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ABSTRACT

The differential cross sections, do/dS2, for producing neutrons with
energy in excess of 20 Mev from carbon targets bombarded by 340-Mev pro-
tons, 190-Mev deuterons, and 490-Mev He3 particles were measured. The
absolute cross sections were determined by counting identical carbon targets
and neutron detector foils in equivalent geometry and utilizing the known ratios

of excitation functions for the neutron and bombarding particles,
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INTRODUCTION

High-energy neutron beams have been produced at Berkeley in a
variety of ways: 90-Mev neutrons result from stripping 190-Mev deuterons;’
270-Mev neutrons result from exchange collisions of 340—Mev protons inside
light nuclei;3 160-Mev neutrons result from stripping 490-Mev He'3 ions. 4
This report concerns the measuremént of the differential cross sections for

each of these processes.
EXPERIMENTAL METHOD

Angular Distribution

Each of the ions mentioned above was accelerated to full energy
in the 184-inch cyclotron (Fig. 1) and struck a laminated 3/8-inch carbon
target of truncated wedge shape (Fig. 2) placed on a probe, producing high-
energy neutrons over a range of angles. In order to measure the angular
distribution of these neutrons, pure graphite detector foils, 1-11/16 inches
in diameter and 1/8 inch thick, were placed every few degrees around the
cyclotron over a horizontal range of 25° and a vertical range of 12°. No
monitor was needed, as all detector foils received exactly the same exposure
time, about one-half hour. The detector foils were placed directly on the
tank wall, so that the effects of wall scattering were minimized. As the neu-
tron activation threshold in carbon is about 20 Mev, > neutrons degraded below
this energyby inelastic collisions with the dees, walls, and shielding are not
detected. _

Following bombardment, the activity in each of the foils was meas-

ured under an = end-window Geiger counter in a lead shield. After the usual
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Fig. 1 Experimental arrangement. The carbon detector foils
were placed on the outer surface of the vacuum chamber
wall.
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corrections for counter dead time and background, each of the observed ac-
tivities was corrected to a standard distance beneath the counter by means
of an empirically determined factor. The only activity observed in the de-
tector foils was the 20. 5-minute ,CH formed by the (n, 2n) reaction on Clz. 6

The number of countable events per unit time Cf produced by the
{(n, 2n) reaction in each foil at time t. after the beginning of a bombardment
of duration t is

oo
- 1) . an(E)U(E)n'Zn ndE, (1) -
2 ’,

_ _~Atg, At
Cf(tc) = e (e

where Nf is the ngmber of carbon atoms per cm2 in the foil,
n(E) is the differential neutron spectrum incident on the foil per unit
time, .
&(E)n, 2n is the (n, 2n) excitation function in carbon, I _
n is the over-all efficiency for counting a decaying C atom in the
standard geometry, and _ '
A is the decay constant for the 20. 5-minute CH- activity.

We can define an average (n, 2n) cross section in carbon,

(o0}

j . n(E)o_(E)E =5 _ , N, . (2)
2 ' |

where Nn is the total number of neutrons incident on the foil per unit time. ' |

Then

“Me( A

Ct.) = e . )N#4G_ , N o 3)

n,2n n’
~All counting rates can be corrected to some standard time tos
- )‘(.tc'to) '
Cf(to) = Cf(tc)e ) (4) ‘

so that
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“)\to( e th

Cf(to), = e - 1)Nf'q6n, ZnNn" : - (5)

Nn will be given by
N = NN, 2 (9a0 o o (6)
n tddQ ! _ «

where Nt is the number of carbon atoms per cmz in the target, ,
N‘d is the number of monoergic deuterons (or protons, or He” ions)
incident on the target per unit time,
%g— {0) is the diffe;'ential cross section in carbon fo; the production
of neutrons by deuterons (or protons, or He™ ions),
and AQ = —% is the solid angle subtended by the detector foil.
The differentiafl croés_ section at the angle of the jth foil then becomes

Cylt,)

. N,N.N nAQe

do _
dQ (Gj) -

) ' (7)
5 —)\to(e)\ ty .

n,2n-ftd 1)

and the ratio of cross sections for two foils is

.2
do PN o :
T 0 e ClE) |

The angular distributioné are then just the adjusted counting rates in each
foil, compared Lo the rate in the foil at 00, and weighted by the squ.are of the
distance between detector foil and target. The counting statisfics obtained
for each foil were of the order of 1l percent. The distances, of the order of _
100 inches, were measured to less than 1/2 percent. All counting rates were
corrected for neutron attenuation in the cyclgtron tank walls. Each distribAu—
tion was determined several times with good reproducibility.

