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milillrw lifciftlftiy, bc *rt*e«i vf fny*;e*
Unuve?rs»ty ttf CoiUwtu™*, fe<r*«Uy,

fepunbii 1$» H)k

| Afcttmer |

frun * trun-yjoid sasaunewent* «*4e vith * ISv&, detecting *4«ti<*i#
Um overage nwbc*r of neutrut* pruduo«S j*r iiwUaUc ever* w 4*t#mIM4 fw*

series AT «I*«»nta N i hOUun w uroniuft for protons, lythanA >IV
lar <WoUrona,  (Mtov ftK loos, cud ‘A*<ud iU)*ltev iwuiroos. 9bs results
smlytoi in mi w» uttieraw** the total ylslO » wwiwi*«u for thick
u.r.otfc > *44*10 the variation <f yield vith Uw nv*b*r of th*
target

. nmtiwCVK*

In attesting to explain U» yield of neutron* frun targets bonbandoO by
I»diih-crtrrgy particles, informlion onnoornias Um» mwbor of neutrons produced
per Inelastic event, K iw il» Cross section for the production of one neutron,
oIN, la m«M> Theai two qusnUUos hnvc boon detominod for « variety of
clients for )h(Htev ptOtM» 90-Mev neutrons, lio-Hav neutron#, 190-Nev
devtorono, $0*Mwv Ocutcrons, and tyCMtov Ho" particles.

IbS steaeureswnlti mm mule by detesting the neutrons in a tank of Mm»<u

solution* The targets wont equal to or less than the range of Uw charged

portlsles in mot casut*

Inclostlo crooo enotions for the various partloira worn token fro#

SECRET
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«***r of neutron* «m u4 fro* * t*ns«t# My for IneUtnv
omcU* vii at*«ii*d in * MiiO* toloUcm "W 1m4 i» « i*r$* t*nk.*
Eight*** Inch** of foluUon eurouAfed U* I»fooi-*$udr* um»1 in tfftiefe Un
ure«u virt plnstd, tin p>Xfit u* mr or On Unml vu pnk™ utn* tin
taix«U var* l««e than n m i thick* for til tvyiti U Um Mvtm Ini.
Tfn eoiuUon n« cnUbmuUd by placing 4 ctUt»mu4 mutton m m (to***) in
th* tunml* tin tcuvlty induced In Un Mutgnne** vm counted by tw m i of
Ihin-v*U*d Oelgtr «m un. for furUnr d*t*il« concerning Um netted,
UCKLAOdj ateaid be cuanulUd. tin reUtivt crrvr In mnturtavnt U piUm H
to bo 3 percent, but beceuae of Um uncertainly In Um neutron eourc* calibre*

tin*, vm absolute error In about 10 percent.

t. imaHanlw

The number of charged particle* incident on th* target v*» measured by
t parallel-plat* looitouon ohuMar operated M M to render n*U iibIf the
orrocti of rccottbirvaioa.1 Th* ioniintioa chamber vm calibrated a”ainat a
faraday cop. The chargee collected vow determined by nonaurin*:; Um voltage
produced Acroat a calibrated coodenocr vith a Ux>-percent Invoroo M tiM k

electrometer* Um condenecr* wore calibrated ogainat a “aeeondnry stamdard®



im *zw

ce*4tf*teit which wm csllbreUd by the Stations! tureou of Surtsrd* to 0.1 per
cent. for further details, UCKt*&6) should be consulted. 1ht relative error
U>aiciwruaeni U miaatcd w U 1 percent* sad U* Absolute error about t
ftmat* or Icm.

Dt wham beam uttd in thit experiatftt were aooitorad by a tt1111
Utiv* w «ur telescope using U* recoil protons fron « Cit$ target and the
micm | n*p differential mM M IIM i 9la aanltor me "calibrated* by
counting Cij, G« «u4 M targets. The relative error u cstiaated to be Wee
then | pence**, but the absolute error Is about 10 percent, nataly because
of the uncertainty 1* the n*p cross section. Atore couplet* 4cscription of
Uw tel*atop* end Us us* will appear in e tEHL report by Whitehead and other*

concerning neaauresettts of the energy distribution of the IhO Mwv neutron been

tad the atetMrepeat of C**(n,I»)C” cruet section*.

