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Nl5(p,p2n)Nl3 REACTION INDUCED BY-PROTONS
OF ENERGY 0.4 TO 6,2 BEV,

Linda Chang Sah

Radiation Laboratory and Depértment-of Chemistry
University of California, Berkeley, California

August, 1960

ABSTRACT

: Nlu and N

l . .
2 were bombarded with protons in the energy range O.4 to
Measured values of the absolute cross sections for Nlu(p,pn)l\l13 is

6.2 Bev,

6 mb over the stated energy

range, which agree and supplement the previous
1 T ; :
(1) up to 3.0 Bev, The (p,pn) yield is higher than the (p,p2n)

measurements
yield by a factor of 2 to 3 in the entire energy range of interest.
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NlS(p,pzn)Nl3-REACTION INDUCED BY .PROTONS
OF ENERGY 0.4 TO 6.2 BEV,

' Linda Chang Sah

Radiation Laboratory and Department of Chemistry
University of California, Berkeley, California

August, 1960

INTRODUCTION

It has been observed that the yield of 10-min Nl3 produced in proton
reactions’in the Bev energy region is low.in comparison to other reaction pro-

' . l
ducts similarily made.‘l .For example, the absolute cross section of C 2(p,pn)Cll

(2) 14

1
is 30 mb while that of N~ (p,pn)N 3 s only 6 mb. An explanation was given

Dby D. H“ Wilkinson(3) who attributed the difference to the assumption that all

excited states of N13 are unstable with respect to particle emission., That is,
1 : -2
all excited states of N 3 are unstable with respect to proton decay to form C .

Thus, .the production of 10.min NlB'is decreased by the amount that would have

been produced if the gamma-ray emission to the ground state was more competative
. R 13 .. . . .
with proton emission, In other words, N 3 is a particular nuclide which can

only be observed as a reaction product by radiochemical technigues when it is

'fqrmed solely in its ground state, In the case of N;u(p,pn)Nl3,.this means that

. 1

in order to observe any N 3,;the incident proton is able to knock out a neutron
14 o

from N, and escape with its collision partner without causing any excitation

in the residual N13 nucleus,

Experiments are being carried out to compare the_@robability for pro-

. 1 .
ducing N 3 from a direct "knock-on'" process, such as Nlh(p,pn)Nl3, and the pro-

s . 1 .
bability of producing N 3 from a "knock-on" followed by evaporation of a single

neutron to the ground state, i.e.,-NlBLP,pZn)Nl3, Based on Wilkinson's argument
5( 13 '

p,p2n)N"~ reaction should be also low in the

high energy range, Experimental data are obtained for the cross sections éf both

. 1 13.
thi reactions N 4(p,pn)N 3vand NlS(p,pZn)N13 between O,4 and 6.2 Bev. The
N" " (p,pn)N 3 data are used to check and supplement the previous measurementsgﬁ’@)

|

then, the cross section for .the Nl
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EXPERIMENTAL PROCEDURES

1. Selection and preparation of the target material,

Because of the ease of handling, boron nitride was chosen as the
target material, It is rather inert and is neither hydrolyzed nor oxidized

16
to any appreciable extent in air. The objection to the presence of O lies

: . 1 1
in the fact that it gives rise to the production of N 3 and O 5; the former

being the product scught, the latter, having a 2-min half-life, will make the

decay curve resolution more difficult, Furthermore, boron nitride is chosen

13

as product, while a heavier

13

'since the boron-proton reaction would not give N

nucleus than nitrogen in place of boron will form additional N ~ upon high

energy proton bombardment. Carbon-containing tafgét materials were also not

12(

. 1 .
used because C™ (p,pn)C . reaction cross section is large in the Bev region

and the 20-min Cl; will in turn make the decay curve resolution difficult,

ObJjections to Li3N will be mentioned later,

1 v 1
_ Since N 2 was available in gaseous form (enriched to 93.82% in N 5),
it was allowed to react directly with powdered boron to form boron nitride.

The reaction was carried out in an electrically heated l-mil molybdenum boat

at 1600°C in a nitrogen (Né > gas was recovered

by trapping on silica gel at -19600, liquid-nitrogen temperature,

5) atmosphere, The excess N;

The apparatus_is shown in Figure 1, The 2-liter bell Jar was evacus
ated before the reaction in order to outgas the silica gel, molybdenum shield,-
and boron., The shield was used to protect the bell jar becauserthe heating
period was rather lengthy and the reaction temperature'was about 16OOOC°

An experimenf was carried out to determine whether molybdenum can
be used for the boat and the heat shield in nitrogen. No appreciable reaction
with the boat or absorptioh by the shield was observed,  Tungsten was also
tested and was found to react with nitfogen, Therefore, it was not used in the
experiment, '

After the jar was evacuated and the system outgased (this was indi-
cated by the holding 6f the vacuum for about an hour or sq), nitrogen gas was
admitted to react with boron. The silica gel serves as an absorber for tem-
porary storage of the nitrogen, Cooling and warming of the silica gel by in-
serting or removing the liquid air dewar was also employed with proper opening
and closing of the valves to ensure the largest amount of nitrogen gas trans-
port into thg bell jar. The molybdenum boat containing the boron powder was.:

subsequently heated to 1600°¢C to cause the reaction of the boron powder with
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Fig. 1. Apparatus for Boron Nitride Synthesis.
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.the.l\]2 gas.

