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%'e measured the cross sections of the different inelastic channels for cx+p reactions between 135 and

155 MeV. Starting with some simple assumptions, a theoretical description of differential and absolute.
cross sections has been sought to be applied to some cosmic-ray studies.

INTRODUCTION

Cosmic ray d and 'He are mainly produced by
interaction of primary p and n particles with in-
terstellar hydrogen and helium. Their production
rate n, (e, r) at position r and energy e is connect-
ed to the primary flux n~(e, r) by a relation like

where v~, is the differential production cross
section of a fragment with energy e by interaction
of a primary p with an i target.

In order to study a+P interactions we exposed
nuclear emulsions which contain hydrogen to the
Orsay n beam. The nuclear emulsion technique
allows measurement of absolute cross sections
as well as energy distributions of emitted frag-
ments and gives simultaneously a complete rep-
resentation of the different interaction channels.

The most important information on cosmic rays
is given by their energy spectrum, and it becomes
necessary to have a good representation of the
differential cross sections o~,(~, e') if one wishes
to be able to compare calculated and experimen-
tal spectra.

Ramaty and Lingenfelter' worked in such a way
and, in an important study, have given a semi-
empirical representation of available results
from Wilson chambers and counters in order to
explain cosmic ray d and 'He. The most efficient
formulation is certainly an analytical but simple
treatment .starting with simple theoretical as-
sumptions; we have tried in this paper to find
analytical formulas for the differential cross sec-
tions as functions of outgoing fragment energy.

TECHNIQUE AND EXPERIMENT

Just a rough survey of experimental technique
will be given here, as well as a summary of the

absolute cross sections we measured between 135
and 155 MeV. The technique has been used in our
laboratory for several years in order to study
a+ C, N, O reactions and further details can be
found in one of the previous papers. '

A nuclear emulsion acts simultaneously as tar-
get and detector since it registers each charged
emitted prong and allows the measurement of the
whole event except for a possible emitted neutron.

To identify a reaction all the different mass and
charge possibilities are assumed for each emitted
prong assuming target nuclei of 8, C, N, 0, which
are the light nuclei components of nuclear emul-
sion. With help of a range-energy relation, en-
ergy and momentum conservation are checked for
all possible reactions. To fit events with one
emitted neutron the whole missing momentum is
given to the neutron and the fit made only on en-
ergy conservation. In this way the method only
allows an identification of reactions with, at most,
one emitted neutron. This is unimportant for the
aim of this work. Indeed, the only reaction with
more than one emitted neutron corresponds to
the total breakup of the n particle and does not
contribute to formation of d, t, or 'He fragments.
On the other hand this reaction has a rather high
threshold (around 142 MeV) and cannot give an
important contribution in the energy range studied
here.

The experiment has been done with Ilford KO-K5
50% emulsion stacks irradiated at 26'. Each stack
was composed of seven 900- p.m-thick plates. The
incident energy was 155 MeV, and because the
events have been measured in the whole thickness
of the first plate, we have co1.lected a set of events
corresponding to an incident energy range be-
tween 135 and 155 MeV. For this experim. ent we
limited the scanning to the first plate of each stack
because, according to the energy loss of the inci-
dent beam in the second plate we would have been
under the threshold of most of the reactions.

Details on the method of determining cross sec-
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tions can be found in papers mentioned in Ref. 2.
For the estimate of the errors we took into ac-
count all the uncertainties introduced by scanning
efficiency, incident flux, and number of target nu-
clei, but we note that the most important factor
comes from the statistical error due to the num-
ber of identified events.

ANALYSIS OF DIFFERENTIAL
CROSS SECTIONS

Before going through the different a+p reac-
tion channels, let us first make some general
comments.

