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Abstract 

The measurement of 280 Mev neutron cross sections of various nuclei is 

descri bedo The neutron beam used results from 340 Mev protons in the 184-

inch cyclotron striking a 2 ino Be targeto The neutron detector consists of 

a double coincidence anthracene scintillation counter telescppe which counts 

recoil protons scattered at 15° from a paraffin cylinder placed in the col-

limated neutron beamo A 2 5.no Cu absorber placed between the comters assures 

that only protons of energy greater than 250 .n.rev are comtedo The cross sec-

tions for all nuclei measured from Li to Pb are smaller than the corresponding 

cross sections measured at 90 Mev(l) by factors between Oo5 and Oo6o 

.(_.,.; .. '.; 
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When the total cross sections of various elements for 85 Mev neutrons 

were measured a year ago ( l) it was noticed that elements of low atomic weight 

behaved as if they were at least partially tra.nsparento Therefore 9 when the 

280 Mev neutron beam became available after conversion of the 184-inch cyclo-

tron8 it was considered advisable to examine this effect at the higher energyo 

The measurements also would add to our knowledge of the fundamental properties 

of nuclei9 a correct theory should be.able to predict these cross sections and 

their funci:(ional dependence upon energy and atomic number in an m;tambi.guous 

mannero Conversely 9 knowledge of these values may furnish additional clues 

leading to the correct nuclear modelo These measurements were made using two 

independent detection methodso In Article I measurements made using scintil-

lation counters are described~ and in Article II measurements made using bismuth 

fission counters are describedo 

II., Source of Neutrons 

The neutron beam used for these measurements was produced by bombarding a 

2 ino thick beryllium_ target in the cyclotron vacuum chamber with 350 Mev pro-

tons., Charge exchange leads to the production of a neutron beam of about 270 
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Mev mean energy and angular vvid~h at half maximum intensity of about 58°6 

The central forward section of this beam was selected by a collimating sys­

tem9 consisting firstly of a 1/2 ino hole through a 7 foot cube of concrete 

placed between the cyclotron and the surrounding concrete shielding wall and 

secondly by means of an exchangeable steel plug with any desired aperture in-

serted :ittto a 3 ino hole in the 10 foot shielding wall itself o In this experi­

ment9 a 2~5/8 ino x 1-3/8 ino aperture was employedo 

The energy distribution. of the neutron beam was obtained by measuring 

the range distribution 9 and hence deducing the energy distribution, of recoil 

protons from_hydrogen 9 at a fixed angle with respect to the beamo ·The range-

energy curves used were calculated from the theoretical formula of Livingston 

and Bethe( 2) using I - llo5Z eva Paraffin and carbon scatterers were used 

alternately to obtain the hydrogen differenceo The range distribution was 

determined by varying the absorber thickness between two scintillation coun-

ters in coincidence counting the recoil protons as illustrated_in Figure lo 

To .each thickness there col'responds a minimum proton energy Epl~ for penetra­

tion9 so that all protons with. energy Ep = Ep1 passing through both counters 

were countedo This number is proportional to the number of neutrons of energy 

E .) E = 
n n1 

g being the laboratory scattering angle with respect to 

the forward directiono 

There is one serious difficultyo At these energies 9 the absorber thick-

ness required is an appreciable fraction of a mean free path for a nuclear encoun-

ter9 so that a fraction of the protons of energy Ep > E are not countedo 
Pl 

If the cross section for these processes which remove protons were knovvnp an 

accurate Qorrection could be made; however g only an estimated correction is 

2 Bethe9 Revo Jviodo Phys., ~P 263 (1937) Eqo 9o263 
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possible at presento 

Incorporating this estimated correction and differ:!ntiating the resulting 

distribution~ it is found to have a peak at 270 Mev (± 15 Mev) vlith an esti-

mated width of 30 Mev as shovm in Figure 2o 

III., Method 

1., Principleo ~ To measure the total cross sections of various elements 

for high energy neutrons 9 use is made of the exponential decrease in intensity 

of a monoenergetic beam in the fonvard direction as the thickness of matter 

traversed (X) is increased: 

wher·e A is the mean free path.., related to the total cross section by: 