At the end of the reaction, the unreacted nitrogen gas was absorbed
into the silica gel by cooling with liquid nitrogen. The pressure in the bell
Jar fell to about 100u of Hg pressure after one to two hours; this corresponds
to about 0.24 cc of N;5 at STP, - .

An open-top box was made out of 1-mil molybdenum sheetvby gently
folding. The arrangement provides a fairly'satisfactorj good geometry in heat
focusing and the reaction was carried out succ¢essfully.

The stoichiometric percentage of nitrogen in boron nitride is 56%;
the sample made by the above process is usually between ZOFAO% of nitrogen,
the remainder being unreacted boron. The totél reaction period per boat of
bbron (about 200 mg) took abouf 30 or 40 hours. ‘Change in color from black
(the original boron) to white (boron nitride) serves as a rough indication for
the progress of the reaction. ©Since the separation of the product mixture is
difficult and thevpresence Ofnunreacted boron does not interfere with the ex-
periment of interest, the product mixture was used for bombardment, Table 1

shows two typical chemical analyses of the target material,

TABIE 1

CHEMICAL ANALYSIS OF TARGET MATERIAL

Sample %B B\ bB_+ PN 0%
le\%h 6L .240.5 35.8£0,1 10020.5 0.040.,5
331\%5 | 77.0%0.9 24,0204  101,0%0,9 1.00.9

*Assuming the impurities are oxygen.

As the reaction rate of the nitrogen with powdered boron was rela-
tively slow at l6OOOC, lithium nitride was prepared as an alternative material,
Analysis showed that reaction was complete to form LiSN' The Li3N, however,
picks up water vapor from the air so rapidly that it was impossible to carry
out the bombardment without partial hydrolysis. Furthermore, in an attempt to
make it into a pellet form (tb both reduce the surface exposure to the atmosphere
and to serve as a more conveﬁient target material), several difficulties have

been encountered. These arise from the intrinsic properties of metallic lithium
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and lithium nitride, Because molten lithium attacks practically all of the
common container materials, such as iron, nickel, copper, platinim, silica,
and porcelain, etc., molybdenum seems to be.the only convenient material which
could serve as a container for the direct union of lithium and nitrogen at a-
bout SOOO_C° In addition, .lithium nitride forms a hard,~porous,-puffy lump in
the molybdenum boat and a piece of uniform material is hard to obtain, Even
when a very émall uniform area is obtained, the process of cutting it out from
the molybdenum boat ié a difficult task due tb the difference in hardness be-
tween the boat and the nitride, Diémond'saw was used, but the cooling agent
required to operategthe saw necessitates the sample's exposure to air, water
- vagpor, and oxygen, Lithium hydroxide and lithium oxide were formed under all
pessible precautions, The aitempt to use lithium nitride was thus abandoned,
Beﬁausasai?Owder does not provide as uniform a target and source for

beta counting as a pellet target, several bombardments of BN  were performed

33
with the target material pressed into pellet forms in order to test the effect

of target form on the measured cross sections, Unfortunately, some binding
agent, -"Zapon", had to be used in the pellet-pressing process, so that both-
' 14

carbon and oxygen were introduced, No .binder was used for either the N = or
N

about 1%, while a reasonable estimation for oxygen is about 0,1% as upper llmlt

powder targets, By ahalytical‘means, the added carbon was found to be

YWhlle it is probably a good assumption to neglect the N 13 produced by
l6(py2p2n)N , the presence of 0 from Olé(p,pn)O and the C-t from »
lz(p,pn)cll was rather undesirsble from the view point of decay curve reso-
lution, Thus, the pellet target serves merely to check the valﬁeé of.cross
sections at different bombarding energies for Nlh(p,pn)Nl3p The results from

powdered and pellet targets were fbund to agree within 10%,

2., DBeam monitor,

In order to measuré'any absolute cross section, it ié nedessaryfto
know, or have a measure of; the beam intensity, This can be accomplished by
use of charge collection as in.low energy bombardments or by use of a reaction
whose cross section is known. - In this work, the A127(p,3pn)Na2h reaction is
convenient‘beéause the cross section is fairly well defined in the energy re-
gion of intérest The 1\Ta21L has a 15~hr bélfﬁlife and emits negatrons ofbmaxiu
mum energy.l, 39 Mev;-1ts decay properties are sufficiently dlfferent from those
of other nuclides formed by reaction of protons in the Bev region with A127 S0

that the disintegration rate may be determined by half-life alone with the use
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2
of a calibrated end-window beta proportional counter,” The A127(p,3pn)Na b

reactlon cross section is taken to be 10, 7+O 6 millibarns from 0.4 to 6.2

Bes throughout the present study.

