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ABSTRACT 

UCRL-10924 

12( - - ) ll The excitation function for the reaction C n , n n C was measured 

from 53 to 1610 MeV by bombarding targets of plastic scintillator with pions. 

The intensity of the pion beam was monitored with a two-counter telescope and 

40-Mc scaling system. The scintillator target was mounted on a phototube and 

ll became the detector for the C positron activity. Corrections were made for 

muon contamination in the beam, coincidence losses in the monitor system, c
11 

activity produced by stray background at the accelerator, c
11 

activity produced 

by secondaries in the target, and the efficiency of the c11 detection system. 

The c12 (n-, n-n)c11 cross sections rise from a threshold at about 

50 MeV to a peak of about 70 mb at 190 MeV after which they decrease to 30 mb 

at 373 MeV and are relatively constant at higher energies. The (n-, n-n) peak 

occurs at the same energy as the resonance in free-particle n n scattering at 

190 MeV. Calculations based on a "knock-on collision" mechanism and "sharp 

cutoff" nuclear density reproduce the shape of the experimental excitation 

function, but the magnitudes of the calculated cross sections are low by a 

factor of about 5 or 6. This simple model indicates that the c
12

(n-, n-n)c
11 

reaction occurs in the nuclear surface region at all bombarding energies. 
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A number of experiments have shown the existence of quasi-free scat

tering of pions from individual nucleons within nuclei.
1

'
2
'3 In general, these 

experiments measured the characteristics of the outgoing pion rather than those 

of the residual nucleus. Because the J = T = 3/2 resonance in n-n scattering 

is so pronounced, we expect that the excitation functions for simple nuclear 

A( - - ) _A-1 reactions of the type Z n , n n z-- must also show a resonance peak, provided 

the reaction mechanism consists of a single collisi.on between the incident pion 

and a neutron wi.thin the target nucleus. The recoil partners from this col-

lision must escape from the nucleus without depositing sufficient excitation 

energy to evaporate additional nucleons. 

This mechanism implies that the effective cross section for n n col-

l;i,stqns;_; t!i thin nuclei is the dominating factor in determining the cross section 

for a given (n-, n-n) reaction. The effective cross section differs from the 

free-particle cross section because some collisions are forbidden by the Pauli 

exclusion principle; in addition the momentum distribution of nucl2ons within 

the nucleus tends to broaden the sharp resonances in the free-particle cross 

"\to sec lOns. 

12( - - ) ll The reaction e n , n n e was chosen to test these ideas because a 

simple and effici.ent technique for measuring the e11 activity was available. 

The cross section for the formation of e11 from e12 
was measured as a function 
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of incident pion energy through the J == T 3/2 free-particle resonance region 

and at 1610 MeV. 

II. EXPERIMENTAL PROCEDURE 

Except for one experiment with l6lO··MeV pions at the Bevatron, the 

12( - - ) ll C n , n n C excitation function was measured with the meson beams at the 

Berkeley 184-inch cyclotron. Targets of plastic scintillator were bombarded 

with a monitored b.eam of pions, and the amount of c11 
produced was determined 

by internal scintillation counting of the c11 positron activity. 4 ' 5 The 

targets consisted of 2.5-in.-diam by 1-in.-thick disks of plastic scintillator 

(a mixture of polystyrene, 97%; terphenyl, 3%; and tetraphenyl butadiene, 

0.07%). 

A. Pion Beams at the 184-Inch Cyclotron 

The pion beams set up for many different experiments were used for 

this work. (The physicists responsible for these beams are listed in the 

Acknowledgments.) A representative physics experiment involved the bombard-

ment of a liq_uid hydrogen target with pions. The beam setup for the 380-MeV 

n beam, typical of many of the experiments, is shown in Fig. l. The pion 

beam passed through the hydrogen target and irradiated the plastic scintil-

lator target at a given "distance downstream. The q_uadrupole magnet before 

the bending magnet focused the pions at the liq_uid hydrogen target. The pion 

energies at the magnet focus were determined by the physicists responsible 

for the beam by wire-orbit analysis of the bending magnet and. by range curves 

in Cu and CH2• The range curves also provided. information on the composition 

of the beam at the hydrogen target. The energy-loss tables of Rich and Madey 

were used to calculate the energy lost by the pions in traveling from the 

• 
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midpoint of the hydrogen target to the midpoint of the plastic scintillator 

