of high-
energy nuclear reactions, the initial 1mpact is between the 1nc1dent proton
and one (or poss1bly more) of the nucleons of theC 1z nucleus.l Let us assume
that an incident proton strikes a nucleon in the C; nucleus; and then the
incident proton passes out of the nucleus (We Will consider only elastic
collis1ons because it seems unlikely that a lOW'energy nucleon can result
from an 1nelast1c collision.) The struck nucleon does not escape from the
C12 nucleus, but its energy is taken up by the.whole nucleus and converted
into excitation energy. The excitation energy is then dissipated by nucleon
evaporation and photon emission. The separation energy of a neutron from

ot is 18.3 Mev. Thus the initial impact must deposit more than 18.3 Mev if

the final product is to be'Cl;.'vAlso, the initial impact cannot impart mucn
more energy than about 50 Mev, because the pfobability of eVaporating only
one neutron from a highly ekcited nucleus is small.

' For the case of:high bombarding energies we need consider only'a single
collision event in the fast stage of the reaction. This is because the
'probability of transferriné in one collision only a small amount of energy
(< 30 Mev}vis small? Correspondingly, the probability of a two-collision
event.depositing'the same amount of energy is given byba productAof two even
smaller probabilities, and;so forth. It is convenient to resolve the re-
sultant'laboratory'velocity of the final Cll nucleus into-two partsf tne
lvelocity due to the initial impact, 12 and the velocity due to the neutron
evapofation~X; ﬁn#ectof diagram is shown in Fig. L. The initial impact

velocityy_ak may be described by a component along the beam direction, vyl
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4

Beam direction

MU-25285

Fig. 4. Vector diagram. The vector y has component v, parallel to the
beam and component v, perpendicular to the beam. The vector V is.
directed at an angle*e with respect to the beam. The resultant
laboratory system velocity Vi, is the vector sum of v and V, and is
directed at an angle 6 with respect to the beam. "
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and a component perpendicular to the beam direction{ v . Let 6 denote the
angle between ﬁhe directioh oflx\énd the beam. The angular distribution,
W(Q),of;z‘due to evaporatiqn is expected to be symmetric about the 90-deg
plane. For simplicitylwe will consider w(e) to be isotropic. |

With the above assumbtions we can discuss the expected magnitude of

the velocities VH, YL’ and V, and compare them with the experimental range
data. Consider thg»colliéion'of a'very—high—energy (Eb ?> 931 Mev) incident
proton and a nucqun im‘ClZ. If only a smalllamount of energy, E(in Mev),
is given to the struck nucleom, then the incident proton is deflected only
sliéhtly from its“original direction. The struck nucleon is directed almost
perpendicular to the beam with. a total momentum of (2X931XE 1/2 Mev/c and a
forward momentum component of about E Mev/c. Therefore the stfuck nucleon

H . ' =
is directed at an angle Gl such that learc cos[E(2X93le)-l/2J° Thus

v~ B/12 CMem/;)(amu)_l - ”'“”(5)

and

v (1a2)(2030@) 7 (Mev/e)(am)h (6)

The maximum;kinetic energy of an evaporated neutron would be (11/12)

(E-18.3) Mev, and the minimum kinetic energy approximately (11/12)(E-8-18.3).

( 8 Mev is the separation energy plus the effective Coulomb barrier of an &

. 11 3 . . : 11 .
particle of C™7. The separation energy of a proton or neutron from C is
larger.) Thus from this evaporation stage, momentum conservation requires
that

1/2

~(1/11) 2x931(E 18. 3)(11/12)] (Mev/c)(amu)—;ul(Y)

and |
- 2 (e o)) (@)

K 1n:(l/ll.)[2X931(E—8—18.3)(11/12)ﬂ
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We see that this mechahism predicts that Yi;>> v, and V. For this situation

I

the measured effective ranges are related to the various velocities as follows:

(R + ) M@y ()
2WFy, ~(2/x) K1 (10)

and. .
W - Fp) w(k'e ) ). (1)

where k' is a.constant.