3, Target assembly.

The irradiation arrangement is shown in Fig. 2, The boron nitride
powder is held in place by two 3-mil aluminum foils in an indented envelope
(1L em x 0,5 em), Two additional 3-mil aluminum foils are placed behind the

envelope. The foil which is used to monitor the proton beam is that part of

| foil 3 (see Fig. 2) which lies directly behind the area covered by the powder,

Foil 3 is thus "sandwiched" between two 3-mil foils and recoil loss of Ne®
from foil 3 is compensated by the same recoil gain from Nos. 2 and L,

- All the irradiations between 0,4 Bev and 0.72 Bev were performed at
the Berkeley 184-inch synchrocyclotron’ while those between 2.0 Bev and 6.2 Bev
were carried out at the Berkeley Bevatron, The target assemblies for the two
accelerators are shown in Figs. 3 and 4., The foils are carefully aligned to

minimize errors caused by non-uniform beam distribution over the target area.

4., Recoil Considerations.

a, Loss of Nl3 from the borcon nitride:
The thickness of the powder was 20 to 30 mg/cmz, Previous studie§3)

have shown that the recoil loss of Fl .prodﬁced'by the similar Flg(p,pn)Fl8
reaction (in the Bev energy region) from "Teflon", (CFz)n, foils of thickness
2.7 mg/cm2 is about 3*1%, Because the targets used in the presint experiment
' 3

were about ten times thicker than the Teflon, the fraction of N - which re-

coiled out of the boron nitride was considered to be negligible,
b, Possible addition of N13 from the Al 7(p,7p8n)N reaction:

Because the boron nitride powder was "sandwiched" between two 3-mil
aluminum foils, it was possible for some N13 produced by proton reactions in
these foils to recoil into the powder; this would increase the observed yield
of le. The magnitude of this increase is taken to be 3+1% for the following
reasons:

(1) Direct counting of boron nitride powder itself. indicated that
the activity of 15-hr NazlL was about 0,004 of the activity of the 10-min Nl3;
at end of bombardment, It is knowé3)that the ratio of N13 atoms compared to
Na?& atoms produced in aluminum by protons in the Bev region is about 0.1, If
itJis assumed that the recoil ranges of Nl3.and I\Ta.zlL in aluminum are the same,

then the ratio of recoil activities is 0.1 x 900-min/lO-min or 9, Therefore,
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Proton beam
»/%

Boron nitrate
powder

Monitor foil

MU=-22100

Fig. 2. Target foil arrangement.
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Beam
- direction

" Leading

. edge

ZN-2618

Fig. 3. 18lh-inch synchrocyclotron target holder.
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~edge

ZN-2619

Fig. 4. Bevatron target holder.
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the ratio of activity of N13 recoiling into the boron nitride is 0,004 x 9 or

0.036 of the total Nl3 activity detectédi_

. : v 18
. (2) By a similar procedure involving the activity of 112-min F~ pro-

- ‘ ]
duction in aluminu&3)in the Bev energy region, the amount of N 3 recoil gain

was calculated to be about L%,

(3) Sugerma&S)has shown that the recoil loss of Be7

produced by inter-

action of Bev protons with 0.003~inch aluminum is a few percent,

This 3% recoil gain correction is included in the N13 results shown

in Table 2. The correction, although small, could have been avoided by inter-
posing a polyethylene "catcher" foil between the aluminum and the powder., This,

however, would have increased the decay-curve resolution because of the compa-

ratively large amount of 20-min Cll which would recoil out of the polyethylene ..

into the boron nitride, the Cll production cross section being about 30 mb(z)

12 27

from C invthe Bev energy

p,pn.)Cll as compared to 1.8 to 5.3 mb from Al
range. '3’ The use of beryllium as a cather was somewhat inconvenient because

of its brittleness.

5. Radioactivity‘measurements.~

After each bombardment, the target was delivered as quickly as pos-

sible and the target foils cut apart. The leading edge (about 1 mm), which

contained no boron nitride,was rejected. The powder was transfered to an alu~-
. . 2
minum counting card, 320 mg/cm thick, which is a saturation backscatterer for
1
the positrons from 10-min N 3, The powder was spread as uniformly as possible

over a 1 x 0.5 cm area in a depression in the card, (This gave the same area
and surface thickness (about 20 mg/cmz)as the portion of the aluminim target
foil no. 3 which was used for Na2 detection in monitoring the beam). The
tfansfer of the powder to the counting card was quantitative,

The samples were covered with 0,95 mg/cm2 of "Videne'", a rubber hy-
drochloride plastic, and counted on the fourth shelf (1.5 cm from. the window)
of an end-window, methane gas-flow, beta proportional counter. About eight
to ten minutes elapsed from end of bombardment to the first count.