6 target, The momentum spread of pion beams greater than 200 MeV was usually 

about l to 3%o At 127 MeV the momentum spread was about 7%, and at lower 

energies the momentum spread was as high as 10%, The energy lost by a pion 

passing through the 1-in,-thick plastic scintillator was combined by root-

mean-square addition with the energy spread of the beam to determine the 

overall energy spreado 

B. Beam Monitor System 

The pion beam was monitored with two plastic scintillator detectors, 

A and B, attached by Lucite light pipes to RCA 68lOA photomultiplier tubes 

(see Figo 2)o The third counter, c, was used as a. beam monitor while plateau 

curves and d.elay curves for the coincidence system were measuredo The dimen-

sions of each counter are given in Table Io 

Table Io Dimensions of monitor counters 

Counter Type Surface dimensions 
( ino) 

A Square 3.50 X 3.50 

B Circular disk 2.50 diam 

c Circular disk 2o50 diam 

Thickness 
(in.) 

0.25 

LOO 

The targets, attached to the backside of counter B, had the same diameter as 

counter B, so that this counter defined the beam size. Because the beam was 

slightly divergent in moving from counter A to counter B and because counter 

A was larger than counter B, all the pions passing through counter B and the 

target also passed through counter A. The three counters were mounted about 
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6 to 8 in. apart on an aluminUm frame, and their positions could be adjusted 

to meet varying conditions of space and beam height. 

The tube bases for counters A. and B were designed for use with high

intensity beams, as described by Mollenauer. 7 After suitable amplification, 

the pulses from counters A and B were led to a Wenzel coincidence unit with 

a resolving time of 8 nsec. The output of the coincidence unit went to a 

40-Mc discriminator and scale-of-eight unit. 

Even with a high-speed counting system, the monitor system had to 

be corrected for coincidence losses (accidentals) that occur when two or more 

pions pass through the counter telescope simultaneously. The cyclotron beam 

came in 13-nsec bursts, 54 nsec apart, so the accidentals correction was 

determined empirically by insetting a 54-nsec delay into one of the input 

channels of the coincidence unit. The accidentals counting rate was measured 

before and after a target bombardment and was added to the average counting 

rate determined with normal delays during the bombardment. The sum of the 

accidental and normal counting rates was linearly related to the intensity of 

the internal proton beam. Because the pion-beam intensity varied from setup 

to setup, the accidentals correction varied from 0 to 10% of the pion-beam 

intensity at different energies. 

The beam-monitor intensity was also corrected for the contamination 

of the n beam with ~ and e . Muons produced by pion decay before the 

bending magnet and having the same momentum as the pions were distinguished 

by range curves, The fraction of the beam due to muons produced downstream 

from the bending magnet was calculated directly. The electron contamfnation 

determined by the range curves was usually less than 2% of the total beam. 

The total ~ and e contamination varied from about 4o% of the total beam at 
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50 MeV to about 8% at 373 MeV, Plastic scintillators, when bombarded with 

low-energy beams (<50 MeV) of J.l and e-, gave negligible amounts of c11 

activity. The low J.l and e beam intensity meant that only an upper limit 

could be placed on the cross section for c11 
production by J.l and e-. We 

estimate this cross section to be less than lo6 mbo The pion-beam intensity 

was corrected for the fraction of the beam that was J.l and e-, but the produc

tion of c11 
by J.l and e was neglected, 

Co Bevatron Experiment 

One experiment was performed at the Bevatron with 1610-MeV pionso 

The counter telescope previously described was not usedo The physics experi-

menters used their own counter telescope to determine the average number of 

pions per pulseo The average beam intensity for the plastic scintillator 

bombardment was estimated from this number and the total number of pulses 

through the targeto Although the pion intensity was considerably less than 

the intensities at the 184-inch cyclotron, an initial c11 
activity of 135 

counts per min above a natural background of 135 counts per min was obtained,. 

11 
Detection pystem for C 

After irradiation at the accelerator, the plastic scintillator targets 

were brought back to the Chemistry Building, where the detection equipment was 

11 arranged to follow the C decayo. Targets were not counted at the cyclotron 

because of the large and erratic background at the machine" The plastic 

scintillator was attached to an RCA 6655A photomultiplier tube with Dow-

Corning 200 silicone grease and covered with a lighttight container, The 

principal units of the counting system are shown in Figo 3o All pulses above 

a fixed discriminator level were sent directly to a scaler and a decay curve 
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was obtained. The 100-channel pulse-height analyzer was used to display the 

spectrUm of pulses. from the DD2 linear amplifier. Comparison of the spectra 

obtained after pion bombardments with spectra from standard ~ sources showed 

ll that the observed target spectra conformed to that expected from C • 

The scaler-gater system was required to reduce the background caused 

by the Bevatron. The scaler-gater turned the scaler off for the short period 

of time in which bursts from the Bevatron were observed. The background 

could be reduced from 230 counts per min to 135 counts per minJ with an off 

time of 3.3%. 