h  Par**let

The changM pt*UcUe used which could he accelerated directly In the
I0t«inch synchrocyclotron (Jlo-Hev protons, 190>Ifev deuterons, eat tyCMfev bP
prtU lii) tart very aanotrgie betas. In Mhitiesi deuterons of ftfproalmtely
JoO Kev were produced by etripping IV5 particle* In on internal urt*I>* This
botwu had an enercy spread of shout 60 Nov st half waxlam with s lov*«tttrgy
toll**

The neutron been* used were produced hy stripping 190-Msv deuterons and
b90 Mev He> particles in e 1/2-inch osrhon target. The aeon energies were 90
and i(jO Moy, with energy spread® «t half woxiwi of about 20 and $0 Mev respec-
tively* HettsureornU could not be mule witlt the K¥0*Mv neutron beaj* produced

by )b0-a*v protons because of the low intensity of the bean.
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Fuw

tilt target# weed Included el wwiili fro* Ilthiun to uranium, bat tot tU
target# were used for til the fcbov* particle*. In Table | W iiat the target#
u##d for the varioue particle#. Sami of the date ua*4 Ir the calculation# acre
three or four year# old, end the thickness** of these target* were known only
in inch**. the denaitle# give# it the Mhnrtb»>k of Chemistry tod Phytic*, )4th
Edition, iy>t-ly$5, vert used In each ease#. Except for the $/d-by***-1/4-inch
diameter, a x 2-tod 3 x $-iach target#, til uranium targete wore of milled .l
*Mju*re bare of either 6 or 18 locUee to length, the density of the bare ate
10.6 i /et5. One lithium target wee contained in t stalnle#* steel cylinder
with 0*010'inch ateinlet* eteel window* on either end] t recent recalculation
of the range of lyo-Hcv deuterona in lithium ahoved that this target one only
half the mag* In thietoe##. Since the plug of MnS& (Id luohe# thick) at the
end of the tank turwxjl* wee not removed during bombardment, the neaeured value
of N/9| ie certainly too hi*h becouac of further neutron production by deutcron#
in t)ie plug. The neaaured value was corrected for the deuteron production in

the hnSQOij plug, and wore recently another lithium target vna used.

% terror*

the accuracy of the noa&urcffxnttt will bo dUcuooed in tenia of compar-
;* * : relative value# for different target# and different beam* The aboolute
value# way be in error by a further 10 percent becaueo of Innccuracie# in the
ncutroo-eourcc calibration* Correction# for poealble ayetomattc error# wit?
not applied except a# noted.

The value# of N/Pn for the directly accelerated charged particle beano

have a standard error of about 4 percent on a relative bael#* Ttvwc value# of
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the yield fur the 520-Nev deuterons havt a standard error of about 6 percent,
with an additional uncertainty in interpreting the results because of the cuergy
distribution of the bewa. The error in M/Pn for the neutron beans is due almost
entirely to the error in the n-p cross section and is about 10 percent. 7b
compare the neutron data at the tvo energies, a relative error of about 5 per-
cent nay be used.

The coobincd errors iIn the cross section and the target thickness were
estimated to be about 10 perbittl Cl.o., the error in at was assumed to be
10 per

The errors in the quantities Sand ciji vere calculated by the method of
propagation of errors. TV* error in due to an error In ot tends to cancel

for thin targets with the result that oYf Is generally nore accurate than 5.

111, CALCULATIONS

1. Definitions

The average number of neutrons emitted during on inelastic event nay be

defined as

N e
|.el0ut *

vhcro g = N/Pn corrected for background and secondary particle production, t is
the thickness of the turret, and on is the iInclactic cross section for a bom-

barding particle of n nucleons. The cross section for ttic production of one

neutron my then be defined as

.a is*
-- t o o gSS
& a - . s §5
< - -« as
b a # SSS  e#



For Mali values of t thil reduce* to  *it,which shows clearly that errore
in on tend to cancel in calculating ojjj-
On the assumption that Um nucleon* in * nultl-nucleoo particle are inde-

pendent at these high cacrelc«, the number of inelastic event* for a particle

tilth n nucleons any be token as ts(1 - in which case

" e ©

and taking o™i m O"Rp

m

These value* of oyi and F are calculated a* veil aa those defined in Egs.
(D and (@), and ore referred to a* the cross section per nucleon and average

nunber of neutrons per iInelastic event per nucleon.