The decay of the samples was followed for about 50 hours, Activities

1
detected were 2,1-min O 5, 10-min Nl3, 20vHEmin Cll, 112-min Fl8 and 15-hr Nazu,

1 11
The N 3 and C were mainly produced from reactions with Nlu, or N15 in the en-

. 18 ,

riched targets. The F and Na24 were produced in the aluminum envelope and
recoiled into the boron nitride. The O15 was produced mainly from the oxygen
impurity in the nitride and partly from recoils from the aluminum. Analysis of

the decay curves indicated that, on the average, the activity of 2.l-min O15 was

i
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gbout -six times the activity‘of_lO~minJNl3_at end of bombardment. -This "proton
activation analysis" shows that the maximum Ql6 impurity that would be present
in the boron nitride is gbout 1.3%, the 0;6(p,pn)0l5lcross section being 33 mb;(B)
o 'In a separate experiment at 720 Mev, a stack of three polyethylene, and
three hMylar",foils,.and,an.aluminum,monitor foil were irradiated in order to
measure the Nl3'produced from 016; ‘It was thus known how much 016 impurity could
be tolerated in the boron nitride without introducing appreciable error, The My~
lar, a polyester plastlc, was analyzed and found to contain 4,00% H, 62.58% C

and 33, 4% 0 (vy dlfference) The O (p,ZpZH)N cross section (corrected for the

N13 produced from C 3(p,n) reaction as determined from the (CHé)n foils) was mea-

. sured to be 0,9 mb, Therefore, it was safe to neglect the Nl3 produced by the

(maximum of) 1.3% oxygen 1mpur1ty 4n the boron nitride,

6. Determlnatlon of the overall detectlon coeff1c1ents

24

=
The overall detection coefficient, which is defined simply as the
number by Which the .count rate is divided to obﬁain the disintegration rate of

. 2 :
a source, for the decay of Na H produced in three=mil aluminum was previously

.determined to be‘Oblh9<6) on shelf four of the counters This number was checked

by B~y coincidence count of the Na24 sample mounted in an lidentical manner to
those used in the normel irradiations. The results checked within a few percent,
. 13
b.
13

The overall detectlon coeff1c1ent for N' -, which emits positrons in

_100% of its decays was measured by comparison of the annihilation radiation.

13

22
emitted by a N source with that emitted by a Na source whose positron emis-

‘sion rate was known, The 1\Ta22 standard was Supplled by Nuclear Science and En-

gineering and its strength was checked tc within 0,5% by Lx bete counting a thiny.
Tweightless” eourcei ‘

The_l\T13
radloact1v1t1es by bombardment of a stack of polyethylene foils with 10 Mev pro=-

for this counter calibration was prepared free of all other

tons at the 60r1nch cyclotron, The reaction was C 3(p,n)N It is taken as a
reascnable approximation that the efficiency of the counter for positrons emit-
fed from N13 imbedded in (CH') is the same as that for positrons emitted from
N13 in. B3N3 at similar surface thlcknesses, (CH ) has average Z = 5.3 and
B3N3 hag average Z = 5.7,

The overgll detection coefficient for a given beta radiation will vary
with the sample thickness becauge of self-scattering and self—absorption effects,

13

By use of the N - in the polyethylene foils, the variation was found to be small
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at the thicknesses used (20-30 mg/cmz) in the boron nitride high energy bom=-
bardments. -Tablerz shows the results of self-scattering and self-absorption
on shelf 8 of the end-window proportional counter, Overéllvdetection co~-
efficients for other shelves were determined by comparison of the sample

counting rate on that shelf with the rate on shelf 8,

TABLE 2

-VARTIATION OF OVERALL:.DETECTION COEFFICIENT. WITH SAMPLE THICKNESS

Polyelthylehe thickness Overall detection coefficient

(mg/cmz) (shelf 8)

5.0 0,0185: 2%
10.0. : 0.0202 * 2%
15.0 | © 0.0200 * 2%
20.0 " 0,019 * 2%
25.0 f 0.0196 *+ 2%
30.0 ’ 0.0191 * 2%

Because the variation is small with sample thicknesses in the 20-30 mg/cm2
range, errors introduced by the technique used for beta counting the boron
~ nitride powder, which produces a relatively noneunifbrm surface thickness,

are neglected,

2
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RESULTS

13

cross sections,

The number of counts per minute at end ofvbombardment, Ap,fwas ob=
talned from the decay curve by resolutlon of the 10-min N13 from the other
sctivities (mainly 20,5-min C’ ) detected, This was done by making decay
cﬁfve analysis first by hand and then with the aid of an IBM=-TOL least squares
prograﬁ called "Frenic" which wes prepared by R, H, Moore &t Los Alamos and
modified by R, W, Hoff and J. 0, Rasmussen, -The least squares program gave
the A° of each component and its standard deviation,

The number of disintegrations per minute at end of bombardment, 0°

was obtalned from A° by the simple relationship

where ODC is the overall detection coefficient defined by the above equation,
The ODC thus includes effects of geometry, window absorption, air absorption,

backscattering, self-scattering, self-gbsorption, inherent counter response to

the radiations,Vand_decay‘sbhemen ‘D from Do, the saturation activity”in dis=

sat
integraticns per minute, was obtained from: .

