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NEUTRON PRODUCTION BY HIGH-ENERGY PARTICLES
Waiter E, Crandsll and George P, Millbuwen

Radiation Laboratory, Department of Physics
University of California, Berkeley, California

September 29, L1954

ABSTRACT

From neutron—yleld measurements made with a MnS0), detecting solution,
the average number of neutrons produced per inelastic event is determined for a
series of elements from lithium to uranium for 3L40-Mev protons, 190-and 315~
Mev deuterons, 490-Mev Hed ions, and 90- and 160-Mev neutrons. The xesults are -
analyzed in an attempt to understand the total yleld measurements for thick '
targets and to explain the varistion of yield with the atomic number of the
target.

I. INTRODUCTION

In attempting to explain the yield of neutrons from targets bdmbarded by

1

high~energy particles,™ information concerning the number of neutrons produced

per iﬁelastic eveht, ﬁ, and the cross section for ‘the production of one neutron,
o1’ is needed. These two quantitles have 5een determined for a variet& of
eléments for 340-Mev protons, 90-Mev neutrons,‘160-Mev‘heutrons, 190-Mev
deuferdns, 320-Mev deuterons, and 490-Mev He? particles:

‘The measurements were made by detecting ‘the neutronu in a tank of Mn004
solution.l The targets were equal to or less than the range oi thc chargcd

particles in most cases.

Inelastic cross sections for the various particles were taken from
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California Research and Development Co. Report LRL-85, by Birnbaum et al.
(see'alsd Phys. Rev. 95, 1268 (l95h».
In'general the values of N and o1y increase rapidly with increasing

atomic weight, whereas the increase with particle energy is much slower.
II. MBASUREMENTS

“1l. Neutron Yields

The nﬁmber of peutrons emitted ffém a térget, N,, for P, inéi&en£
particles was measured in a MnéOu solution.contained in a large tank.1
Eighteen inches of solution surrounded the‘l-foot—square tunnel in which the |
targetS'Werévpiaced. The plug at the rear.of the tunnel waswremoved’wheh the>
'_targets,were less than a range thick, and for all fargets iﬁ the neufron beams.
The solutién was calibrated by placing‘a calibrated neutron source (Ra-Be) in
the tuﬁnel. The activity indﬁced in the manganese was counted by two sets of:'
- thin-walled Geiger counters. For further details concerning the method;
UCRL-206% should be consulted. The felative'error in measﬁrement is estimated

to be 3 percent, but because of the uncertainty in the neutron-source calibra-

tion, the absolute error is about 10 percent.

2. Beam Monitors

i

The number‘qf charged particles incident on the target was measured by
a parallel-plate ionigzation chamber operatedlso as to render negligible the
'effects‘of reémnbination.l The ionization chamber'wasvcalibrated against a
Faraday cup. Thelcharges collected were determined by measuring the vqltage
produced. ‘across & calibrated condenser'with a 100~percent iﬁverse feedback

electrometer. The condensers were calibrated against a “secondary standard"
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condenser, which was calibrated by the Natioﬁal Bureau of Standards to Ofl per
cent. For further details, UCRL-2063 shouid be consulted. The relafive error
in meaéurement is estimated to be 1 percent, and the absoiute error about 2
percent, or less.

_‘The neutron beams used in this experiment were mohitored by a scintil-

lation counter télescope'using the recoil protons from a CHp target and the

measured n-p-differential cross sections. The monitor was "calibrated" by

counting CHsp, C, and no targets. The relative error is esﬁimated to be less

than 1 percent, but the sbsolute error is about 10 percent, mainly because

" of the uncertainty in the n-p cross section. A more complete description of

the telescope and its.use will appear in a UCRL repo%t by Whitehead and others
concerning measurements of the energy distribution of the 160-Mev neutron beam

and the measurement ofjclz(n,Zn)Cll cross sections.