The scaling system was standardized by counting an external (2~ 

geometry) Csl37 ~- source before each run~ The discriminator of the scaler 

was held constant, and the gain of the amplifier was adjusted to give a fixed 

counting rate with this source. 

After subtraction of the natural background, the decay curve ob-

tained with this scaling system showed no component other than the 20.4-min 

activity due· to c11• The initial activity of c11 was obtained by extrapola-

ting the decay curve back to end-of-bombardment time. Most of the data were 

obtained with initial activities of a few thousand counts per min, but initial 

activities as high as 47,000 counts per min and as low as 135 counts per 

min were also measured. 

The efficiency of the c11 detection system was determined by a ~-y 

coincidence method described by Cumming and Hoffman. 5 The high-activity c11 

source needed for coincidence counting was made by bombarding one of the 

plastic scintillator targets with the external photon beam at the 184-inch 

cyclotron. The "fast-slow" coincidence system had a resolving time of about 

80 nsec and recorded the ~ singles counting rate, y singles counting rate, 

and ~-Y coincidence counting rate. After appropriate corrections, the 
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product of the singles counting rates divided by the f3-Y coincidence rate 

gave the disintegration rate. The observed counting rate in the c11 detec

tion system divided by the disintegration rate gave the efficiency of the 

c11 
detection system. Seven measurements of the efficiency gave an average 

value of ( 83 ± 3)%. 

E. Corrections to Initial Activity 

The meson cave at the 184-inch cyclotron has a background of fast 

neutrons and other particles that might contribute to the production of c11• 

The effect of this background radiation was measured by placing an identical 

plastic scintillator at a distance of 1 foot from the beam. The activity 

in this dummy target was counted in the same manner as the target in the 

beam. The initial activity of the dummy target was subtracted from the 

initial activity of the true target. Depending on the beam setup and the 

amount of shielding, this correction amounted to less than 5%, except for 

the data at 53, 60, and 1610 MeV. At these three energies, the absolute 

magnitude of the dummy activity was less than in the other cases, but the 

total initial activity was so low that the correction was as much as 20%. 

Because the scintillator targets were thick, secondary particles 

(neutrons and protons) produced by nuclear interactions of the pions with 

upstream target nuclei could cause the production of c11
• The correction 

for this effect was found experimentally by measuring the cross section as 

a function of Lucite thickness placed before counter B and the target. The 

measured cross section increased with increasing Lucite thickness, so the 

correction for finite source thickness was found by a linear extrapolation 

of the cross section to zero-target thickness. This correction was found to 
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8 
be 2 ± l mb at an incident pion energy of 215 ± 37 MeV. The same secondary 

correction was used at other bombarding energies. Evaporation nucleons do not 

contribute to the·formation of c11 
because of the large binding energy (18.3 

MeV} of a neutron in c12
; hence only fast secondary nucleons can produce c11 

These high-energy secondaries come from pion absorption processes and fast-

cascade collisions within nuclei. 

III. RESULTS 

A. Cross Sections 

The cross sections were calculated from the expression 

(J 

D 
0 

where D
0 

is the disintegration rate at ~nd-of-bombardment time, n is the 

number of target carbon nuclei per cm2, I is the pion intensity in rc per min, 

ll ( . ) t.. is the decay constant for C corresponding to t 1/ 2 = 20.4 min , and t is 

the duration of bombardment in min. Bombardment times were usually of the 

order of one half-life. Fluctuations in beam intensity during this time 

were small, so the average pion intensity over the entire bombardment time 

was used for I. 
\ 

The quantity D was obtained from the counting rate at end 
0 

of bombardment after correcting for the positron detector efficiency of 83%. 

The positron branching ratio was taken to be lOO%o The plastic scintillator 

is nominally polystyrene (CH) and contains 9lo54% carbo~ by weight. No 

ll 12( attempt was made to distinguish between the production of C from C 98o9%) 

and from c13(Ll%); the cross sections were calculated for the production of 

c11 
from both isotopes. 



.. 

-9- UCRL-10924 

The corrected cross sections are presented in Table II and the 

12( - - ) 11 . 4 C rc , rc n C excitation function is shown in Fig. "together with the 

rc-n free-particle cross sections.
8 

The first column of Table II gives the 

incident~pion energy at the midpoint of the plastic scintillator target. The 

pion energies of 179 and 212 MeV were obtained by placing Cu,2 in. and 1 in. 

thick, respectively, in the 245-MeV beam. The energy of 342 MeV was obtained 

by placing 1 in. of Cu in the 373-MeV beam. The uncertainty listed with the 

pion energy is compounded of the energy spread of the beam and the energy 

spread in passing through the target. The second column of Table II presents 

the corrected cross sections for the individual bombardments. Column three 

gives the average value of the cross section and the estimated uncertainty. 