These equations are correct only to first order in (V/v) and V“/V. If V is

indeed less than v, then L/r W(FF+FB) must be less than (2W FP). However,

we see from Table III that this result is not observed for any bombarding

energy.. This evaporation mechanism leadsito values of YL-that are much ooo
large with respect to v or V. This argument has beon made for Eﬁ> 931 Mev,
but Egs. (5) and (6) can be modified for Eb;; 250 Mev, and a similar»result
is obtainod. Evaporation processes induced by Coulomb excitation? or by
interactions with clusters (suchAas a particles) in the nocieus,Aalso predict
the same qualitative result, namely YL >> v“ and V. Thus we conclude that ‘
neutron evaporation aftor elastic cascades does‘not aocouﬁt for the major

11
part of the mechanism of the Clz(p,pn)C reaction at any energy greater

than 250 Mev.

A single inelastic collision with a neutron having an isotropic momentum

distribution.. Consider a process in which the incident proton strikes a

neutron in Clz, and both nucleons -— along with all mesons created — escape
from the nucleus with no further interactions. In this section we consider
that the«struck nucleon has an isotropic angular distribution (before the
colliéion)._ This situation WOuld resuit.ffom the participation of many
Quonfom states; Létef we conoider the struok nucleon‘to‘have an énisotropic

angular distribution. The residual nucleus 1is excited Cll. If the final
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product is to be 20-min Cll, then the excitation energy must be less than

about 8 Mev, otherwise particle evaporation is expected.

R

We may visualize the reaction in terms of the independent—particle
model. The‘nucleons of the target nucleus (Clz)iare in motion wiﬁh an
average kinetic energy, KE, inside a potential well of ‘depth PE.- The
separation energy -of a neutron is the minimum difference between its -PE and

its KB (18.3 Mev for 012).

The incoming nucleon enters the nucleus, collides
with a nuéleOn, and the collision partners escape. The residual nucleus
recoils as the iﬁcideﬁt,parﬁicle enters the well, as the particleé collide
(if the potential energy ié veloéity dependent),_and as the partiéles'leave
the Wéllg -Fbr'ihélastic collisions the coilision partners emerge from the
nucleus in a narrow cone aloﬁg the incident beam direction.

Let us first consider the case of a single inelastic collision at high
energy (EB>> 931 Mev). The incident proton has a momentum of‘aboﬁt Eb(Mev/c).
The emefgihg nucleons and mesons move in almost the same direction as the
incident .proton but have slightly less total'kinetic energy. The removal
of the neutron requires an expenditure of 18.3 Mev} and residualiexcitation
energy of the Cll nucleus can be as great as é 8 Mev. Thus'the emerging

momentum is less than the incident momentum by 18.3 to about 26.3 Mev/c. In

the vector diagram (Fig. %) this corresponds to

v=(1/11)(28.3%0 26.3)(l+2x93l/Eb)JT/27.(Mev/c)(amu)_l - (12)

and

v, =0. ' (13) v
After this neutron removal, the C nucleus finds itself with a momentum
hole" corresponding to the momentum of the struck neutron before the collision.

This momentum hole gives fise to Cll recoil mdmentum eqﬁél in magnitude
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[(2X931XKE)1/2 Mev/c] and opposite in direction to the momentum of the .

nucleon before the collision: We first consider that this momentum has an
isotropic angular distribution (W(6)=1) and corresponds to V in the vector
diagram (Fig. L) of V=(l/ll)(2X931XKE)l/Z(Mev/c)(amu)_l, and so this mechanism

v, ~ 0, and that W(6) is isotropic. The equations .

predicts that V >> Vi f

relating the effective rangeé to the velocities for this situation are as

follows:
W(FF+FB)=k/2:(KE)O'8[1+1‘69(VH/V)2], | (14)
ZW(FP)=k/2(KE)O'8[l+O.l95(vH/V)2J, o (1%)
and ‘ ' ' ‘ . _
(T )=k(1®)° O (v, 1) (1.20). (16)

The relationships are correct to second order in (VH/V). The values of v“
and. KE have been calculated with these equatidﬁs, and are listed in Table V.

We ﬁotelthat_the values of § are approaching the prediction of Eq. (12).

I
The values of KE from forward-backward experiments [Eqs. (lh) and (16)]

and from perpendicular experiments [Eqs. (15) and (16)] are in general not
quite consistent, indicating that aﬁ important effect has been omitted from
the analysis. (This .inconsistency is, in general, much greater than expected
from the experimentalrérrors.) However, the mean value of about 19 Mev for

KE leads to an effective potential energy of 37 to 45 Mev, which is in

reasonable accord with experimental fits to the optical model.