%. Particles

The charged particles used which could be accelerated directly in the
18l-inch synchrocyclotron (BMO-Mev protons, 190-Mev deuterons, and 490-Mev Hed
particles) were very monoergic.peams. In addition, deuterons of approximaﬁely
320 Mev were produced by strifping Hed particles in an internal»target.2 This
beam had an energy spread of about 60 Mev at half maximum with a.low-energy
z |
The neutron beams used were produced by stripping 190-Mev deuterons and
490-Mev Hed particles in a 1/2-inch carbon target. The mean energles were 90
and 160 Mev, wvith energy spreads at half maxima of about 20 and 50 Mev respec-
tively. Measurements could not be made with the 270-Mev neutron beam produced

by 340-Mev protons because of the low intensity of the beam.
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L. Targets
The targets used included elements from lithium to uranium, but not all

targets were used for all the above particles. In Table I we.list the targets

- used for the various particles. Some of the data used .in the calculatiohs were
- three or fdur-years old, and the thicknesses of these targets were known only -

in inches. The densities given in the Handbook of Chemistry and Physics, 34th

Edition, 1952-1953, were used in such cases. Except for‘the 5/8-py-k-1/4-inch
dlameter, 2 x 2-and.3 X 3-inch targets, all uranium tergets were of milled
square bars of either_6 or 12 inches in length. The d;nsity of the bars vas
18.6 kg/cm5.i One lithium target was contained in a stainless steel cylinder

with 0:.010-inch stainless steel windows on either end; a recent recalculation

of the range of 190-Mev deuterons in lithium showed that this ‘target was only

‘half the range in thickness. Since the plug of MnSOj (18 inches thick) at the

end of the tank tunnell was not removed during bombardment; the measured value
of N/Pz is certainly too high because of further neutron production by deuterons
in the plug. The measured value was corrected for the deuteron production in

the MnSOy plug, and more recently another lithium target was used.

5. Errors

' The accuracy of the measurements will be discussed in terms of compar-

g;:@fjrelative values for different targets and different beams. The abéolute
values may be in érror by a furthef»lo percent because of inaccurécies,in the
neutron-source calibration. - Corrections for possible systematic errors wefe

not applied except as noted. |

The values of N/Pn for the directly accelerated charged-particle beaﬁé

have a.standard error of about 4 percent on a relative basis. The values of
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the yield for the 320-Mev deuterons have ; standard error of about 6 pércent,
with an additional uncertainty in interpreting the.reéults because of the energy
diétribﬁtion of the beam. The error in-N/P, for the neutroﬁ‘beams is due almost
entirely to the.érror in the n-p cross sect?on and is about 10 percent. To
cdmpare.the neutron data at the two energieé, a relative error éf about 3 per-
cent may be used. |

Thé,cqmbined errors in the cross géctién and the target thickness wéré
estimated to be about 10 percent (i.e., theverror in ot was assumed to be
10 percént), | 7

The errors in-the quantities N and le were calculated by the method of
‘propagation Qf errors. The error in clN'due'to an error in ot tends to cancel

for thin targets with the result that'clN is generally more accurate than\ﬁ.‘
IIT. . CALCULATIONS

. Definitions |
The average number of neutrons emittedﬁduring,an“inelastic event may be
defined as
-ﬁ=“—‘n-:0,‘"%s' v _ (1)
. 1-¢e 8 : .
. 1} N
where 1 = N/Pn corrected for background and secondary particle production, t is
the thickness of the target, and Op 1s the inelastic cross section for a bom-"

barding'ﬁarticle of n nucleons. >The cross section for the production of one

neutron may then be defined as

. - » non‘ N . . . “‘ .
o= ol = g v | | @

1l -"e
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For smafl\vélues of t this reduces to 01N1='n/thhiCh shows élearly that errors
in oy tend to cancel in calculating,olN. ‘

Oﬁ the assumption that the nucleons in a multi-nueleon particle are inde-
pendent at these high ehergies, the number of inelastic events for a particle .

with n nucleons may be taken as n(l - e-glt),in which case

§ = S . \ (3)
n(1 - e nty ’ ) . : . _ -

end taking ogyy: = Glﬁi’

o3 . - | o .

o1yt = %1 = | o | )
n(l - e 91%) ‘ ‘ o

These values of olNu-and N7 are calculated as well as those defined in Egs.

(l) and (2),and are referred to as the cross section per nucleon and average

number of neutrons per inelastic event per nucleon.

2. Background

The yield for no target, (N/Pn)o;'was measured for ali'béamsfused. When
the neutron beams'were used, the neﬁtrons passed'thrdugh the tﬁpnel in the
MnSO), tank and did not impinge on any concentration of qaterial near the tank.