°
saf;v 1.0 693At7t1 /2
where At is the length of bombardment in,minutes,utl/2 = 10,0 min, Bombard-

ments were usually short (about 1 minute) compared to the half-life, so small
veffegts of the variation of the beam intensity during the run were neglected,
The cross section is given by: ’
, 13. Y
0,13 ~Dsat(N ) ' n (A ) 2k

N~ = D S x +Na
o (waZ) n (1 or vty "

D sat

G .
n _ . - R _
“Na  is thevcross section forvA127(p,3pn)Nazu teken to be 10,7 wb in the energy

range in this study.

n is the number of target atoms per,cng
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The cross sections are presented in Table 3 and 4, and the excitation

functions are shown in Fig. 5.

TABLE 3

CROSS SECTION FOR Nl

n

(p,pn)Nl3 REACTION

Energy of Incident Protons

(Bev)

0.4
0.6
0.72
2.0
4,1
6.2

Cross Section

(o)

5.2, 5.3
L1, 5.4

3.8%, k.1, 4.6
5.1%

5.6, 5.7

4.8, 4.8

TABLE k4

15 13
CROSS SECTION FCR N™“(p,p2n)N ~ REACTION

‘Energy of Incident Protons

‘(Bev)

0.4
0.6
0.7
0.72
2.0
b1
6.2

Cross Section
(mb)

1.8, 2.4

19, 2.4%, 2.7

1.6

2.3, 3.1%
1.7, 2.0

3.3, 3.5, 3.7

2.2, 2.2%

a
Pressed pellet target.
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Fig. 5. Excitation function for N~ (p,pn)N > and Nl5(_p,p2n)Nl5
in the Bev region. Error flags represent the Standard Deviation
given by the IBM-T0L decay curve resolution.
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A1l the tabulated Nl3 cross sections were corrected for the following:
a. The 3% contribution of N3
monitor foill and which recoiled into the boron nitride.
b. The production of N13 ‘
nitride target. The N15 gas was analyzed mass spectrometically and found to be
93.82% v and 6.18% Nih.

to subtract this Nl3’contribution, which amounted to a 6% correction on the av-

which was produced in the aluminum

15

from Nll1L present in the enriched N “ boron

1
The Nlh(p,pn)N 3 cross sections in Table 3 were used

erage.

3. ‘Errors,
a. Systematic:

(1) From A127(p,3pn)Na24 cross section: a shift of value in this
cross section determination will cause the corresponding shift of our o vs. B
curves. The accuracy of this cross section is 6%, i.e., 10.7 = 0,6 mb.(z)

(2) Overall detection coefficient: It is estimated to be 0,0196
on shelf 8 of the ehd-window proportional counters., This wvalue was determined
to be within 2% by the writer,

| b, Rendom:
(1) Decay curve analysis: The standard deviation computed by

13

the IBM-TOL program varied from 1 to 8% for a given N~ activity at end of
bombardment. The NazlL monitor'activity is accurate to about 2%,

' (2) Uniformity of target and source thicknesses: The non-uni-
formity of surface thickness of the boron nitride powder target is a source of
random error, Another source is the lack of reproducibility of the thickness
of the sample used for beta counting.

(3)_ Energy spread of the proton beams: The energy spread of the
beam in the l8h-inchrsynchroéyclotron rangés from the maximum energy down to
within 10% of that energy. The Bevatron energy spread is about 1%, The obser-
ved cross sections are relatively insensitive to energy in the Bev region.

A measure of the precision of the experiments can be obtained by

inspection of the individual results listed in Table 3 and 4.
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DISCUSSION

5 (5, p2n)>

As indicated in Fig, 5,.both the Nll*(p,pn)Nl3 and N
reaction cross sections are fairly energy 1ndependent from O,4 to 6.2 Bev, The
NlS(p,pZn)N cross section appears to have a maxlmum at 4.1 Bev, where that of
the Nlu(p,pn)N has a smaller maximum.

a. Possible (p,p2n) mechanisms; High energy reactions are generally thought
to proceed by two steps; one an initial fast cascade, followed byvan_evaporation
of nucleons, The following mechanisms for the (p,p2n) and (p,pn) reactions will
be discussed with .this in mind, | |