The differential cross sections for n particles
in the final state are of the form

( 7I')
l

l2 ZZ
dht'

hv, , (2m)'

x6k, — k~ gE, Ef

where M is the transition matrix element be-
tween the initial and the final state and

M=(e, lvle, .).
The analysis will depend on the choice of wave

functions for the interacting particles as well as on
the potential. If the center-of-mass motion is
described by a plane wave, we can write

y;, (r) =we'" ' y(lrl).
The radial parts for 'He and n particle are
chosen as a Gaussian form

f 3
(r)=&& exp ——P (r, —r~)'

He He

4

y„(r) =N exp —— g (r, —r,)',2 . .j&j=l

with'

o. = 0.1455 x 197.32892 (MeV/c)',

o. ' = 0.1474 x 197.3289' (MeV/c)2 .
The radial part of the deuteron wave function is

chosen either as the HultMn type or the Gaussian
form. The form is only related to the normaliza-
tion of the theoretical results. For the Hulthen
form

comparison between experiment and theory. All
details can be found in the Appendixes which sum-
marize kinematical constraints and the differen-
tial cross sections for d, g, 'He emitted fragments
for p+ n and a+p reactions. We also want to make
clear that we do not try to find a standard normal-
ization for all the theoretical curves, but that we
wish only to be able to compare the shape of the-
oretical and experimental distributions to see if
most of the experiment can or cannot be explained
by the analysis.

A. Two-Particle Final State:
Ot+p~d+ He

This reaction has a rather high cross section
at the studied energy so that it is chosen for a
somewhat more complete analysis of the contri-
bution of the one- and two-particle transfer mech-
anisms. Calculations are done with the coordi-
nates shown in Fig. 1.

1. One Particle -Transfer Mechanism

An interaction between only two nucleons takes
part in the reaction. The interaction potential can
be assumed to have a zero range:

V(r, —r, ) = V,6(r, r, ) . —

Even if the potential has a finite range, it is
possible to eliminate it in the matrix element by
solving the Schrodinger equation for the deuteron.
In this case the expression V(r, —r,)P,(r, - r, ) is
replaced by the second derivative of the deuteron
wave function.

Regardless of the potential form, the differen-
tial cross section for 'He becomes

He

where C = 0.514C„and k, is the incident momentum.
Here C~ depends only on the units.

y (r) =~ (e-ar e I'")N
r

we used the following parameters (Ref. 3):

a =0.232 x 197.3289 (MeV/c);

h = 1.202 x 197.3289 (MeV/c) .
In the following part of this section we will give

only the relations necessary to make clear the

—0

FIG. 1. Coordinate system. R is the center-of-mass
position of the five particles. r, p~, p2, ps are relative
coordinates.
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2. Two -Particle Transfer Mechanism

Here the target proton interacts with two par-
ticles in helium to make 'He. An harmonic-
oscillator potential is considered:

V(r) = A.[(r,—r,)'+ (r, —r,)'].

nag = d ~3He

BERNAS' DATA AT 556 MeV

--- THEORETicAL CURVE

The constant A is expressed in terms of the
parameter o. ' for the wave function of He, by in-
serting the potential into the Schrodinger equation
for the wave function. The energy distribution is

do, C 12(o.+ o. ') hs„,
'

dE3 ko' 3n '+ 4a 18(y '
He

x exp— 2

4~ He 18OI He

where C = 68.8C~.
Near threshold it is possible to assume a super-

position of one- and two-particle transfer mech-
anisms, while at high energy one-particle trans-
fer should certainly be sufficient. For both con-
tributions the matrix element becomes (M» j
= ~M, +M, ~, and the cross section can be deduced
from the two preceding relations.

The energy distribution for 'He is plotted in Fig. 2

with the two theoretical values: curves (l) and (2),
respectively, correspond to do, /dEs„and do»/
dE3H, .
As our incident energy range is rather broad
(slightly broader than that which is used to give
the absolute cross section) the theoretical calcula-
tion is made for each event and all contributions
to the different emitted energy channels added.
Normalizations of theoretical curves are done

th 20
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FIG. 3. do/deqh~ for the reaction p + n d + He at
156 MeV.
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according to the total number of events (this allow
us to drop constant Cr). From Fig. 2 it can be
concluded that in a first ipproximation the one-
particle transfer reaction explains the greater pm
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FIG. 2. do/dESH for the reaction u+p d+ He.
Experimental and theoretical distributions: (1) one-
particle transfer mechanism; (2) one- plus-two-par-
ticle transfer mechanism.
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F/Q. 4. dc&/da„z& for the reaction p +~ —d + He at
95 MeV.
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of the emitted fragment distribution.
To check our conclusion the same formalism is

applied to the reaction p+n for which there are
several counter results.