Thus the yield‘is taken as-

for the neutron beams.

‘When ‘the charged-particle beams pass through the funnel, the particles

1

hit the back wall of the experimental enclosure™ and produce neutrons which

may then be detected by the tank. The "background" measured in this way -may be
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compared with the “"background" measured w1th an absorber of sllghtly more than

1

one range inserted in the far end of the L4O-inch colllmator, for 3hk0-Mev pro-

tons the_yield in the first case is 20 times greater than in the second case;

" for 190-Mev deuterons, the ratio is about 5, but in this case the relatively

high yield of stripped neutrons in the forward direction causes the messurement

to be only an upper limit for the true background.

Thus the measured (N/Pn)o can not be used directly as the background when
chsrged-particle beams are used. Instead, the background was calculated‘by
assuming o B - 1 . |
The yield of neutfons varies about savshe squaré'of the particle
'ehergy,l
The "true" beckground is zero,
The range of charged pérticles varies about as the squaré of the
particle énergy. |

Then the yield should vary about as the range of the partlcles and the back~

ground for targets less than a range in thickness is

\ : Ro -t . _ _
() =(-'I%‘) e o ©)
n/Bgd n/o ] o ‘ ‘ ,
whefe Ro is the range of the particle. The background was less than 20 percent

of the measured yield (see Table II).

5. Secondary Effects

For thick targets the high-enefgy particles produced in the target may’
undergo inelastic collisions and produce further neutrons. To correct for
this effect, it is necessary to know the number, kind; and'energies of the

secondary particles and the average number of neutrons produced per secondary
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collision. The correctioné should te small and épply only to the high-energy
particlesvprdduccd. In the case of uranium, low-enérgy neutrons may cause 
further production by in&uciﬁg fission; no attempt has been made tolcorféct.fof
this effect. Further, absorption of neutrons in the target has.beeh neglected.
For deuteroums incident on the targéts, the secondary production was cal-
culated only for the stripped neutrons produced. The known stripping cross'
cections, gpg, vere used and the N measured for 90-Mev neutrons was used. The

gecondary produétion is then

t

f

and since'ozsp = 0o - 0}, the integrations give

x
aiN dx,j[ e”92% cgs\e—c (x-}) an,
’ o :

(1 - "% - -;’-g (1 - e8], o (6)

The corrections varied from zero fdr thin targets to 5 percent for a range
thickness of uranium, the highest correction found. The correction is only
a. lower limit, but under the assumptions made above is certainly good to

within a factor of 2. If a reasonable value of N is used for 90-Mev protons,

the correction for stripped proton production is negligible.

T'or the 90«Mev heutron beam the secondary produgtion of the cascade
neutrons produced has been calculated by.assuming3 |
(%) The cascade neutrons are emitted isotropically. in the forward
hemisphere only,
(b) The mean effeqtive eneréy for production of the cascade heutroﬁs_
is about 50 to 60 Mev, glving an average of N = 8 neutrons peré .

i
inelastic collision,
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(¢) The mean number of cascade neutrons produced per inelastic collision
'isa=0.86. | |

The productibn due to the fast effect and the absorption of néutrbns.has aéain’

been neglected, as has the production caused by the caécade proténs produced

in the target. Then the sécondary production ﬁs is given by

t x 2 2 , , ‘
- _ -03A -0 X=N)“ + . .
N, = U12 o J/ dx‘jf fx € ¥. € 1/ v) > an , (1)
' o o) o . - ' .

where
b . U

£y = 2 tan™t — — (8)

(% - AN J/(x - N2+ c2

is the solid—angleuveffect due to the assumed angular distribution, and a, b, -
¢ are geometrical constants of the target.

For the 160-Mev neutron data, ofl was taken equal to 10.

hf D@ta'and Results
The data used in this report are presented in Table IT. The standard

errors listed are ﬁhose_assigned from étatistical variations of the data from
éever@l determinations, plus the errors listed in Seé. I15. No corrections
were applied except as listed in the previous sections, and errors due fo unml
certa;ntigs in the applied corrections and neglected secondary effects vere
not included in the final érror assigned, except in the case of Li(l) and Be.