(1) Pos31b111ty of pure knock-on for (p,p2n) reactions: The probabi-
lity of a cascade in which a proton strikes a neutron which in turn strlkes an-

13

re31duer1thout excitation is

(7 ¢

other neutron and which then;;eaves the N
thought to be very unlikely. From Monte Carlo calculation, on heavier nu-
clei) it isvknown.that as more particles are ejected in the initial cascade,

the average excitation in the cascade residue increases. Such a cascade, there-
fore; would cause the evaporationlof further nucleons..and the (p,p2n) product
would not be observed, | '

(2) The mechanism that is more likely is one in which the incident
prqton strikes a neutron and both cascade out.leaving the cascade residue ex-
cited to about 8 to 18 Mev, The second neutron is then evaporated leaving the
product nucleus with excitations below the threshold for emitting another nuc-
leon., Excitation energy is then_carried off by gamma radiation which maintains
the integrity of the final product.

(3) From the radiochemical observation, the contribution of the (p,dn)
reaction to the observed (p,p2n) reaction cannot be determined, Deutarons have

(8)

sistant with an indirect pickup process in which an incident proton, for example,

been observed in high energy interactions and have angular distribution con-
-strikes a neutron. The scattered proton, at lower energy, then may pick up a
neutron to form the deuteron. It is assumed for this.paper that such process
would cause sufficient excitation to destroy the.(p,dn)'residue nucleus and the
(p,dn) contribution therefore, is assumed to be negligible,

(4) MesonS' At energies above the pion threshold, reactions such as
(p,pZnnO) and (p,ann ") become possible. All the collision partners will escape,
either in the 1n1t1al colllslon or by evaporation followed by deposition of ex-

citation energy.
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b, Treatment of le(p,pZn)Nl3 reaction: Because of the small number of
nuclecns in NlS,.it is felt that evaporation and Monte Carlo calculations will

(7)

not ke applicable, The previous Monte Carlo calculation for the cascade

particle, such as le +_§ —aNlh* + p + n, have dealt with heavier target nuclei
than N;S.' What is presented here is a calculation of the expected NlS(p,an)Nl3
cross section based upon certain analogies with other high eénergy processes.

. The fact thaé the (p,p2n) reaction cross section of interest should
have an energy independent character in the Bev region can be visualized if the
reaction as a whole is broken into two steps., The first step consists of a di-
rect knock-on (p,pn) reaction which is relatively 1ndependent of energy in the
high energy range. Th;s constancy of cross section in the Bev range has been
observed for many otherv(p,pn) reactions involving heavier nuclel, such as:

127 (p,pn) 1420 (9 7085 omyzn® (D) 035, pn)cu®® V) %8, pryms ™7 (D)

and FeSM(p,pn)Fe53 ( . In the second step, a neutron is evaporated in the de-
excitation of the excit@d nuclei, The probability of the second step is pro-
portional to the integréted cross section over the entire excitation energy
range and is a constant. Thus, the final reaction cross section for the (p,pZn)
process, which is proportiona}'to the product of the cross sections of the two
processes,.is indepen@ent of proton bombarding energy in the Bev region.

To providé an explanation for the expefimentally.measured Cross sec-
tion of the NlS(p,pZn)Nl3 reaction, the reaction and the decay scheme shown in
Fig, 6 may be used to facilitate the discussion. In order to simplify the dis-
cﬁssion theri, all reactions other than (p,pn) and (p,-p2p) are neglected, The

15

may proceed along two routes. (a).

15

interaction of high energy proton with N
The incident proton may make a hesd-on collision with the nuclecns .in the N
nucleus by a knock-on (p,pn) reaction following the route (1) shown in Fig. 6
and leave the product Nlu*° (b) The incident proton may skim the surface of
the N 15 -

Since very little energy is transfered to the interior of the nucleus in this

nucleus and interact with a neutron by a knock=on (p,pn) reaction,

process, the resulting nucleus N 1h is left in the ground state, This process
is indicated as (2A) in Fig, 6. Process (24) or (2B) which resulted from de-
exéitation of Nlu* by gemma ray emission cannot be investigated readily by ex-
periments since 1\Tll‘L is stable, An estimate of the cross section, however, is
'poséible from other (p,pn) reactions in the light mass region. It has been
measured(S).that the (p,pn) reaction cross section is about 30 % 5 mb over a
wide range of the l¢ght nuclldes, regardless of. the. oddniess and .eveness of each

I‘Z(p 11 (10),(2)

nuclide, with the .exception of N (p,pn)N For example: C ,pn)C P
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N (3)
— N+
. Particle
| 5 emission
) i
N 2 P
30mb
: 1ul
O
S

Fig. 6. TInteraction Scheme of Bev p with N°°

, The underlined cross
sections are experimental results, others are estimated values.
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16( )F18 (1),(5),(11),(12)

15(

, and Na23(p,pn)Na22 (l). Thus,

1 19
0 P;Pn)o 2 (5); F (P)Pn )
p,pn)Nl -is assumed to be approximately 30 mb.