Differential Cross Section

The absolute differential cross section for the production of high-

energy neutrons by the various ions was measured at 0° by exposing the target
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and a single detector foil in a short bombardment, of the order of 20 seconds'
duration. After exposure, the detector foil was counted in exactly the same
geometry asthat'used inthe defernrination of the .an‘gUI‘ar distribution. The target
was.separated, after exposure, into its components, three 1/8-inch truncated
wedge sections. Each segment was placed in a dummy graphite form cut from
the same stock, so that the assembly had the same right circular cylindrical
shape as the detector foil. This was done so that, to the Geiger counter, the
target foii should appear equivalent to the detector foil with respect to back-
scattering, absorption, and physical geo‘me’cry, The target-segment counting
rates with and without the dummy form differed only by a few pércent.,
Although the detector foil was exposed uniformly over its volume,
each target segment activity was confined to the 1/2-inch inside edge of the
wedge, owing to the manner of its exposure. It was necéssary to determine
the effect of this nonuniform activity distribution, so that the counting rate
could be compared directly to that of the detector foil. For this purpose, a
1/8 -inch-diameter disk of 1/8-inch-thick graphite was activated, and the C11
activity was determined as a function of the radial displacement of the disk
(approximating a point source) from a point below the center of the Geiger
tube. 7.
o At a sufficient distance below the Geiger tube there should be no change
in the '""effective'' solid angle. At the standard distance, to which all counting
rates were empirically corrected with an uncertainty of about 1 percent, it
was found that this solid angle changed only slowly out to about 1/2 inch, and
was down by 15 percent when the 1aterél displacement of the point source was
1 inch. Since the target activity was confined within a radius of 1/4 inch or so,
the effective relative solid angle was unity. For the detector foil, the effective
solid angle was determined by integrating the product of the radius and the
solid angle for the point source over the radius. This integral was normalized
to the foil area, and the effective relative solid angle turned out to be about 0.95.
In the target foils, slight amounts of impurities caused decay activities
longer than the desired 20.5-minute period. These longer activities amounted
to only a few percent, when the bombardmenf was kept short, and were sub-
tracted. The total activity in the target was taken to be the sum of the activities

in the segments.
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The 20.5-minute counting rate Ct produced by monoergic ions (say,

deuterons) in the target and adjusted to some time tg is
_ =\, Aty _
Cylt,) = e Mo - YNyN 0 (190) 4 m, (9)

where (r(l‘)O)d dn is the cross section for the production of Cll by deuterons

0f 190 Mev. (For the other ions, Eq. (9) would contain Np and (r(340)p pn

or NHe3 and 0(490)He3,He3n°) Substituting fg_r Nd from Eq. (9) into Eq. (7),

we h;ve ;
_ég (00) - Yl i(lgo)d, dn cOo (to) (10)
dt2 Ntﬂf 0(90‘)n’ 2n C'(t (toT
RESULTS AND DISCUSSION
Deuterons

The angular distribution of neutrons from 190-Mev deuterons on carbon
was determined first, in order to check the experimental method, since this
distribution had previously been predicted1 and verified. 2 The results are
shown in Fig. 3. The points at 20° and 25° could not be corrected for attenu-
ation of neutrons in the internal deflector system of the cyclotron, and are
véry probably too low. Foils placed at 90° in the target region showed less
than 1 percent background activity. As the general agreement with the previous
work was satisfactory, the absolute differential crés.s section at 0° was de-
termined by the method describ_ed above. The ratio 0'(190)d, dn/6(90)n, ’n
{Table I) was determined by an auxiliary experiment to an accuracy of roughly
10 percbeni:,'8 using as a neutron detector a recoil proton scintillation counter

telescope for just the neutron spectrum involved, and was found to be consistent

with the results of McMillan and York.9
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Fig. 3 Angular distribution of neutrons from deuteron stripping
in carbon, The triangles and circles represent vertical
and horizontal distributions, respectively.
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Table I