~ The calculated values of N and oy defined according to Bgs. (1) and (2)
. are listea'in Table III and plotted in Figs. 1 and 3. Thé values of ﬁ? and
o1N' dalculatéd>fr0m the definitions of Egs. (3) and (k) are 1isied in Table

IV.  N' is plotted in Fig. 2 as a function of mean nucleon énergyo
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Previously, B. B. Kinsey5 measured the number of neutrons produced per
" inelastic collision for.90-Mevlgeutrons. ﬁis results are shown in Fig. 1 for
 comparison. No measurements of the inelastic cross sections existed at'the
time of his-work, and.he useq 0.36 of the measured total cross sectionsvfor
01. The gmall difference between the two values for uranium is completely
removed upon recalculating Kinsey's data with our value of ¢y. The factor-of—
ﬁwo differgnce in N for the medium-weight elemenfs cannot be explained by.the

differences in the inelastic cross sections used in the two experiments.

~IV. ARALYSIS OF RESULTS

The yield of neutrons from & tafget bombarded by charged particles may

be expressed

v .
n = / o1y e 7R ax (9)
’ (¢] : . .

if secondary events are neglected. In terms of the energy, Eq. (9) is

. -g.x 1 -
n = fncme n*. ar , (10)
E dE?dx

0

so that the quantity clN(dE/dx)'l gives a quick estimate of thé menner in which
the yield will vary with energy for different particles. If the stopping powef,
" dB/dx, is expressed in the units Mev ( g/en2)™l, then (aE/dx)(A/AO), vhere A is
thé mass number of the element and Ao'is‘Avogadré's number, is the stoppiﬁg

power in units of Mev (nuclei /em?)~L., The quantity [le/(dE/dx)][AO/A] is""

listed in Table IV and plotted in Fig. 4. The steeprise in the. curve, which
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begins near A = 25Q,is prcbably caused by the onset of fission; if the 2.5
neutfons per fission are subtracted from N for 190-Mev deuterons on-ﬁranium,
the value of [o1y/(dE/dx)][A,/A] drops from 0.0248 to 0.0L77; the latter value

falls near a smooth curve through the other points. The anomolous behavior of

 the lithium and beryllium points is probsbly a reflection of the small number

of particles in these nuclei. and the fact that the predominant isotopes of

- these nuclei have one extra neutron.

.It is'impbrtant to note that since the stopping power decreases by almost
8. factor of two between carbon and uranium, the rélative productivity of dif~‘/#
ferent eiements is given more>realistically in Fig. & than in Fig,.B° |
The secondary processes in the tafgets may;be important,.partiéularly_
if the primary target is one range thick and backed by a uranium targe§.  Ir
the parﬁicles are deuterdns, the totéi production in‘the primary.targét is

given by .

-02% _ - Y .
y = ./f oyyld)e 92X 3% + ./f oin(n)ax J( e ozA Oog € 01(x-2) aA (1)
Yo _ o Y% : _ _
if the secondary production by stripped neutrons only is considered; here
o1n(d) 1s the cross section for deuterons and gyy(n) is the cross section
for neutrons of approximately half the deuteron energy. For a primary target

backed by uranium of thickness t, the additional production is given by

" | R R
‘ ) {0 - -o1({R-x e
Ys = / O'lN(n) e GIA d?\‘/ e gax 0'28 e l( ) d.X» o - «123 .

s0 the total production is
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ey ayg = MO - 2 4 R - &Y - (op/op)a - &P

-01R

+ W(n)e (1 - e7928R)(1 . 7%, (13)

This expression neglects the angular distribution of the stripped neutrons,
the secondary charged particles and knock-on neutrons (important for low-A
elements), and. the high—energy secondary particles produced in the second target.

Its general form agrees with the empirical formulal

from the external yleld data.
Table v liéts the calculated and observedl ylelds for a one-range‘taiget with |
t =0and t = w. The assumed valuesvdf N were taken from Fig. 2 to correspond.
to déuterOné of 130 and 210 Mevrenergies. - The general agreement for lQOIMev

is probably fortuitous.v The{discrepancy'fornéne range of beryllium may be due
in part to multiplication of-the stripped neutrons in the'MnSOQ plug at the

rear of the tank; the corrected value (n = O0.74 x 0.17) listed in Table II is
probably a better estimate of y,,s and egrees with yeale = 0.65.