The number in the final column refers to the physics group (see Acknowledgments) 

whose pion beam was used. Also included in this table is a measurement at 1.0 

BeV made at Brookhaven by use of a similar technique. 

B. Errors 

The error associated with the cross section was calculated from the 

uncertainties in the following factors. 

l. 
11 

The efficiency of the C detector was 83±3% and was the same for 

all bombardments. 

2. The production of c11 by secondaries in the target was taken to 

be 2±1 mb at all bombarding energies. 

3· The contribution to c11 
activity from stray background at the 

accelerator was about 20±5% at 53, 60, and 1610 MeV and less than 5±1% at 

other energies. 

J.J.. The correction for muon contamination in the pion beam was 35±5% 

at 53 and 60 Mev, but decreased to about 8±1% at 373 MeV. 
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5. The uncertainty in the determination of the initial activity 

depended on the intensity of the pion beam. The 53-, 60-, and 1610-MeV beams 

ll 
had low intensities and consequently the C decay curves were extrapolated 

with an accuracy of about 15% for the initial activity. At other energies the 

initial activity could be determined with an uncertainty of less than 5%. 

6. The maximum correction for "accidentals" in the counting of the 

pion beam was 10±2% but in most cases the correction and associated uncertainty 

was much less, 

The average of the uncertainties for individual determinations was 

combined by root-mean-square addition with the standard deviation cif the 

average cross section in order to obtain the uncertainty listed with the 

average cross section in column three of Table II. 

IV. DISCUSSION 

12( -The principal feature in the C n , - ) c11 · t t · f t · · n n excl a lon unc lon lS 

the peak at about 190 MeV. This corresponds to the same energy as the reso-

nance peak in free-particle n-n scattering. We now wish to discuss several 

12( - - ) 11 possible mechanisms for the C n , n n C reaction to determine the cause 

of the peak in the excitation function. 

A, Compound Nucleus 

The compound-nucleus mechanism requires the bombarding particle to 

be completely absorbed by the target nucleus. The kinetic energy of the 

projectile is then shared among all the nucleons, resulting in a highly 

excited nucleus. After a relatively long time the nucleus de-excites by 

emission of the necessary particles and y rays, 
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Pion absorption is distinct from the usual concept of nucleon ab-

sorption in the compound nucleus senseo Absorption of a pion takes place 

between two nucleons within the nucleus, and the rest-mass energy of the pion 

is converted into kinetic energy of the absorption partnerso The pion rest-

mass energy of 140 MeV provides a great deal of excitation energy and causes 

severe disruption of the nucleus. For the particular reactions studied here, 

absorption of a n can not lead to e
11 

because the "compound system" has 

Z = 5. Hence e
11 

is not produced from e12 plus n by the compound-nucleus 

mechanism. 

B. Two-Step Mechanism 

Spallation reactions of protons at high energy have often been inter

preted in terms of a cascade-evaporation model.,9 The nuclear reaction is 

presumed to occur in two stages. The first stage is a "cascade'' of fast two-

body collisions, with some nucleons being emitted immediately. The end of 

the cascade stage leaves a highly excited nucleus which then de-excites in a 

manner similar to the compound nucleus - by evaporation of nucleons and by 

y-ray emission. 

The e12 (n-, rt-n)e11 reaction can occur by a special application bf 

this model which we define as the two-step mechanism. In this two-step 

mechanism the incident part:i!cle undergoes a -fast collision with a single 

nucleon, and one of the collision partners escapes the nucleus without fur-

ther interactionsj the other collision partner shares its recoil energy with 

the other nucleons and the resultant nuclear excitation eventually leads to 

evaporation of one nucleon. The initial collision may be with either a 

12( - - ) ll proton or a neutron. For the e n , n n e reaction to occur, the incident 

pion must be the collision partner that escapes the nucleus immediately. 
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c. One-Step Mechanism 

' . . 
The one-step mechanism or pure knock-on mechanism is similar to the 

two-step mechanism except that both collision partners escape the nucleus 

immediately after the collision and without any other interactions. The 

nucleus cannot be excited to the point of evaporating additional nucleons~ 

For a (rc-; rc-n) reaction the initial collision can be only with a neutron. 