2. Background

The yield for no target, (N/Pn)0» vae measured for all beams used. When
the neutron beams were used, the neutrons passed through the tunnel in the

M SCty tank and did not impinge on any concentration of material near the tank.
Thus the yield Is taken as

for the neutron bcamo.

When the charged™particlc beams pass through the tunnel, tho particles
hit the back waLl of the experimental encloourcl and produce ncutrono which

may then be detected by the tank The "background™ racaourcd in this way my be
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cneporcd with the "background** manured with an absorber of slightly more than
one rate's Inserted in the far end of the 40-loch collimator for 540-Kov pro*
tons the yield in the first case is 20 tinea greater than in the second case;
for 190-Mcv diuterons, the ratio Is about 5, but in this case the relatively
high yield of stripped neutrons In the forward direction causes the neasureaent
to be only an upper limit for the true background.

Thus the Measured (H/Pn)0 can not be used directly as the background when
charged-panicle beans art used. Instead, the background vat calculated by

asouaing

The yield of neutrons varies about at the square of the particle

energy,1
The "true" background is aero*

The range of charged particles varies about as the square of the

particle energy.

Then the yield should vary about as the range of the particles, and the back-

ground for targets lees than a ranee in thickness Is

where la the range of the particle. The background vaa Less than 20 percent

of the measured yield (see Table I1).

>, Secondary Effects

For thick targets the high-energy particles produced in the target wwy

undergo Inelastic collisions and produce further neutrons. To correct for

this cfrcct, It is necessary to know the nunbor, kind, and energies of the

secondary particles wul the average number of neutrons produced per secondary
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collision, “flic corrections should be sc.ill and apply only to the hi”h-energy
|-;:-ilck*3 produced. Ik the coae of uraniun, luv-cnerjy neutrons gy cause
further production by inducing fission; roattempt has been made to correct for
this effect, Tarther| absorption of neutrons iIn the tarcet liss been neglected.
For dcuteronc incident on the targets, the secondary production vao cal-

culated only for the stripped neutrons pi*oduccd. The known stripping cross

sections, ogjj, were used and thc N measured for 90-Mev neutrons vao used. The

secondary production is then

and ainco o2tp "' °2 “ °1* integrations »iC

®

ft* corrections varied from scro for thin targets to §j porcont for a mgs
thickncub of uranium, the IdgMlt correction found. The correction iu only
a lover limit, but under the assumptions made above lo certainly c°°d to
within a factor of 2, If a reasonable value of N la uoed for 90-Mev protona,
the correction for stripped proton production la nsgll|lhl»»

For the 90-Mcv neutron boom the secondary production of the caaciuio
neutrons produced has been calculated by MMKiBQr

(f© Thj cascade neutrons are emitted isotropically in the forward

Imslophcre only,
(b) The mean effective enercy for production of the cuocudo ncUtronc

is about *0 to @) Mev, Riviw» an averoce of fi = C neutrons per

inelastic wlU N |
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) T.e mean number of cascade neutrons produced per inelastic collision
a*o,o .
Jh% induction due to the fast effect and the absorption of neutrons has again
cted, as ha* the production caused by the cascade protons produced

in the target. Then the secondary production R# 1s given by
. l‘gs\“/' e-a[}(e—CDQAJL><x24-Eizdx o

where A e AA.

Ix m 2 tan“ ——————- g (©))
IX - XD«/(* = *)2 + c2
n le¥ effect due to the assumed angular distribution, and a, b,
e ere --metrical .constants of the target.

Pop the 16o-Mev neutron data, ofi vac taken equal to 10.

1. Data and Penults

The data used in this report are presented in Table Il. The standard
errors listed art? those assigned from statistical variations of the data from
,u;v*“ .-al determination*, plus the errors liGtcd in I>cc. 115» No corrections
were applied except as listed in the previous sections, ar.d errors due to un-
certainties in the applied corrections and neglected secondary effects were
not included in the final error assigned, except in the case of Li(l) and Be.