As is evident from Eqs. (12) and (13), an estimate of the neutron produc -
tion in the secondary target is best given in terms of oog/(dE/dx) for deuterons.
This is ligted in Table VI. in order to compare the expected total yie;d as &
function of. the térget»material, the ratios 023/(dE/dx)‘should be multiplied by
N(n), and since the secondary target is usually uranium, ﬁ(n)ifor uranium
should be used. These numberé are given in Table VI toééther.with the sum

‘025

T/ N )+*7“

The various ratios of the calculated and observed values are -given in Table B
' VIII. The calculated values<[cgs/(dE/dx)jﬁQn), [clN/(dE/dx)J, and their sum
are plotted as a function of the mass numbér of the primary target in Fig. 5.

.
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The figure cléarly shows that a target should be selected from eiﬁher the héavy
or the light elements. The calculated supériority of the light elements shown
in Fig. 5 is not found experimentally as shoﬁn in Table VIII; the discrepahcy
ney Be due to the neglect of atéenuation of fhe stripped neutrons (greate&;in
the light elements)) or, more.likely, may be due to the naivéte of the calcu=-

lations.
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Table I

Description of Basic Térget Dimensions

JUCRL=2706

Density (é/cmB)

Lithium (2)

I dia. cylinder

Designation Description {inches)
Uranium U(1) b l/h dia. cylinder 18.6
u(2) 1/16 and 1/8 x 2 x 2 squares
?(3) ©1/16 x 3 x 3 squares
AU(L) 1/2 x 1/2 x 6 bars (milled)
u(s) 1 x1x6 bars (milled)
u(6) 1-1/8 x 1-1/8 x 12 bars (milled) .
U(?) 1/2 x 1/2 x 12 bars (milled)

* Thorium . 4-1/4 dia. cylinder 11.3
Lead 11.35
Cedmium . 8.65
Molybdenum b x 4 squares 10.2. -
Copper 8.94
Aluminum o 2.70
Carbon _ 1.8
Beryllium  k-1/h dia. cylinder 1.95

" Lithium (1) 2 x 2 squares (see pg. L) o 0.534
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Table II

Data and Results

=
=
=1
=1
]