Ratios of cross sections for the production of cll by
various ions to cross sections for the production of
cli by neutrons of the related energies

8

0(190)d’ dn/‘&(%)m on 2.72
_ 7

0‘(340)p9pn/0(270)n» - 1.95
g 8

.o'(490)He3,He3n/0(160)n’ o . 4.30

The target-foil counting rates were corrected for activity due to sec-
ondary reactions in the thick target, which amounted to about 2 percent. The
final result, given in Table II, is substantially in agreement with earlier work

.. . 1
of Knox. 10 ‘The total cross section for deuteron stripping has been determined, L

and is, of course, larger than that found by integrating the preéent distribution,

which extends only to about 15°.

Table II

Differential cross sections at 0° for the
production of high-energy neutrons by various ions

ioﬁ % (OO) barns/steradian
340-Mev proton 0.22 £0.05
190-Mev deuteron ‘ 3.2 +£0.5
490-Mev He> ion 2.0 +0.4

Protons ‘

The angular distribution of neutrons from 340-Mev protons was checked
and found to be in general agreement with the work of Miller, Sewell, and
Wright. 3 The determination of the absolute differential cross section at 0°
was complicated By the presence of primary pr.otons at the detector foil po-
sition. The proton-neutron ratio at this position was determined by plotting

the logarithm of the counting rate as a function of thickness of lead, in several

" foils placed along the 0° line, as in Fig. 4. The counting rate from neutrons

12
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Determination of the neutron-proton ratio at the detector

foil position. Linear extrapolation of the neutron attenuation
curve in Pb shows that the neutrons comprised 32 percent

of the total activity observed.
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alone is then the intercept of the linearly extrapolated neutron-attenuation curve.
The ratio of cross sections for the production of C11 in the target and in the
detector, 0(340)p, pn/5(270)n’ - is known to roughiy 10 percent ( Table I). 713
The final result is given in Table II.
He3 Ions

The angular distribution of neutrons from 490-Mev He3 ions, determined
by the method described above, is shown in Fig. 5. The half width at half
maximum is about 5.5°. 'ffhis narrow beam suggests that the neutrons are
produced primarily by stripping, since an estimate of the width to be expected
from the ratio of binding energy to kinetic energy is 6 ~\/ e/EHe3 = 7°. The
angular distribution to be expected from the theoretical considerations, using
an approximate wave function for the He3 nucleus, has been calculated by Dr.
Warren Heckrotte. 14 v

" The production of high-energy neutrons from the interaction of high-
energy He3 nuclei with heavier target nuclei results from the stripping off of
one or both of the protons of He3., Cne would not, however, expect the two
protons to be stripped off simultaneously, so that we need consider the effect
of only one proton's being stripped off. The cross section and the angular
and energy distributions can be calculated in a manner similar to that for the
production of neutrons or protons from the stripping of high-energy deuterons.

It must be recognized, though, that in calculating the angular and en-
ergy distributions it is necessary to take into accbunt the interaction between
the neutron and the remaining proton after the stripping event. The interaction

3

can lead to the formation of a deuteron; or if the neutron and proton remain
unbound, the interaction can be expected to influence their subsequent motion.
Because of the virtual level of low relative energy in the singlet p-n state, the
effect of interaction is to reduce substantially the half width of the momentum
distribution of the neutron'(or proton) from what would be obtained with neglect
of this interaction between the outgoing neutron and proton. The calculated angu-
lar distribution of the neutrons, a simple Gaussian form being assumed for the
,He3 wave function, is shown in Fig. 6. The angular distribution that results

when the interaction between the outgoing neutron and proton is neglected is

also shown for the sake of comparison.
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Fig. 5 Angular distribution of neutrons from He stripping in
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and horizontal distributions, respectively.
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Fig. 6 Theoretical angular distribution of neutrons from He
stripping. '
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The ratio of cross sections for the production of C11 in the target and
the detgctor, 0(490)He3, He3n/v(160)n’ 5y Was measured with the telescope
to about 10 percent (Table I). 8 The final result is given in Table II.
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