The calculated values of li and oyj defined according to Kns. (1) rndv(2)
aw? 1Uted in Table 111 and plotted in Figs. T and The values of IT and
0jjji calculated from tlic definitions of Eos. (5) and (h) are listed in Table

w. IV is plotted in Fig. 2 as a function of mean nucleon energy.
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Previously J. £¢ Kin-\y measured the number of neutrons produced per
inelastic colllaion for 90**.cv neutrons. His results arc shevn In Fie. 1 for
cun.pariaon. Ho measurements of the inelastic cross sections existed nt the
time of his work, and he used 0.$6 of the treasured total crooo sections for
op. The small difference between tlu? two values for uranium io completely
removed upon recalculating Kinsey’s data with our value of o”. The factor-of-
tvo difference in H for the medium-weight elements cannot be explained by the

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

IV. ANALYSIS OF RESULTS

The yield of neutrons from a target bombarded by charged particles may

be expressed

n» f al\ c*°nX dx (9)
Jo

if secondary events arc neglected. In terms of the energy, Eq. (9) io

so that the quantity o"dE/dx)’1 gives u quick estimate of the manner in which
the yield will vary with energy for different particles. |If the stopping power,
dli/dx, is expressed in the units Mev ( g/cm2)"1, then (dE/dX)(A/AQ), where A io
the mass number of the element and A0 is Avogadro’s number, is the stopping
power in units of Mev (nucTci /cm2)"1. The quantity [0 "AdE/dx))[Ad/A) is

listed in Table IV und plotted in Fig. 4. The steeprl3e in the curve, vhieh
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begins near A = 230, Is probably caused by the onoct of fission; if the 2.5
neutrons per fission are subtracted from N for 190*Mcv dcutcrons on uranium,
the value of (0™MdE/dx) ITAMA) drops from 0.0246 to 0.0177; the latter value
falln near a smooth curve through the other points. The &«iemcijus behavior of
the lithium and beryllium points is probably a reflection of the small number
of particles iIn these nuclei.and the fact that the predominant isotopes of
those nuclei have one extra neutron.

It is important to cJte that Bince the stopping power decreases by almost
a factor of two between carbon and uranium, the relative productivity of dif-
ferent elements is given more realistically iIn Fig. U than in Fig. 5*

The secondary processes in the targets may be important, particularly
if the primary target iIs one range thick and backed by a uranium target. If

the particles are deuterons, the total production in the primary target is

given by

°2¢c C-"1(XIX) to 1)

if the secondary production by stripped neutrons only is considered; here
om(d) 18 the cross section for deuterono and fipjj() iIs 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

(12)

so the total production is

tt -
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Y-y +y8e WAl - e CzR) + NIN)[(l - ¢ °IR) - (0j/lojXI| - e °zR)]

¢ if(n)e'01B(l - e'02BR)(lI - e'olt). (15)

This expreoslon neglects the angular distribution of the stripped neutrons,

the secondary charged particles and knock-on neutrons (important for lov-A
elements)* and the high-energy secondary particles produced in the second target.
Its general form agrees with the empirical formulal from the external yield data.
Table V lists the calculated and observedl yields for a one-mnge target with

t a0andt ma> The assumed values of Nwere taken from Fig. 2 to correspond
to deuterons of 1JO0 and 210 Mev energies. The general agreement for 190 Mev

is probably fortuitous. The discrepancy for one range of beryllium may be due
in part to multiplication of the stripped neutrons in the MnSO" plug at the
rear of the tank; the corrected value (4 b o.74 £ 0.17) listed in Table Il is
probably a better estimate of y0o*Qand agrees with yQalc * 0.65.

As is evident from Egs. (12) and (13), an estiimte of the neutron produc-
tion in the secondary target is best given in terms of 02B(dE/dx) for deuterons,
This is listed in Table VI. In order to compare the expected total yield as a
function of the target material, the ratios 02s/(dE/dx) should be multiplied by
N(n), and aince the secondary target is usually uranium, 5(n) for uranium

should be used. These numbers are given in Table VI together vith the sum

dg%x K») +dg‘(¥x ’

The various ratios of the calculated and observed values are given in Table
VIIl. The calculated values [g2s/(dE/dx)]IN(n), (o”~/fdE/dx)], and their cum

are plotted as a function of the mass number of the prin&ry target in Fig. 5
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The figure clearly showsthut a target should be selected from either the heavy
or the light elementa. The calculated superiority of the light element* shown
in Pig. 5 is not found experimentally as showmn in Table VIII1; the discrepancy
may be due to the neglect of attenuation of the stripped neutrons (greatest in

the light elements), or, more likely, may be due to the naivete of the calcu-

lations.
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Table |

Description of Basic Target Dimensions

Designation Description (incites)