Target Thickness o1y °1N; Mev

A. 190-Mev Deuteron Beam

u(2) 1/16 in. 0.332 0.066 0.266 & 0,005 9.5 % 1.0 36.2 1 0.70 8.8 i 0.9 17.9 £ 0.3 187
1/8 in. 0.560  0.057 0.491 + 0,011 8.9 0.8 3359 0.8 8.2 3+0.9 16.6 0.4k - 18
1/4  in. 1.08 0.040 1,01 1 0.01 9.4 +0.9 35.8 $0.4 8.6 £0.9 17.5 10.2 170 °
1/2 1in. 1.93 0.012 1.87 % 0.02 9.1 +0.7 346 0.4 8.2 +0.8. 166 0.2 1k
5/8 in. 2.30 0 2.20 % 0.08 8.9 £1.1 339 1.2 7.8 £0.9 15.8 +0.6 130
u(1) 5/8 in. 2.35 o} 2.25 % 0,15 8.9 +1.0 339 4+ 2.3 7.8 1 1.3 15.8 1 1.2 130
5/8 1n. 2.34 0 2.2h ¢ 0.07 9.0 +0.9 343 1.1 7.9 $1.0 16.0 0.5 130
U(3)  12.07 g/em? 1.0k 0.02 1,01 % 0.05 9.2 $1.2 350 1.7 &4 zx11l.2 17.1 0.9 170
Th 1.0 in. 2.1k 0 2.05 4 0.07 8.4 £0.9 3.7 $£1.0 T.b £0.9 18 0.5 130
14.82 g/em? 1.12 0.02 1.08 & 0.08 8.0 % 0.9 30.2 % 2.2 7.3 & 1.3 146 1.1 160
1L4.87 g/em®  1.15 0.03 1.10 1+ 0.0k 81 £0.8 30.8 £1.1 T4 £09 148 0.5 160
o 12.39 g/em® 0,756  0.032 0.713 £ 0.030 6.1 0.6 21.0 £0.9 5.6 0.6 10.2 4 Ok 160
ca 12.24 g/em®  0.622  0.020 0.585 + 0.020  L4.01 $ 0.30 9.6 % 0.3 3.6 % 0.4 b5 3 0.2 160
Mo 1.0 in. 1.01 0 0.98 % 0.10 3.4 £.0.3 7.5 £0.8 3.1 0.7 130
Cu 11.48 g/em  0.426 0.024 0.395 £ 0.018 2.30 £+ 0.24 4,05 & 0.19 2.3 % 0.3 1.9% 1 0.09 160
11.74 g/em?  0.428  0.017 0.403 + 0.020  2.26 £ 0.21  3.98 £ 0.20 2.2 % 0.3 1.9 £0.1 160
1. in 0.78 0 0.75 + 0.08 2.4 1 0.3 k2 £ 04 2.3 1 0.5 2.0 0.2 130
A 11.92 g/em®  0.306  0.015 0.286 + 0.015  1l.22  0.09 1.22 $ 0.06 1.2 % 0.2 0.56 ¢ 0.0k 150
2-3/4 in. 0.46 0 0.45 & 0,05 1.3 £ 0.2 1.3 201 1.3 £ 0.3 0.61 # 0.06 130
' ‘MU-8373
Teble II
Data and Results (Cont.)
Target Thickness p: S B " ¥ o w Oyn1- E
Pp Pp pga 1N : N Mev
A+ 190-Mev Deuteron Besm {Cont.)
c 7.67 g/em® 0,187  0.023 0.158 0.0l 0,70 & 0.09 0,47 + 0.0k 0,88 & 0.09 0.215 + 0.019 160
Be 10.20 g/em®  0.455 0,017 0.427 £ 0.015  1.45 2 0,12 0.73 £ 0,03 1.8 & 0.1 0.333 + 0.012 160
& in, 0.91 0 0.74 % 0.12 1.7 4 0.3 0.88 & 0.15 2.0 & 0.3 0.37 % 0.06 130 !
11(2) 4-1/2 1n. 0.238  0.030 0.19% £ 0.012  0.89 £ 0,10  C.41 £ 0,03 1.0 £ 0.1 0.170 + 0,011 170’
Li(1) 6 in. 0.7 ? 0.42 4 0.15 1.5 4 0.4 0.70 £ 0.25 1.9 & 0.7 0.32 + 0.11 160
B. -Z30-Mev Deuteron Beam
u(1) 1.0 in. 3.25 5} 3.00 % 0.15 8.2 +0.8 31.2 $1.6 7.0 £1.0 140 + 0.7 150
C. 330-Mev Deutdron” Besm
u(7) 1/2 in. 2.28 0.12 2.09 +0.10 10.2 + 1.0 38.8 £1.9 9.2 1.3 8.4 £ 0.9 300
1.0 in. 4,55 0.05 4,21 $0.15 1.5 +1.0 L13.8 +1.8 9.7 £l1l.2 19.4L 0.7 270
D. L90-Mev He) Ion Beam
ca - 6.10 g/em® - 0.413 - 0.063 0.350 + 0.04 bu.z + 0.6 11.2 1.1 3,0 1 1.2 3.6 £ 0.4 450
12.24 g/em® 0,752  0.038 0.714 £+ 0.07 - 4.5 + 0.6 11.8 1.2 3.1 % 1.0 3.8 + 0.4 Loo
Ta 28.8 g/cm® 1.80 0 18 to0.2 6.5 1 0.9 25.4 % 2.3 4.2 % 1.5 7.2 % 0.7 315 -
v 54,15 g/em? 3,26 0 3.0 1 0.3 1.0 £ 1.4 484 £48 7.4 x2.5 159 £1.6 315

MU-8374
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Table II

Date and Results (Cont.)
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Table II

Data and Results (Cont.)
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3.1 4+ 0.3

2.6 1t 0.3

0.013

Q.47

1-3/8 in.

cd

)

0.'146 + 0.05

2-5/8 in.
1-5/16 1in.

Cu

0.3 ¢+ 0.04

0.91 ¢ 0.11

0.24 ¢ 0.02

0.013

0.252

4-1/4 in.