the reaction cross section for N
Since the process (2A) as shown in Fig, 6 is rather improbable compared with the
process (2B) in the high energy range, it is reasonable to assume that the reac-
tion le(p,pn)NlA follows the route (1) and (2B). Thus, o(2B) = 30 mb.
The:le(p,pZn)Nl3 reaction results from the Nl * nuclei, which had high
enough excitsation energy and which would'decay by neutron evaporation may be es-
timated from several other (p,pn) and (p,p2n) reactions which have already been
investigated; for example: 1127,"Zn6h, Cu63,»Ni58, and FeSh° The reaction 1127 + P
will be teken as an example, although a similar argument may be applied to the
other medium weight nuclei qiﬁed, The reason for the preference of Iodine reaction
is that it is the only one that has been carried out throughout the same energy
réﬂge as the present work and that each cross sectional value has been checked by

27

different methods, The interaction scheme of Il with high energy protons is
shown in Fig, 7. The underlined cross sections indicated on the graph are pub=-
lished experimentsal values.(9) For the 1127(p;pn)1126 reaction, the total cross
section is about 60 mb in the Bev region, Since process (2A) is rather improbable
éomparéd with (2B) as discussed previously for Nl5, it may be assumea that o(2B) =
60.mb, The reaction cross section for IlZT(p,pZn)Il25 has also been measured and
was found to be around 20 mb in the Bev region. 2 This reaction is assumed to in-
volve first a knock-on (p,pn) reaction followed by neuﬁron evaporation as indica-
ted by route (3) shown in Fig. 7. Thus,.the fraction of 1126* which has high e-
nough energy to decay by neutron eveporation is about 20 mb/(20 + 60)mb = 1/k,
For other nuclei, this ratio varies between 0,16 and 0,33 as obtained from Fig, 8.
Thus% we may assume that the fraction of Nlh* which has high enough energy to pro-
ceed by neutron evaporation is also about 1/k, Thus, the cross section for the
process following route (3) for nitrogen is about 1/4 x (30 mb/(3/4)) = 10 mb as
shown in Fig. 6. The total reaction cross section for (N15 + p), considering
only (p,pn) and (p,p2n) processes, is 10 mb + 30 mb = 40 mb,

The major differences between NlS(p,pZn)NlS reaction and other (p,p2n)
reactions cited, in-addition to the mass differences or differences in number of
nucleons, lie in the peculiarity of the energy levels of the end product Nl3. As

(3)

*
vstate with a rather large energy gap so that Nl3 decays most likely by particle

has been proposed , the first excited level of N13 separates from the ground

emission. Thus, the interaction and decay scheme along route (3) shown in Fig 6

2T

. - . . 1 .
is constructed for nitrogen reacticns, In the usual case such as I shown in

125

. . 125%
Fig. 7, the excited end product, I &> , decays to ground state I by gamma ray
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¢

[126% ) o ' |
3 .
/\g —> n + ‘N plas*

(1)

127.+' P @9—5 pn -+ —— (QB). £0mb
(24)

y
I126

’ 12
Fig. 7. Interaction Scheme of Bev p with I 7 The underlined cross
: sections are experimental results; others are estimated values.
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~emission because of the small energy separation between the ground state and

the first excited state.
15 1
?(p,p2n)N->

From these considerations, it is evident that in the N
; 1l
reaction, it is necessary to know the fraction of the highly excited N which

decay by neutron evaporstion directly to the ground state of the end product

Y-ray

1 1
N 3 since the transition N 13* N 3 is rather iImprcbable due to the com~-

petition of particle emission. In order to make an estimate of this fraction,
we may compare the two processes N (p,pn)N 13 and N 5’p,pn)N 4, ‘The interaction
scheme c¢f these two reactions are shown in Fig, 9. The cross section of the re-
action Nlu(p,-pn),l\l13 iz obtained from the pregent and pricr experiment and is
found to be about 6 mb, As indicated'in Fig°.9,-N13* decays by particle emission
so that the total cross section of the Nlu(p,pn)Nl3, taking into account both de-
cay to the exciﬁed and ground states of Nl3, must be greater than 6 mb, An es-
timate of the ‘total cross section may be obtained from the second reaction shown
in Figy\9,-N15(p,pn)NlA, in &hich the total cross section of 30 mb was estimated
previously., Published experimental values for similar reaction pairs such as

C1,163(p,»pn).01.162 and _Cu65

(pfpn)Cu6h showed almost the same value for the reaction
yield of cross section over a wide high energy range. Thus, we may assume that

a similar situation ﬁolds for the two nitrogenrproton reactions. Thus, the to-
tal cross section for formation of the ground and excited state of Nl3 from the :
reaction ng(p,pn)Nl3 1s estimated to be about 30 mb, which was indicated in