Uranium U(l) U-1/4 dia. cylinder
U(2) /16 and I/fl x 2 x 2 squares
U3 1/16 x 3 x 3 squares
tiC41 1/Z x 1/2 x 6 baru (milled)
Uubs 1x1x6 bars (milled)
U(6) 1-1/8 x 1-1/8 x 12 bars (milled)
u(7) 1/2 x 1/2 x 12 bars (milled)

Thorium 4-1/4 dia. cylinder

Lead

Cadmium

Molybdenum 4 x4 squares

Copper

Aluminum

Carbon

Beryllium 4-1/U dia* cylinder

Lithium (1) 2 X 2 squares (ace pc* 4)

Lithium (2) 4 dia. cylinder

of eeo o

oo e & °

UCRX—2706

Density (g/c*")

18*6

no

11.35
8.65

10.2
8.94
2.70
1.8

1*95
0.534
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, i
Tui«t ThblefeMM A fcm . 1 .« *7 N M
A.  190>Wtv Omttrow N —
iKD  1/M 0.55*  0.066 0.266 * 0.005 95 ft1.0 562 A070 6.6 A09 |T-» AO0.3 187
1/3 la. 050  0.057 0191i 0011 89 ft06 559 ft0.6 82 A09 166 ft0.1 180
11 la. 1.06 0.010 1.01 a0.01 09 358 ft0.1 86 A09 175 ft0.2 170
UL la* 1.95 0.012 1.67 ft 0.02 07 316 ft0.1 6.1 ft06 166 fto.t 110
5/« t«. I.jo 0 210 t 000 ¥4 i11 559 Alt 76 A09 156 f0.6 130
«U) 56 in. * 53 0 2.25 0.1V 89 ft1.0 559 A15 78 Al5 158 A12 130
5/6 la. [.5] 0 221 i OfT 9.0 ft09 33 A1l ft .0 160 +0.3 150
uo) 1107 «/¢* 101  0.02 1.01 i 0.0) 92 it 30 A17 ¥4 Als 171 09 170
Th 1*0 La , t.li 0 2.05 i 0.07 6.1 20.9 317 ft1.0 7.1 A09 116 AO05 130
11.61 iloa*  1.12 0.02 1.06 t 0.06 6.0 A09 502 AtS 75 Al1l5 116 ft1.1 160
11.37 «/c*  1.15 0.05 1.10 i 0.01 81 ft0.8 508 A11 7-1 A09 118 A05 160
ft 1159 «/«w* 0756  0.052 0715i 0050 6.1 ft0.6 21.0 A09 56 ft06 102 ft0.1 160
o It.tl c/ca* 0.622 0.020 0565i 0.020 1.01t050 96 A03 56 ft0.1 15 ft0.2 160
(to 1.0 U. 1.01 0 0.96 ft0.10 36 03 75 a08 51 ft0.7 130
Q 11.16 clea* 0126  0.021 0595 ft 0.018 250 £ 0.21  1.0A0.19 25 AO0S5 1.91 i 0.09 160
11.71 i/ca*  0.126  0.017 0.105 ft 0.020 2.26 f£0.21  391ft0.20 t.t AO05 1.9 ft0.1 160
10 la 0.78 0 0.75 ft0.06 2.1 05 12 0.1 25 AO0S5 20 ftOt 150
Al 11.91 |[/ca* 0506  0.015 0.266 ft 0.015  1.22 £ 0.09 122 ft0.06 1.2 f0.2 056 ft0.01 150
*5/1 ia. 0.16 0 0.15 ft0.05 1.3 ft0.2 1.3 ft0.1 15 AO0S5 0.61 ft0.06 130
MO-8373
fa*la XX
Dftta ud ftaaulti (Coot.)
tUT|Vt ThlokMM n f o 1% r 0jj, ,JN
fc u
A. 190-MV DcuUran Baaa (Coot.)
C 7.67 flOB*  0.187  0.025 0.158a 0.011  0.70ft0.09 0.17 ft0.0 0.88 f£0.09 0.215 1 0.019 160
At 10.80 |/ca* 0155  0.017 0.127 f£ 0.015 115012 OT3ft003 1.8 ft0.1 0.533 + 0.012 160
1 la. 0.91 0 0.71 ft0.18 1.7 t0.3 0.8610.15 2C 0.3 0.37 10.06 13
uLl) 1-1/2 in. 0.836  0.050 0.191 ft 0.012  0.89 ft0.10  0.11 ft0.03 1.0 ft 0.1 0.170 ft 0.011 170
u() 6 In. 0.71 t 0.12 ft0.15 15 +0.1 0.70 ft0.23 19 ft 0.7 032 fto.n 160
1. BO-Mrr DtuUroa
Uy 1.0 la. 3.85 0 3.00 ft0.15 8.2 ft0.8 312 ft1.6 70 110 110 ft0.7 150
C. 5fO-N*r Dawtaroi
u@ 12 In. 886  0.12 2.0/ £0.10 102 ft1.0 588 ft1.9 92 t 13 161 409 )00
1.0 In. 1.55 0.05 12a ft0.15 115 ft1.0 138 ft1.8 97 ft12 191 a 0.7 270
D. 190-Miv Ha* loo Bean
Cd 6.10 [/cb* 0.113  0.063 0.350 ft 0.01 1.2 ft0.6 112 ft1.1 50 ft1.1 36 40k 150
12.21 ftlea2  0.758  0.038 0.711 ft 0.07 15 +06 118 t1.2 31 ft1.0 3.8 40.1 koo
fa 20.8 glea* 1.80 0 1.8 ft0.2 65 +£09 231 #2.3 12 f15 72 a0.7 515
u 51.15 t/ca2  3.86 0 50 ft0.3 uo ft11 181 ft1.8 71 ft23 159 ft1.6 315