Al

0.22 + 0.02

0.92 3 0.12

6-13/16 1n. 0.303 0.013 0.29 £ 0.03

c

160-Mev Neutron Beam

G.
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Table III
Average Values of N, ojy, §' and oy
/ Incident _
Element Particle Energy o1 N oIyt
(Mev)
Uranium Deuteron 130 9.1 & 0.3 34.9 + 0.9 8.2 £ 0.4 16.7 4+ 0.8
2%0 8.2 £0.8 3.2 £1.6 7.0 +1.0 140 1 0.7
320 108 & 1.0 kL3 225 9. xl.2 189 20.7 |
Proton 340 17.2 £ 0.8 33.0 4+ 1.4 .
He? Ion ko 11.0 #1.b 8.4 ¥48 Tk 223 159 4 1.6 )
Neutron 90 11.0 % 1.5 22.0 % 2.5
160 14 + 2 27 x3
“
Thorium Deuteron 190 8.1 £ 0.8 30.5 % 1.0 2.4 £ 1.0 14.8 1 0.5
Proton 350 1k 1.2 25.9 £ 2.2
Lead Deuteron 190, 6.1 1 0.6 21.0 £ 0.9 5.6 £ 0.6 10.2 & 0.4
3 Tantalum  He> Iom 490 6.5 £0.9 23 =2 4.2 & 1.5 7.2z 0.7
& ) ]
Cadmium Deuteron 190 4.01 + 0.30 9.6 £ 0.3 3.6 + 0.4 4.5 & 0.2
Proton 340 6.65 £ 0.6 7.1 % 0.3 -
Bed Ion k90 L.h £ 0.6 1.5 + 1.0 3.0 1.0 3.7 % 0.4
_ Neutron 90 2.6 % 0.4 3.1 % 0.3
kA Copper Deutercn 190  2.28 £ 0,20  4.02 # 0,20 2.3 £ 0.3 1.9% & 0.09
Proton - 340 3.5 0.3 2.49 + 0.08
RNeutron 90 2.0 £ 0.3 1.7 % 0.2 .
Alumimum  Deuteron 190  1.22  0.01  1.22 £ 0,06 1.2 % 0.2 0.58 & 0.0k
Proton 340 1.59 £ 0.15 . 0.62 + 0.04
Neutron 90 0.9 & 0.15 0.43 & 0.0k -
Carbon Deuteron 190 0.70 £ 0.09 . 0,47 % 0.0 0.88 £ 0.09 0.215 & 0.019
Neutron 90 0.92 + 0.15 0.22 £ 0.02 .

Beryllium Deuteron 190 1.45 4 0.12 0.73 + 0.03 1.8 +£0.1 0,333 + 0.012
Lithium Deuteron 190 0.89 £ 0,10 -0.41 +£ 0,03 1.0 % 0.1 0.170 = 0.0il

MU-8377
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Table IV

Retio of oy to Stopping Power of Chargéd'Particles

»

—

Element . 190-Mev dewuterons 340-Mev protohs 320-Mev deuterons

‘Uranium 0.0248 0.0509 ' 0.0417
Thorium 0.0222 0.0408 |

Lead 0.0168

Cadmium 0.0116 .0.0192

Copper 0.00746 '0.0105

Aluminum 0.00455 0.0054

Carbon 0.003L

Beryllium 0.0076

Lithium 0.0055

Table V

Calculated and Observed External Neutron Yields for Deuterons

Target N(a) ﬁ(n) Ycalc(t 0) Yobs (-t ) Yaalfi é§0bs
‘ - - (in. =

A. 190-Mev Deuterons

Uranium 9.1 9.0 2.38 2.34 + 0.07 3.35  3.32

~ Thorium 8.1 7.8  2.15 2.1% 4 0.06 3.16 . 2.95
Copper 2.28 1.6 0.72 0.78 + 0.08 _ 2.02  1.90
Aluminum 1.22 0.7 0.k2 0.4 1 0.05 _ 4 188 -1.90

" Carbon 0.70 0.7 0.30 - ' | 2.38 2.3
Beryllium 1.4 0.7 0.65  0.91 4 0.09(7?) - 2:88 2.90
B.- 320-Mev Deuterons