Bernas et al. and Selove and Teem' plotted dif-
ferential deuteron cross sections versus labora-
tory emission angle (Figs. 3 and 4). The theoreti-
cal curve is obtained by applying the same formal-
ism as before to the reaction p+ o. (one notices
that for two particles in the final state, the energy
and the angular distributions in the laboratory are
equivalent). The cross section is given by

do C 1=—
2 exp -3 (k„-ko)'

p

An important part of the secondaries can be ex-
plained by such a simple approach; this remark,
and especially the conclusions drawn from Fig. 2

will allow us to continue the study in such a way.

B. Three-Particle Final State

l. n+P-n +P + He and P +P + t

These reactions differ only by Coulomb inter-
actions. If such interactions are neglected the
same formulations are applied to calculate cross
sections for both reactions. We are interested
in energy and not in angular distributions. The
Coulomb effects are appreciable only in a certain
region of angular distributions. However, they
are somewhat smeared out in the energy distribu-
tion obtained from the angular distributions by
integrating over scattering angles.

As before the interaction between two nucleons
(n, p) is considered by the use of the same coordi-
nates and zero-range potential assumption, giving

60-

the differential cross section

do' Q ~m~ $ ~ 3 kp
exp -3 k, — 4' X'dX.

He 4
3He 0

This formula is similar to that given by Ramaty
and Lingenfelter' with perhaps a somewhat steeper
slope for energy distribution. Figures 6 and V

compare Innes and Tannenwald experimental re-
sults with the theoretical calculations. The nor-

50-
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In Fig. 5 the experimental and theoretical dis-
tributions normalized to the total number of events
are compared. The agreement is not bad even if
the number of events is small. In this figure the
reactions np'He and ppt are added.

Innes' and Tannenwald' measured npt events
from neutron induced reactions on helium. If one
again neglects the Coulomb forces, it is possible
to compare their results with the reaction p+ n
-n+ p+'He. In that case the cross section is
represented as

dg Q &max jg3
P -3 ' gdX, .

38e 3Q
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FfG. 5. do./dESH for the reaction n +p -n+p + He
experimental and theoretical distributions.

FIG. 6. do/d E experimental and theoretical distribu-
tions for Innes's experiment at 300 MeV.
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FIG. 8. Coordinate system. Notations are similar to
those in Fig. 1.

C. Four-Particle Final State:
Q+p~g+p+p+d

Interaction between the proton and two nucleons
from helium is considered with the coordinates
shown in Fig. 9. For a zero-range potential of
the form V,6[r, ——,'(r, + r,)], the deuteron cross
section becomes

exp -~
1 ~ ~k p

xexp ——k — X, X, dX,dX,
4n

if one neglects mass differences between p and n,
in which case

20 40 60
TRITON ENERGY ( MeV)

80

FIG. 7. do/dE experimental and theoretical distribu-
tions for Tannenwald's experiment at 90 MeV.

A comparison is only possible with Innes and
Tannenwald experiments for which case the cross
section has the following form:

malization is done for the most populated energy
interval. Again from these figures it is possible
to conclude that most parts of the spectrum can be
explained in this simple way.

Q+p p+d+d
By assuming n-particle breakup, we take the

coordinates shown in Fig. 8. By taking the zero-
range interaction potential between a nucleon and
a deuteron which has the form

V(r, —r„)= V,6[r, ——,'(r, +r,)],
the differential cross section becomes

k'0' 0 0
exp 2n 4n

Although most of the spectrum is explained for
the data of Innes, a different normalization should
be chosen to explain Tannenwald's spectrum (Figs.
6 and 7). However, there the number of events is
rather poor and we still stay with the above re-
lations.

—
4 k„-2 XdX ~

Unfortunately, our number of events is too low
to compare the experimental data with the calcu-
lated results. The only possible test will be a
comparison with absolute cross sections (see next
paragraph).