MU-8374



Table XX
Data and Reailts (Coot.)

Targst Thickness ‘h‘u 7 R ®U Nlm
1*

«U) 1-5/0 la. ,, 7.50 0 730 a050 160 a 1.3 296 a l.t 220

UB) 61.55 g/e»l 4.4t 0.041 4)8 a 019 174 a 1.7 322 ala 280

94.4 |/« 6.48 0.00 6.40 1 0.U 176 11.4 33.4 a 0.7 250

47t «l«m* 3.95 O.tH 3.71 1 0.00 18.3 ft 1.7 348 a 0.7 300

15.6 ilca* 1.17 0.50 1.79 10.07 16.7 +1.7 31.8 a 12 320

Th 3*.4) glaa2  x-0 0.068 190 1010 133 i 1.4 244 a 13 320

62.14 glcrr 3.87 0.041 383 1024 150 i 1.6 274 a 1.7 300

a 50.V1 t/<** 1.17 0.065 LU 10.04 6.85 i 0.68 7.33 a2 0.26 300

61.4) f/caz 1.9b 0.051 1.91 | 0.10 6.44 i 0.64 6.89 a 0.36 270

Qi »e» «[C? 0690  0.059 0.631 1 0.040 3.41 i 0.37 2.46 a 0.16 300

59.02 f/c*2 1.20 0.026 1.17 t 0.04 3.50 i 0.30 2.52 a 0.09 270

Al 18.8 g/ct2 0501  0.053 0.320 1 0.040 140t 0.22 0.58 a 0.07 300

575 gle*2 068~ 0.016 0.666 1 0.042 169i 0.17 0.66 10.04 260

MU-8378

Tabla 11

Data and Results (Cort.)

. Il Il
Target Thickness 7 R
g Pn Bgd n»