Fast reaction consisting of an elastic collision. The case of a single

elastic nucleon-nucleon collisionvleading to a (p,pn) reaction is much more
complicated than the inelastic case previously discussed. The nucleon-
nucleon collision data indicate that for elastic collisions low-energy

1 :
transfers are most probable. 9 Thus, momentum transfers are directed
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predominantly almost perpendicular to the beam_(in»tpe-framevof the struck
,nucleon). The magnitudé of ‘the most probable‘momentum transfer'for elastic
collisions is indeed of the same order of magnitude as the intrinsic momentum
of-the-nﬁcleon inside the nucle@§9: therefore a large effect of the Pauli
exclusion principle is expected. Only those collisions'that result .in
increased‘laﬁ-system momenta of the struck nucleon_wili be allowed. .. Also,
only those struck nucleons that receive enough kinetic energy-to,overcome‘
their separation energy will be able to escape the nucleus. Thus those
elastic collisions that lead to (p,pn) reactions will be restricted to a
certain class of nucleons . in the nucleus. In general, Velocity component
Qg(due to the momentum of the struck nucleon, -as explained in the previdus
section) will not be,isotropicaliy*oriented, énd, in fact,:the magnitude of

V may vary with angle.

-_,Table V. TImpact velocity and energy of struck ngcleon for
. dAsotropic distribution and §-=O.-

KE struck nucleon (Mev)

Bombaf&ing energy, . Tmpact velocity, v

I forwérd—backward .perpendicular
Eb“(Bev) ' '(Mev/c)(amu)_l ' experiments ‘experiments
0.25 - k.9 18 .22
0.40 . 4.6 | | 19 23
0.70 .3 18 : 22
- 3.0 - 3.h 16 o ’ 21
6.2 31 | 18 18% .

aThis analysis has been méaé for the polystyréne experiments only. .The
polyethylene experiments give essentially the same results except for a R
higher value of the effective perpendicular range at 6.2 Gev.

‘@



23— © UCRL-9911

A detailed calculation of the type performed by Winsberg and Clements is

necessary to solve this problem.zo. At this time we are unable to assess the

role of elastic collisions in the reaction Clz(p,pn)Cll.

~

A single inelastic collision with a neutron having an anisotropic

momentum distribution: As presented by Benioff, there is strong evidence -

that (p,pn) reactions proceed by fast reactions oécurring predominantly in

" the region of a surface band.3 Benioff has presented a quantitative

theoretical description of (p,pn) reaction cross sections for these high-

energy surface féactions.3 He has estimated that for incident energies

_above several Gev, inelastic nucleon-nucleon collisions are most important

for (p,pn) reactions. No theoretical description of the recoil properties

is a&ailable for fhis mechgnism. It is possible, and even likely, that the
results of a theory of these surface reactions will be scmewhat different
from the cases previously discussed. One possible difference éentersvon the
angular>diétribution of the struék nucleon. If the reaction is restricted to
a nuclear surface band and if a small ﬁumber.of quantum states are involved
it may well be that these struck nucleons have certain preferred directions
of motion.

Benioff's calculations of cross sections for (p,pn) reactions used

harmonic oscillator independent-particle wave funct-ions.3 These wave functions

afe separable into a product of a radial function-and an angular fuﬁction.

This separability property. leads to the resqlt that the speed V of the struck
nﬁcleon is independent of angle.Zl Nucleon-nucleon collision studies indicate
tha£ the exit particles from inelastic nucleon—nucledn interactions leave the
nucleus aﬁ angleS‘close to 0.-deg. These aéproximations lead to the predictions

that v

y ~ 0, and that V is independent of eh&ﬁeﬁig-lgwuMﬁﬂyt@$§§§53ynptxn§y-it is
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: | . '
possible to.estlmate an_V, and the anisotropy —%%%% from the effective-range
measurements. We assume that the angular distribution of the struck nucleon

is given by W(9)=a+bc0329, and that v, = O, and V and KE are the speed and

L
kinetic energy, respectively, of the struck nucleon. The significance of
VH is: the same as in the previous dlscuss1on of 1nelast1c nucleon—nucleon
collisions. The equatlons relating the effectlve ranges to v, v, and b/a

are as follows (to second order in (v"/V)]:

(R F )_k{(KE)°?8/[i+<5/3a)]i'[{i+(5/za)]+(vu/v)2'[1,69+<o.3l v/e)]), (1)