‘Uranium . 10.8 16 6.2 (6.7 +0.2) 8-1/2 11.1 . 9.43 1+ 0
_ Carbon 0.85 1.3 0.76 1.2 £ 0.2 10-1/8 7.5 b3+ O
Beryllium  1l.72 1.3 1.5 1.9 % 0.2 8-1/2- 7.9 -
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Teble VI

Ratio of Stripping Cross Section to Rate of Energy Loss for Deuterons |

a—rmeon

Element 0og 190-Mev deuterons 320-Mev deuterons

(barns) opg/(AE/dx)  ogg/(AE/ax)
Uranium 1.78 0.00127 o 0.0027h
Thorium 1.76 0.00128 :
Lead 1.63 0.00130
. Cadmium 1.16 0.00140
Copper 0,91 0.00172
Aluminum 0.53% 0.00197
Carbon 0.42 0.00306
Beryllium 0.32 0.00332
Lithium 0.30 0.00L402
Table VI1.

Ratio of Stripping Cross Section to Stopping Power
of 190-Mev Deuterons Multiplied by N(n) for Uranium

Loment - Opg () 91y 9os ()
Blemen E/ax n I/ + TE/ax N(n
‘Uranium 0.0140 ©0.0388
Thorium 0.0141 . 0.0363
Lead _ 0.0143" 0.0311
Cadmium 0.0154 , 0.0280
‘Copper 0.0189 0.0264
Aluminum - 0.0217 o 0.0263
"Carbon - 0.0337 . 0.0371
Beryllium 0.0366 0.0442

Lithium 0.0kh3 0.0498
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Table VIII
Calculated and Observed Ratios of Yields for 190-Mev Deuterons

. ' Observed . Observed
Element O1N Primary =~ 92s Secondary Sum  Observed Total
dE/dx Target Yield dE/@x Target Yield External Yield
Uranium "~ 1.000 1.000 1.00 1.00 1.000 - 1.000
Thorium 0.895 0.915 1.01 0.85 0.935 0.89
Lead 0.676 - 1.02 - . 0.801 --
Cadmium 0.468 - 1.10° -- 0.721 -
Copper  0.301 0.334 1.35 1.35 0.680 0.57 °
Aluminum 0.183 0.196 1.55 - 1.69 : 0.677 0.45
Carbon 0.137 . - 2.4 -~ 0.955 0.57
Beryllium 0.306 0.389 2.62 2.02 1.1%0 - 0.87
Lithium 0.222 ? 3.16

? 1.283 ?
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Figure 1

The mean number of neutrons produced per inelastic collision of an
incident particle as given by Iq. (1) of the text vs, mass number A
of the target. The values of W for 90-llev neutrons-from this report
and Kinsey's experiment are not directly comparable because differ-
ent inelastic cross sections were used; correcting his cross section
for uranium brings his value down to 11 but does not remove the dis=
crepancy at copper and the avparent discrepancy near A = 110, .
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Figure 2

The mean number of neutrons produced per inelastic collision of an
incident nucleon as given by Eq. (3) of the text vs. mean nucleon "
energy., Points are shown for uranium, cadmium, copper and alurinum

targets, The mean energy was taken to be the energy of the nucleon

(particle energy divided by number of nucleons in the particle) at
the middle of the target., The variation of energy for the same
particle 1s the result of using targets of different thicknesses,
The data for the low=A elements from 90-liev neutrons anpear to be
systematically low as compared with the trend for uraniuﬁ.
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Fi-gure 3

The cross section for producing one neutron as given by Eq. (2) of
the text vs. mass number A of the target,
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The ratio of oy to stopping power per atom for charged particles as
a function of %he target mass number. The points should be roughly
proportional to the neutron yield from targets of one range or less
thickness, o . ' : : :
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Figure'S

~ The quantities [ oqy/(dE/dx)], [ 05g/(dE/dx)]T (n), and their sum for

190~Mev deuterons as a functlon of the target wass number, The solid
dots are @ /(dE/dx) and should be roughly proportlonal to the yield
from targets up to one range thick; the open dots are /(dE/dx) ¥(n)
(where F(n) is the average number of neutrons produced when a 60-Jev
neutron has an inelastic event in uranium) and should be roughly pro-
portional to the yield from a primary target of mass number A backed by
a thick uranium secondary target. .For comparlson with observed results,
see Table VIII,
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