F. 90*Hev Neutron Dai

u@)  1/2 In. 1.4 0.01) 1.4 a 0.4 124 t 5.8 25 i6
1/2 in. 1.26 0.03 1.2) t 0.12 109 1 15 21.0 i 0.7
1 in. 2.36 0.03 2.3) i 0.24 11.0 ft 1.5 22.0 t 0.8
us) 1 in. 2.46 0.03 2.37 1 0.25 111 ft 1.5 22.2 ft 2.2
u@®) 1-1/8 in. 2.00 0.03 2.68 + 0.23 114 ft 1.6 220 ft0.4
3-3/8 In. 7.35 0.03 6.84 ~0 1 124 ft 1.6 240 ft0.4
6-3/4 la. 107 0.03 9.8 11. 122 ft1.4 244 10
10-1/6 In. 12.2 0.03 11.1 i 1.2 122 ft 1.4 244 0.4
14-5/3 in. 12.7 0.0) 114 i 1.) 11.0 ft1.) 2).6 ft0.8
Cd 1-3/8 in. 0.47 0.013 0.46 t 0.05 26 ft0.) 3-1 ft0.)
Cu 2-5/8 in. 0.86 0.013 0.85 t 0.09 22 ft0.) 1-9 ft0.2
1-5/16 in. 0.426  0.013 0.41 t 0.04 1.9 ft0.) 16 lo.t
kl 4-1/4 in. 0.252  0.013 0.24 1 0.02 0.91 fto.u 0.4) ft 0.04
C 6-13/16 in. 0.303  0.01) 0.29 i 0.0) 0.92 ft0.12 0.22 t 0.02
G. 160-Mev Neutron Bean
ue) 2-1/4 in. 6.6 0.4 5.8 t 0.04 142 ft 1.4 20 i3
5 Ic. 11.2 0.4 96 t 1.1 159 *1.6 27t 3
9 in. 16.4 0.4 13-7 116 15-6 ft 1.9 30 13
15-3/4 in. 17.9 0.4 147 a 1.0 151 ft 1.8 29 t 3

MU-8376



Kl—ant

Uraniua

Thorlua

Ua4d

Tastalua

Cadalua

Coppar

aliwrfm—

Carbon

Barylllua

Lithlun

Particle

DauUron

Proton
BP loo
Bautroo

DauUron
Proton
DauUron
a*9 loo
DauUron
Proton
B*3 loo
Bautron
DauUron
Proton
Bautron
DauUron
Proton
Bautron

DauUron
Bautron

DauUron

DauUron

Table XX

Avaraga Valuci of H, ajg, | 1and ow.

Incident

Snaray
(Mw)

190
2>0
320
340
*Q0

90
160

190
340

190
*90
m
340
*0
90
190
340
90
190
340
90

190
90

190
190

I of*

9*1 a 0.3 349 10.9
82 ao0.8 512 * 16
10.8 « 1.0 413 * 25
172 1 0.8 35.0 * 16
110 114 464 * 48
110 i 1) 22.0 * 25
14 +2 27 *5

8.1 i1 0.8 305 *1.0
141 +£1.2 2519 1 M

6.1 i 0.6 21.0 *0.9
6.5 109 23 * |

6.01 * 0.50 9.6 *0.5
6.651 0.6 7.1 £0.)
44 1 06 115 alo
26 1 0.6 3.1 *05
228 *0.20 6.0t *0.20
3.5 10.3 2.69 * 0.08
2.0 *0,3 1.7 *0.2
1.22 * 0.01 1.22 * 0.06
1591 0.15 0.62 * 0.06
091i 0.1« 0.65 * 0.06
0.70i 0.0, 0.6? * 0.06
0921015 0.22 *0.02
1651 012 0.73 * 0.03
0.89 1010 0.41 *0.03

4+ * %
o1 Noo

>(.

N © -~
o ooN

26 *1.0

56 *0.6

6.2
5.6
3.0

*1.5
*0.6
*1.0

23 *0.3

1.2 *0.2

0.68 * 0.09

1.8 *0.1
1.0 *0.1

ou.

™
14.0
16.9

*0.8

* 0.7

15.9

16.8 *0.9

10.2 *0.6

72 *07
6.5 *0.2

57 *0.6

196 0.09

0.58 *0.06

0.215t 0.019

0.333 * 0.012
0.170 * 0.011

MU-8377
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Table 1V

Ratio of o"jj to Stopping Pover of Charged Particles

Element 190-Mcv deuterons 340-Mev protons 320-Mev deuterons
Uranlum 0.U248 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 0.0034
Beryllium 0.0076
Lithium 0.0055
Table V

Calculated and ObserVed External Neutron Yields for Deuterons

Tai™et 5(1) H(n) yca_ yOb8 t *coif  Yoba
U*0) Gin.) (t=2)