12 11 Singh and Alexander have shown that the C (p, pn)C reaction proceeds by 

this mechanism in the proton energy range from 0.25 to 6.2 GeV. 
10 

D. Isobar Formation 

The (rc-, rc-n) reaction might also proceed through the formation of a 

pion-nucleon isobar which then escapes the nucleus without exciting the 

nucleus to emit additional particles. 11 The isobar is a resonant state of a 

pion and nucleon and has a lifetime determined from the width of the reso-

nancej r, apd the uncertainty principle, • = 11/f.o This lifetime is comparable 

-23 to the time the isobar takes to cross the nucleus, about 10 sec., The Monte 

Carlo calculations being made at Brookhaven assume that all pions form isobars 

12 
after their first collision in nuclear matter. The adequacy of this model 

has not yet'been proved. The (rc-, rc-n) reaction could possibly be a test of 

the accuracy of the isobar model for nuclear reactions. 
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Vo CALCULATIONS 

The exact mathematical treatment of even the simple nuclear reactions 

is an extremely complicated affairo Two calculations based on the one-step 

and two-step mechanisms, were performed in an attempt to determine the 

12( - - ) ll mechanism of the C n , n n C reactiono Some of the approximations in 

these calculations are quite extreme in terms of what is already known about 

nuclear structureo However, these calculations show the trends that a more 

exact treatment would have, without the necessity of a computer calculationo 

A calculation based on the isobar mechanism would be similar to the calcu-

lation based on the one-step mechanism, but was not attempted i.n this work 

because the cross sections and angular distributions for isobar scattering 

inside the nucleus are not knowno The following sections discuss the calcu-

lations briefly - more complete details are given i.n reference l3o 

Ao Theoretical Model 

Both the one-step and two-step mechanisms can be described by the 

general expression 

( l) 

where P(n-, n-n) is the probability for occurrence of a (n-J n-n) reaction 

at a given location in the nucleus, P. is the probability of an incident 
1. 

pion's reaching that location, .pcoll is the probability of a collision at 

that location, P is the probability that the recoil pion escapes unscathed, 
n 

and P is the probability that only one neutron is emitted, either by direct 
n 

knock-on or by evaporation from an excited nucleuso 

The factors Pcoll and Pn depend on which mechanism one assumes, and 

are discussed in more detail in the following sectionso 
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P. and P are functions only of the pion mean free path and the 
l 1( 

distance the pion travels in nuclear matter. Provided the angular distri-

butions for ~-p and rc-n collisions are similar, P. and P are independent of 
l 1( 

the two reaction mechanisms under consideration. We define 

P. = exp( -x/A..) 
l l 

( 2) 

and p = exp(-s /A. ), 
1( 1( 1( 

where x is the distance the incoming pion must travel in nuclear matter before 

the collision, A.. is the mean free path of the pion before the collision, s 
l 1( 

is the distance the outgoing pion must travel, and A. is the mean free path 
1( 

of the 6utgoing pion. 

12 Because the C nucleus contains equal numbers of protons and neutrons, 

the mean ·free paths of protons and neutrons of the same energy are equal. Like-

wise the mean free path of a rc + 12 is the same as that of a rc for C • The 

nucleon mean free paths were calculated using effective nucleon-nucleon cross 

14 . 
sections obtained from Winsberg and Clementso Mean free paths for pions 

were estimated in a .manner similar to that of Frank, Gammel, and Watson., 15 

The nuclear model used for these calculations was that of a degenerate 

Fermi gas with a square-well density distribution" The nucleon density, p, 

was assumed to be constant out to the nuclear radius, R, at which point the 

density dropped sharply to zero. For the c12 nucleus, we used R = 3.,04 F 

and p = l. 02 x 1038 nucleons/ cm3, 

B~ One-Step Calculation 

The one-step mechanism assumes that the initial collision can be only 

with a neutron. Both collision partners escape the nucleus without further 
.,.. 
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interactions, and the resultant nuclear excitation is less than that needed 

to evaporate an additional particle~ The factor in Eq. (l) for the probability 

of neutron escape, P , is given by the expression 
n 

P = exp(-s /A ), n n n ( 4) 

where s is the distance the out·going neutron must travel in nuclear matter, 
n 

and A is the neutron mean free path. The expression for the probability of 
n 

a collision, Pcoll' is given by 

p 
call l - exp( -6.x/A _ ) , 

n n 
( 5) 

where f:::,x'_is a small increment of distance along the pion path length and 

An_n is the mean free path between n-n collisions. 