FIG. 9. Coordinate system. Notations- are similar to
those in Fig. 1.
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CROSS-SECTION VARIATION

WITH INCIDENT ENERGY

From differential cross sections it is possible
to calculate absolute values by an integration over
the whole emitted-fragment energy range:

o'(~, ) = ', de'=C f(e» e')de',
'2 do(e„~')

where E'y and ~, are limits given by kinematical
constraints, ~, and ~ the incident and outgoing
ener gie s.

A very important point is the estimate of the
constant C which should be possible by adjusting
the calculated and experimental values. In fact
experimental data are given with very large un-
certainties and so it is difficult to draw definitive
conclusions for C values. Nevertheless we will
try to do it and hope that perhaps more experi-
mental results will allow us to get a somewhat
better normalization constant C.

Audouze et al.' and especially Meyer' analyzed
very closely experimental data from different

authors; most times they renormalized them or
calculated absolute cross sections from differen-
tial values. Their calculations and values from
experimentalists are used in the following dis-
cussion.

A. p+Ot, '~4+ He

As our statistics are not too low for this re-
action, normalization is done according to our re-
sult between 135 and 155 MeV for incident n parti-
cles. Error is taken into account and gives both
limit curves (Fig. 10' ' ""). In this figure
Audouze et al. 's and Meyer's results are plotted
with the addition of directly measured values for
p+ n and n+n reactions. Our measurement is
added versus n energy/nucleon.

For Audouze et al. 's results the normalization
is quite representative of cross sections except
perhaps for Hayakawa et al. 's value which is
rather high. Nevertheless Meyer's calculations
would need a constant about 10% higher to explain
his results.

B. p++ ~ n +p+ He and p+ p+ t
3

and p+d+d

30 I I I I I I I I) I I I I I I I I)

d ~He

SH

I I I I IIII
Recent Wilson-chamber measurements from

Nicholls et al."at 141 MeV have been obtained

PERIMENTAL DATA

LCULATED BY MEYER (9)
VEN BY AUDOUZE (8)

&p
2

- np~He
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40
&0"

I I I I I l Ill I II I I Il Ill
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INCI DENT ENERGY (MeV/N )

FIG. 10. Variation of p + n -d+3He cross section
versus incident energy. The abbreviations are: SH:
Shamu and Jenkin (Ref. 11); W: Wickersham (Ref. 14);
B: Bunch etal. {Ref. 12); BE: Benveniste and Cork
(Ref. 13); TW: this work; R: Rogers etal. (Ref. 15);
C: Cairns etal. (Ref. 16); H: Hayakawa etal. (Ref. 17);
T: Tannenwald (Ref. 7); S: Selove and Teem {Ref. 5);
N: Nicholls etal. (Ref. 10); BR: Bernas etal. {Ref.4);
I: Innes (Ref. 6).

&o"
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gp 2 &p' )04

INC I DENT ENERGY (IVIeV/N)

FIG. 11. Variation of p+ n n+p + 3He cross section
versus incident energy. The abbreviations used are the
same as those in Fig. 10 with the addition of: R: Riddi-
ford and Williams (Ref. 19); K: Kozodaev etal. (Ref. 20);
L: Lebowitz and Miller (Ref. 21).
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TABLE I. n+ p inelastic cross sections behveen 135
and 155 MeV.

)02 I I I I IIIII I I I I I llli I I I I I lll

Reaction
Q value
(MeV)

Threshold
(Me V) (mb)

d He

ppf'

np 3He

—18.4

-19.8
—20.6
—23.8
—26.0

103

120

130

34.9 + 3.8

3.7+ 1.0
15.6 + 2.2

1.7 ~ 0.6

0.6 + 0.6
Cl
E

b
TWii ENTAL DATA

TED BY MEYER (9)
with a good number of events. Furthermore the
comparison they made with the data of Palmieri
and Goloskie" at 147 MeV for total cross sec-
tion seems to be quite conclusive. These results
are used to try a normalization for the three re-
actions np'He, ppt, and pdd.