A. lyu-Mev Deutcrcne

Uranium LI 9.0 238 2.34 £ 0.07 305 3.32
Thorium 8.1 7.0 215 2.14 * 0.06 3.16 295
Copper 2.28 1.6 0.72 0.78 £ 0.08 2.02 1.90
Aluminum 122 -7 C42 0.46 £ 0.05 1.88 1.90
Carbon 0.70 0.7 0.30 — .2.30 2.3
Beryllium 145 0.7 065 0911 0.09(7) 2.88 2.90
B. SH*Mev Deuterons

Uranlurn 10.8 16 6.2 (6.7 +0.2) 8-1/2 111 9 - +
Curban 083 1.3 0.7b 1.2 +0.2 10-1/8 7.5 4.3 +
Beryllium 172 13 13 19 0.2 8-1/2 7.9



Table VI

Ratio of Strippine Crocs 8cction to Rate of Energy Loss for Dcuterons

Element °9g 190-Mev deuterons 320-Mev dcuterons
(barns) ®2s/( dE/dx) 02s/(dE/?)
Uranium 1.70 0.00127 0.00274
Thorium 1.76 0.0012G
Lead 1.6" 0.00130
Cadmium 1.16 0.00IhO
Copper 0.91 0.00172
Aluminum 0.55 0.00197
Carbon 0.U2 0.00306
Beryllium 0.32 0.00332
Lithium 0.30 0.00402
Table Vi

Ratio cf Stripping Crocs Section toJ5toppinc Pover
of 190-Mcv Dcuterons Multiplied by Il(n) fur Uranium

Uranium 0.0luo 0.0388
Thorium 0*0141 0.0363
Lead 0.014) 0.0311
Cadmium 0.0154 0.0260
Copper 0,0109 6.0264
Alumi num 0.0217 0.0263
Carbon 0.0337 0.0371
Beryllium 0.0366 0.0442

Lithium 0.044) 0.0490
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Table VIII
Calculated and Observed Ratios of Yields for 190-Mev Deuterons

) Observed Observed

Element OiN Primary °2s Secondary Sum  Observed Total

dE/dx  Target Yield 3ETEL Target Yield External Yield
Uranium 1.000 1.000 1.00 . 1.00 1.000 1.000
Thorium 0.(395 0.915 1.01 0.63 0.935 0.b)
Lend 0.676 - 1.02 .- 0.801 .-
Cadmium 0.1*60 — 1.10 - - 0.721 --
Copper 0.301 0.334 1-35 1.35 0.680 0.57
Aluminum 0.103 0.196 1.55 1.69 0677 0.45
Carbon 0.137 — 241 - 0.955 0.57
Beryllium  0.506 0.509 2.62 2.02 1.140 0.67
Lithium 0.222 ?

3.16 ? 1.203 7
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Figure 1

The near* imber of neutrons produced per inelastic collision of an
incident particle * Y. (1) of the text vr. lass ;i*or A
of the target. The values of ? for 90-Kev neutrons fron this report
and Kinseyls experiment are not directly comparable because differ-
ent inelastic crosr 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 a parent discrepancy near A *lin.
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"ircire 2

The lean router of neutrons produced per inelastic collision of an
incident nucleor. as riven by Eq, (3) of the text vs. neir. nucleon

Joints aw I r uranium) e« foitn9 copper and iluninun
tar gets. The »ean energy was taken to he the energy of the nucleon
(oartlele energy divided by nunher of nucleons in the oartide) at
the middle of tic target* The variation of €NErgy for the cane
Narticle is the result of using targets of different thicknesses.
The tala for the lov-A daientr fron ?0-'ev neutrons a pear to be
syata a ically lew aS co nared with the trend for uraniur.#
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Figure 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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LEGENO : » 190 MCV DEUTEftONS
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111 I L.1 111111
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Finirc B

The ratio of tc stooping power per atom for charged particles as
a function of tne target mass number. The points should be roughly
Droportional to the neutron yield from targets of one range or less

thickness.
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MASS NUMBER A
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Figure 5

The auantities [aQ”/(d™dX)], 102s/(AE/tix) 11! (n), and their sun for
190-Kev deuterons as a function of tl« target -ass number. The solid
dots are (r™/(de/dx) and should be roughly proportional to the yield -«
from targets up to one range thick; the open dots are (Opg/CdE/doO”fn)
(where TIfn) is the average nunber of neutrons produced when a 60-*'ev
neutron 1ms 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 th?ck uranium secondary target. For.comparison with observed results,
see Table VIII, S S |
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