,W(FF-FB);k((KE)O'8/[1+(b/3a)]} (v“/V)l[lf2O+QO.A53>b/a)}, . (18)
and. B S ‘ |

W(Pgry-2rp )=k (1) /(14 (b/32) ) (b/88)+(v, /1)2L0.7hge(0. 2kkn/) 1] (19)

p)=k{(

The results of the calculation of vy KE, and b/a are glven in Table VI.
It is clear by comparing Tables V and VI that the values of. v| and K& (or V)
are not very sensitive to the lnclusion of anisotropy as approximated_here,
even tnough the values of the anisotropy so calculated are in general rather
large. We conclude that it is possible to infer the average kinetic‘energy‘
of the struck nucleon rather Qell by this method, even though the angular
distribution of the struck nucleon can be estimated only roughly.

‘It is interesting that the valnes of KE deduced from theselequations
are almest.independent’of incident energy. One might expect the kinematics

of the reaction to change decidedly between 250 Mev and 6.2 Gev. The relative

probability of elastic and. inelastic nucleonsnucleon collisions must change

over this energy region. However the observed effective ranges are not ex- @

_ J
tremely energy dependent. A detailed calculation of the kinematics of (p,pn)
reactions following elastic nucleon-nucleon collisions would very desirable.

The recoil properties of these (p,pn) reactions may indeed furnish a unique

toal for studying the motions of nucleons inside nuclei.
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From these data we conclude that for incident energies greater than

0. 25 Bev, low-energy transfer processes followed by neutron evaporation are
2(p,pn)C reaction. For %he higher bombard-

: ~of a = .
ing energies, a fast reaction conSisting/ single 1nelastic nucleon nucleon

not the major mechanism of the C

collision is consistent with'these data. Assuming that this is‘indeed the

mechanism of the reaction (for Eb>3 GeV), we estimate the kinetic energy of -
Ithe ;truck nucleon to be l9 Mev, and thus 1ts potential energy to be 37 to

45 Mev. The angular distribution of the struck neutron seems tg be peaked

perpendicular to the beam. We have not been able to calculate the recoil

properties of an elastic/nucleon—nucleon collision mechanism, but we hope

that these data will be useful for such a comparison'as the theory is

developed.

Table VI. Impact velocity, energy of struck nucleon, and
anisotropy of struck nucleon?

Bombarding Impact KE of struck Anisotropy of

energy.Eb velocity,vm, nucleon - struck

) 2 nucleon

(Mev) , (Mev/c)(amu) (Mev) W(90) /W (0)
. 0.25 ' 5.2 20 ' ’ 2.9
0.40 ' ' h.6 21 o 2.5
0.70 4.6 20 | 2.5
3.0 ' ' 3.k 19 2.2

: a

6.2 3.0 18 1.0

a See footnote for Table V.
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’ . APPENDIX

"~ We have ﬁerformed several experiments. to determine the relative
counting efficiency of Cl:L on the proportional counters as a function of

sample thickness. This information was needed for the measurement of hot-

‘atom 1oss of C'' from the targets (see section II). Also, we needed an

eétimate of the relative counting efficiences of Be.catchers and plastig
targets.

o Stacks of‘ébout 15 polystyrene fgils (mé mg/cmz) Weré irradiaﬁéd,
and the_?elativé actiﬁit& 5f eécﬁ'féil &gé meésufed. bThen éamplés.ofjohe;

two, three, four, and five foils, respectively, were mounted and counted{‘

In Experiment 15 the’reiativé activities of these samples were measured by

Y counting.
- : Sl L
The results of these measurements for C are shown in Fig. 5. .
Similar meagureménts have been made'for’Na24xin\Alythat'extend to sample
thicknesses of about 0.15 mg/cmz.a .The data for Na?&-indicate thatvcounting
effitiency ié not drastically dependent on sample thickness down to 0.15
mg/cma. Thus we have drawn the dashed line in Fig. 5, and estimate that.

the Be catcher folls have a counting efficiency abou£ 2,5%,less than the

plastic targets.
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Fig. 5. Relative counting efficiency of Cll on the end-window proportional
counters. These data were taken on Shelf 7 with different experiments
denoted as follows: {+) Experiment 10, | Experiment 12, and A\ Experiment
15. "
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