Experimental and calculated" ' '~ "' ' "re-
sults are plotted in Figs. 11, 12, and 13. At higher
energies the agreement is good for np'He and pdd
reactions. It remairis also for ppt if one considers
Meyer's correction for the Innes result at 300
MeV. The values above 300 MeV certainly in-
clude events with emitted m mesons and should
give cross sections higher than those predicted

IQ

I II I I IIIII I I I I IIIII I I I I IIII

10 30
INCIDENT ENERGY (MeV/N)

FIG. 13. Variation of p+ n p+d+ d cross section
versus incident energy. Abbreviations are the same
as those in Figs. 10 and 11.

10 . I I I I I I III

pa~

C T

I I I I I III[ I I I I I III by the theory; this is not true for the np'He chan-
nel. In any case Meyer' noticed that the results
deduced from the experiments of Riddiford and
%illiams" and Kozodaev et al. 'o are very uncer-
tain and we are not too concerned about the dis-
crepancy between experiment and theory. At low
energy more data around 50 MeV would allow us
to draw better conclusions, although errors
would be large for low cross sections at such
energies.

C. p+Q~n+2p+d

A L DATA

BY MEYER (9)

Nicholls et al. ' did not distinguish this reaction
from total n-particle breakup so normalization
is done according to Innes's result. Only a few
data are available for this reaction (Fig. 14) and
to draw conclusions about agreement between ex-
periment and theory one has again to consider that
the value around 50 MeV is too high.

so"
I I » ill I I I I I I I II

'IO qp3

INCIDENT ENERGY (MeV/N )

I I I I I III

~04

FIG. 12. Variation of p+ o. —p+ p+ t cross section
versus incident energy. Abbreviations are the
same as those in Figs. 10 and 11.

D. Comment

Meyer' studied carefully the variation of total
p-n inelastic cross section versus incident energy
and found a broad maximum around 50 MeV. If
we add all contributions from the theoretical val-
ues of inelastic cross sections (except that of
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0.'?88 x10' 1
da„= „, exp ——(k„-k,)' dZ, .

0

C. p+n~(2)+(3)

0.788 x10'
803

1exp- —k ' dE
3Q He He

APPENDIX II: THREE PARTICLES IN FINAL STATE

A. Kinematical Constraints (Fig. 16)

cos(k„k,) =,- „-
~

[Ak, '+BR,'+ CX'+M@],
IkO ~lk2

ko'(1 —2AB) —2BC X. —2MB@a [to )k()'(1 —4AB) —4BC X' —4MB@]'~'
2 limit 2

with

u,'(1 —4AB) —4MBq
4aC

1 M
A. =— 1-

2 m o

1 MB=— 1+--
2 m2'

8Z 3m4

3 4

m4k3-m3k4X=
2p. ' M

B. n+p~n+p+ He or p+p+t

Xmax
do, =—, exp ——(k, —+ho)' X'dXdE, .2

Q
2

C, =0.228 x10' and C, = 0.678.
He

C p+Q~n+p+ He or p+p+t

C Xmx ~-2 /

Q 0

C3H =0.592 and C, =0.176.

D. n+p~p+d+d

0.146 Xmax
dv = exp ——k ——' X'dXdE .

ko 4~ ~ 2

ko

mo mi fA0

FIG. 16. Kinematics for three-particle final-state.
Notations are the same as in Fig. 15.

FIG. 17. Kinematics for four-particle final-state.
Notations are the same as in Fig. 15.
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E. p+O. ~p+d+d

APPENDIX III: FOUR PARTICLES IN FINAL STATE

A. Kinematical Constraints (Fig. 17)

cos(k&»k2) =, „~(Ako +Bk2'+ CX,'+DX, + M, Q),[k, I~k,

ko'(1 —2 AB) —2BC X,
' —2BD X,

' —2 M, BQ a 6
2 lilnit 2' 2

with

5' = ko [ko'(1 —4AB) —4BC X,
' —4BD X2 —4M, BQ]

ko'(1- 4AB) —4M, BQ
2

M =m+m m4k —pre k
M2 = m, +m4+m, ,

1

M,k, —m, (k, +k,)
2

I M~ I M~ I Elf M I M M

B. n+p~n+2p+d

C. p +0.'~ n + 2p +d

0 0 0

To get cross sections in mb all momenta have to be expressed in (MeV/c). Here we took

Q-Qmf -Sl, -Blo
f =2
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