The probability for a (:rr-, :rr-n) event at the point (a,x), where a is 

the impact parameter and x is the distance traveled before the collision, is 

found by substituting in Eq, (l): 

P(a, x) 

P(a,x) = exp( -x/A.) 
l 

P. p ll p p ' 
l co n n 

( 6) 

exp(-s /A ) exp(-s /A ). :rr :rr n n 

To obtain the cross section, P(a,x) must be integrated along the path length 

x, weighted by 2n ada' .. to account for the cylindrical symmetry, and integrated 

over da. To simplify the integrations, the plane through the beam path ~nd 

the center of the nucleus was divided into squares with sides equal to l/10 

the n\).clear radius.; The probability of a (:rr-, n-n) event was calculated for 

each square. This probability was then (a) summed over all the squares 

parallel to the beam path and having the same impact parameter, (b) weighted 

by the area of the nucleus perpendicular to the beam direction corresponding 

to the impact parameter, and (c) summed over the impact parameters. Thus the 

cross section was calculated from 
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1
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l l-

:£=1 
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j 

p. •J 
lJ 
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(7) 

where i corresponds to units along the impact parameter a, j corresponds to 

units along the path length x, and P .. is equivalent to P(a,x) in Eq. (6). 
lJ 

The outgoing distances s and s are strongly dependent on the loca-
rc n 

tion of the collision and on the scattering angle, eJ The average distance 

traveled by the outgoing pion, (s ), was approximated by averaging the two 
1( 

distances corresponding to the given scattering angles Q and -Q in the plane 

defined by the beam path and the center of the nucleus. The same procedure 

was used to find (s ), the average distance the neutron travels through 
n 

nuclear matter for a given pion scattering angle Q. 

The recoil energies and mean free paths are dependent on how one 

accounts for the angular dependence of rc-n scattering·. For a complete calcu-

lation at.a particular incident-pion energy, the (rc-, rc-n) cross section 

should be calculated for each scattering angle e, weighted by the probability 

of having a scattering event at that angle, and then integrated over all the 

scattering angles. As a very rough approximation to this procedure, the 

(rc-, 1(-n) cross section was calculated for only three scattering angles, 

Q 
c. m. 

0, 90, and 180 deg. Furthermore, the contribution from 0-deg scatter-

ing was assumed to be zero because the struck neutron receives so little 

recoil energy. Hence the angular dependence of the rc-n scattering was taken 

into account from the expression 

I: P(Q) cr(Q) 
--=I: -=p~( -=--g )i--'- = 

( 8) 

P(O) cr(O) + P(90) cr(90) + P(l80) a(l80) 
P(O) + P(90) + ~(180) 

where P(Q) is the probability of having a pion scattered at a c.m. angle Q. 

The above calculation was performed at three energies, 190, 370, and 1600 l£1:~V, 
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chosen to illustrate the main features of the experimental excitation 

function. 

C. Two-Step Calculation 

As discussed previously, the two-step mechanism assumes that the 

pion interacts with just one nucleon and then escapes from the nucleus. The 

recoil energy of the struck nucleon is converted into nuclear excitation 

energy and the nucleus eventually de-excites by evaporating just one neutron. 

We will ignore the possibility of the pion, undergoing two collisions and 

escaping after leaving just enough excitation ·.energy to evaporate one neutron. 

For the two-step mechanism, Eq. (l) was approximated by 

(9) 

where P
1 

is the probability that the incident particle makes one and only 

one collision in passing through the nucleus, PT is the probability that the 

struck particle receives a recoil energy between 19 and 29 MeV - sufficient 

to evaporate only one particle - and a is the geometrical cross section geom 
12 of the C nucleus. 

The factors Pi' Pcoll' and Prt of Eq. (l) are included in P1 • An 

analytic expression for P
1 

has been given by Markowitz with the approximation 

that the incident particle scatters at 0 deg and continues on with the same 

b f th ll . . 16 
mean free path as e ore e co lSlon: 

' 
(10) 

where R is the nuclear radius and A is the mean free path. This expression 

is not valid below the 190-MeV resonance region but becomes more accurate 

as the GeV region is reached~ 
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The factor PT is equivalent to Pn of Eq. (l) and is defined so that 

the recoil energy of the struck particle is sufficient to evapo.rate just one 

12 
neutron from C • This excitation energy must be great enough to overcome the 

neutron binding energy of 18.3 MeV but not great enough to evaporate a second 

particle. The pion scattering angles corresponding to the nucleon recoil 

energies of 19 and 29 MeV were calculated from the relativistic equations 

given by Morrison. 17 The angular distributions for :rc n elastic scattering 

were integrated between the two angles and divided by the total elastic scat-

tering cross section to obtain the fraction of events that left the correct 

amount of excitation energy. This approximation overestimates the (:rc-, :rc-n) 

\ 

contribution because for a given excitation energy there is competition from 

proton evaporation. 