Fig: 9. Of the total of 40 mb, spproximately 6 mb or 1/5 of the end productl\ll3
is in the groﬁnd state while 24 mb or 4/5 of the end ﬁrqduct is in the excited
state Nl3* and decays by particle emission, We may assume that in the Nl5(p,pn)N
reactlon, this ratlo 1s approximately correct, Thus 1/5 of Nlu* decays to the
ground state N 13 by neutron evaporation (route (3B) in Fig. 6) while 4/5 of Nlh*
has high enough excitation energy so that after the neutron is evaporated, the

13*% .
3 , which subsequently decay by par=-

end product is left in the excited state, N
. s . 1 :
ticle emission, Thus, the reaction cross section for N'S(p,pZn)N is expected

to be Lo mb x 1/% x 1/5'= 2 mb which is in excellent agreement with our experi-

mental measurements,

c. An independent experiment was carnied out to study the mechanism by which
Nlu* decays to N13 ground state., The experiment was designed to compare the Nlu*
compound nucleus formed by a low energy reaction at around 10 Mev with the Nlu*
which is supposedly to be the residual excited nucleus after the first step of
the-NlS(p,pZn)N reaction, in which N L is formed from N (p,pn)Nlu*. The ex-

1
periment involved the reaction C 3(p, N 13 (10<min N 3 ground state) in which the
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in Pérticle
N + p —> pn F emission

*

Nlh

———
A
30 mb
AR P > pn o+
Nlh
. | . 1k 15 o
Fig. 9. (p,pn) Reaction of N~ and N~ at high energies. The

underlined cross .sections are experimental results; others
are estimated values. -
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alone might be sufficient to explain the low yield of Nl .
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1hx* :
N compound nucleus was assumed to form in the first step from C

*
15+ P I\TllL .

In the actual experiment, polyethylene foils were bombarded with protons of
energies from O to 12 Mev at the 60-inch cyclotron. The proton energy |
degradation was obtained by placing 3-mil aluminum foils sandwiched in
between the polythylene foils. The energy is such that the reaction was
ClB(p,n)N15 or‘ClBA+ o) Nlu%e N15.+ n, which was evidenced in the decay

13

curve resolution in which only the 10-min N~ was observed.

The cross .section vs. proton energy is plotted in Fig. 10. An

13

"average'" cross .section for the reaction 015(p,n)1\113 (ground state N~ only)
was obtained from: B
max
= ) o(E_)dE
o= /B -E_ )] fE /%
min

by graphical integration of Fig. 10, where EmaX and Emin corresponds to the

two energy cut-off points. This calculation yields 100 mb for the decay
3

*
of the compound nucleus Nlu to the ground state Nl

by neutron emission.
u.is 409 mb, so that the probability of

The gecmetric cross section of Nl
the transition is 100 mb/L409 mb or about 1/4; The product of this fraction
and the cross section for Nl5(p,pn)Nlu* (which is estimated to be 30 mb
previously) would give l/h x .30 mb or about 7 mb which is obviously too
high compared with the experimental values of 2 mb. Thefefore, it is con-
cluded that the Nlu*,‘if.formed in the intermediate step in the high energy
reactioh, does not have the same excitation distribution as those formed

; 13 1h*
in low energy proton bombardments, such as, C°7 + p = N .

This is expected,
since the high energy incident proton, after causing a knock-on (p,pn) reaction,
would leave the residual Nlu* nucleus "disturbed" or "excited" very locally,
which is different from the "sharing" or "distributed" excitation in the
compound nucleus picture.. :

d. It should be noted that the energy required to de-bind a neutron from
NllL is 10.6 Mev, while the amount required to remove a proton is only 7.57 Mev.
The\low yield of Nl3 nuclide in this work is then compared with the low
cross sectional values from other high energy protoﬁ interactions, such as
from,Al27 (5). After the initial cascade, e.g., 'in A127, further evaporation
will, in general, tend towdrd the stability line. The immediate precurser of
15 from high energy reaction probably is ng* with 8 to 16 Mev excitation
energy. The 3 Mev binding energy difference, will then favor the

13

rather than NlB. Thus, this difference in binding'énergy

3

formation of C
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Fig. 10. Excitation of ¢t? (p,ﬁ)l\r:LB below 12 Mev.
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e. The observed slight meximum in both (p,pn) and (p,p2n) reactions (see
Table % and 4) is not understood at this time. This may possibly be related to

the variation in the production cross seotions for mesons, their energy distri-

bution and their escape probabilities, as the incident proton energy is increased

from 0.4 to 6.2 Bev. .

f. To correlate the (p,pn) and the (p,p2n) reaction cross sections more
specifically, more experimental data on (p,p2n) reactions are required, especially
in the cases where (p,pn) cross sections have already been measured, Some of
these are: Fe5u(p,p2n)Fe52 and Cu63(p,p2n)Cu6l,

A
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