The geometrical cross section approximates the integration over the 

nuclear volume for the probability of a (:rc-, :rc-n) event. The geometrical 

2 cross section was calculated from :rcR , by use of the value of R = 3.04 Fj 

this calculation gives a = 290 mb for c12• 
geom 
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VI. CONCLUSIONS 

A. Calculated Excitation Functions 

The nuclear model and calculations performed here are simple and 

preliminary treatments of the c12
(rt-, rt-n)c11 reaction. Figure 5 shows the 

comparison of the calculated excitation functions for the one-step and two-

step mechanisms together with the experimental excitation function. The 

results of the one-step calculation were multiplied by 5.6 and the results 

of the two-step calculation were multiplied by L 7 in order to normalize the 

calculated excitation functions to the experimental excitation function. 

The energy dependence of the two-step mechanis~ is distinctly dif-

ferent from the experimental excitation function. This means the two-step 

12( - - ) 11 mechanism is not the cause of the peak in the C rt , rr n C excitation 

function. It is possible that the two-step mechanism is increasing in im-

portance at energies below the resonance peak, but our calculation is not 

expected to be valid in this region. 

The one-step calculations did reproduce the correct shape for the 

excitation function. The one-step calculation was not attempted at energies 

below the resonance peak because the mean free path of the recoiling neutron 

was not sufficiently well known for very low recoil energies. However, the 

strong dependence of the one-step calculation on the free-particle cross 

section, particularly in the term pcoll' makes. it highly probable that the 

12 ( - - ) calculated C rt , rt n cross sections would decrease, in conformity with 

the free-particle cross sections. 

The calculated cross sections from the one-step mechanism were lower 

than the experimental cross sections by a factor of about 5 or 6. The use 

of a square well for the nucleon density may be a major cause of this dis-

crepancy~ Monte Carlo calculations that include a square well do not predict 
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the correct magnitudes of the (p,pn) reactions.lB,l9 Although our calculation 

is not a Monte Carlo calculation, the one-step calculation should also be done 

with a more accurate nucleon-density function because the simple reactions are 

very sensitive to the shape of the nuclear surface, 

Another explanation for the low values of the calculated cross -sections 

rn~.y lie in the isobar modeL If the mean free paths of i.sobars in nuclear 

matter are not very different from nucleon mean free paths, the isobar mechanism 

predicts larger cross sections for the (n-, n-n) reaction than the one-step 

mechanism, Refinements of this calculation might ~rovide information on the 

isobar cross sections in nuclear mattero 

B. Location of (n-, :n-n) Events 

The one-step calculation also gave information on the relative prob-

ability of a (n-, :n-n) event at different locations in the nucleus, as shown 

in Fig, 6 for the three different energieso The figure shows the value of 

P .. for each location after weighting by the angular distributiono From the 
lJ 

figure we note that the (n-, rr-n) reaction occurs predominantly on the up-

12 stream surface and pole tips of the C nucleusa A quantitative estimate of 

the depth of this surface region is uncertain because of the approximations 

in the model and calculationo However, we estimate that about half the (n-,7T-n) 

events occurred in a surface region whose depth was less than 0.2 of the 

nuclear radius. 

The calculation done here for the (n-, n-n) reaction indicates that 

this reaction occurs on the upstream surface, in contrast to the calculation 

by Benioff for (p,pn) reactions at GeV energies.
20 

Benioff's results showed 

that the (p,pn) reaction was predominently from the downstream surface of the 

nucleus. 
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For our calculation, the distance the pion travels in nuclear matter 

is the feature controlling the location of the (n-, n-n) reaction, because the 

mean free path of the pion is generally either considerably smaller than or 

about equal to the mean free path of the neutron. The pion travels the short-

est distance when the collision occurs on the upstream surface, because of the 

dominance of 180-deg scattering in our calculation. For a scattering angle of 

180 deg, the neutron receives its greatest recoil energy and has the greatest 

probability of escaping without interacting with other nucleons. In addition, 

the angular distributions give more weight to 180-deg events than do 90-deg 

events. 

The assumption in our calculation that the two-body reaction plane 

passes through the center of the nucleus overestimates the distance the recoil 

particles travel in nuclear matter. This effect is greatest for large iPJpact 

parameters, and distorts the contour maps as well as decreases the calculated 

cross sections. Elimination of this defect might lead to even greater contri-

butions from the pole-tip regions. 

C. Resonance Broadening 

The full width at half maximum (FWHM) of the (n-, n-n) peak is about 

270 MeVj in comparison, the FWHM of the n n peak is about 145 MeV. The greater 

width of the (n-, n-n) peak is probably due to the fact that the struck neutron 

12 is moving rapidly within the potential well of the C nucleus. On the basis 

of the one-step mechanism, only the p
3

/ 2 neutrons of c12 
contribute to the 

(n-, n-n) reaction because removal of a s1; 2 neutron leaves the nucleus with 

too much excitation energy to prevent particle evaporation. If we assume that 

the p
3
/ 2 momentum distribution is the same for neutrons and protons, we can 
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use the data of Garron et al. to estimate the resonance broadening due to the 

neutron momentum distribution.
21 

For an average p
3
; 2-state momentum of 150 

MeV/c, we estimate that the n n resonance should be broadened by about 100 

MeV to give a FWHM of 245 MeV for the (n-, n-n) peak. The agreement with the 

experimental width is satisfactory if one considers the errors in both the 

calculated and experimental widths. 

12( - - ) ll In summary, the peak at 190 MeV in the C n , n n C excitation 

function corresponds to the resonance peak in the free-particle n-n scatter-

ing. This peak is interpreted as additional evidence for the occurrents of 

quasi-free-particle scattering within the nucleus. 
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12( - - ) ll Table II. Cross sections for the reactions c- n , n n C 

Energy of 
incident pion 

(MeV) 

53 ± 5 

60 ± 6 

80 ± 8 

127 ± ll 

179 ± 10 

212 ± 10 

245 ± 10 

304 ± 9 

342 ± 10 

373 ± 10 

423 ± 10 

1610 ± 20 

1000 

Cross sections 

1.0 

8,8 9.0 

40.1 35.3 

(mb) 

58.6 58.9 58.2 

69.7 67.2 

66.6 67.8 67.7 

59.4 62.6 62.5 

40.8 43.9 39.6 

38.4 33·7 

28.6 29.6 29.4 28.4 29.5 

32·3 30.9 30.6 30.1 

17.9 21.7 21.8 36.6 

18.9 

18 

Average 
cross sections 

(mb) 

l ± l 

9:± 2 

38 ± 4 

59 ± 5a 

68 ± 6 

67.± 6 

61 ± 6 

41 ± 4 

36 ± 4 

30 ± 3 

25 ± 8 

19 ± 5b 

18c 

Physics group 
AcknowJ,:edgnien:t 

( l) 

( l) 

(2) 

( 3) 

( 4) 

( 4) 

( 4) 

(5) 

( 6) 

(6) 

(6) 

( 7) 

a, The pion beam was monitored by means of a calibrated ion chamber, 

b, See Sec. II C for discussion of beam monitor at this energy, 

c. This datum is from A. M. Poskanzer, J. B. Cumming, G. Friedlander, J. 

Rudis, and S. Kaufman; Bull. Am, Phys. Soc, §_, 38 (1961) ,. 
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Fig. 1. Experimental setup at 184-inch cyclotron for 380-MeV 
rc beam. 
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Fig. 2. Electronics for 40-Mc beam-monitor system. 
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Fig. 3· Electronics for c11 detection system. 
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280~----~~-----.-------,-------r------~ 

0.4 

oJ. a- Cl2 (7T~7T-n) cu 
i Poskonzer et ol. 
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T 17" ( GeV) 

1.6 2.0 

MU-27111 

12( - - ) ll Fig. 4. Cross section for C n , n n C reaction plotted 
vs incident-pion energy. The smooth curve is the total 
cross section for n-n scattering, which is equal to the 
total cross section for n+p scattering by charge symmetry. 
(Poskanzer et al., see Table II.) 
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\-"-One-step (pure knock -on) 

60 

500 1000 1500 
T1r- (MeV) 

MU-31392 

Fig. 5. Comparison of experimental and calculated 
cl2(rr-, rr-n)cll excitation functions. Solid curve is 
experimental. Dashed curve connects the cross sections 
calculated on the one-step model. The dotted curve 
connects the points calculated on the two-step model. 
Both calculated curves have been normalized to the ex
perimental curve at 1610 MeV. 
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(a) 

(b) 

O<Pjj< 40 0 

40< Pjj< 80 [2] 

80 < Pj j < 120 • 

120 < Pj j II 

(c) 

MU-28969 

UCRL-10924 

Fig. 6. Location of (n-, n-n) events after integration 
over the scattering angle G. Pij represents the relative 
probability of a (n-, n-n)event Lcalculated from Pi· = 
Pi Pcoll Pn PnJ after weighting by angular distributiop. 
(a) Incident pion energy is 190 MeV. (b) Incident pion 
energy is 370 MeV. (c) Incident pion energy is 1600 MeV. 
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