= Np/A 0: 
I t 

N being Avogadro~s numberp ;o the densityP and A the atomic weighto .Then the 

total cross .section is~ 

[
r(o)l 
I(:X)J • 

Numbers proportional to the beam intensities I(O).., I(X) are obtained by 

counting the recoil protons generated at a fixed angle (usually 15°) by a 

small paraffin cylinder placed in the neutron beam behind the samples. The 

recoil protons were counted by means of two scintillation counters in coin-

cidence in much the same way as described above. 

This paraffin proton generator was placed in the neutron beam 12 feet 

from the last collimator~ the sample~ about one mean free path in length and 

3 ino in diameter.., was placed in the beam 2 feet from the last collimator. 

A BF3 slow~neutron counter was located in a hole in the concrete wall adjacent 
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to that coilimator for monitoring purposeso With these arrangements the ratio 

R(X) of detector to monitor counting rates is proportional to I(X) 11 a second 

ratio R(O)v proportional to I(O)D is obtained by removing the sample., Yfuen 

these ratios are corrected for background» we get new ratios RV ( 0) D RV (X) o 

Then 9 

I(O) 

I(X) 

2., Countero - (See also Figure lo) The individual scintillation counters 

consisted of uniform anthracene crysta~ 3/16 in, thick and l sqo inu in area 

moun.ted in light~tight polished aluminum boxes 9 each in turn facing a 1P21 

photomultiplier tubeo ~vo such units were mounted as a coincidence telescope 

looking at the paraffin recoil pr:oton generator at 15° laboratory angleo In 

order to confine coincidences to protons generated by high energy neutrons~ 

a 2 in, Cu absorber was placed between the crystals~ thus providing an equi= 

valent neutron threshold of 250 Mevo( 2 ) 

The geometry vras arrar>.ged so that the path of the counted recoil protons 

passes normally through the crystals and through a uniform 11 knovm thickness of 

aluminum" Fast (10=8 seco) light pulses were produced due to the excitation 

and subsequent fluorescence induced in the anthracene by the protonso The 

photoml:tl tipliers convert these into electric signals which are further a<11.pli-

fied and mixed in a coincidence circuit" This system has a o25 ~sec" resolving 

time, 'lhe output vYa.s counted by a standard scaler, ., 

When plotting counting rate versus photomultiplier voltage (or gain)/) a 

flat plateau is observed as sho11vn in Figure 3 9 c.orresponding to the detection 

of vh·tually all protons 9 but no other particleso Above this proton plateau 

7 =rays v ~=particlcs 11 noise 9 etcn 9 begin to be countedn Since the plateau 

width is 300 volts (corresponding to a gain ratio of abo'lt eight):, constant 
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detector efficiency is assured by setting the photomultiplier voltage at its 

centero 

3o Monitor" = The BF3 monitor counted slow neutrons leaking through the 

concrete from the collimatorG Since. the background flux was several orders of 

magnitude smaller than the slow neutron flux originating at the collimator.., its 

counting rate was satisfactorily pr·oportional to the lattero This monitor was 

shielded from back=scattering by a 2 foot Cu plug bet-v.reen it and the samvleo The 

chief pr'oblern v.rith such a monitor is the finite slope and narrow width of its 

plateau0 i!i contrast to the .wide 9 flat plateau of the scintillation cotmterso 

Accordingly very good Yoltage regulation must be provided or the efficiency will 

va:ryG Any significant variations due to this or other causes affecting the 

enti:re experiment can be checked by a statistical analysis of groups of countso 

4o Technique., 

(a) Aligmento The equipment was mounted in such manner as to penni t 

accurate centering of the paraffin generator in the neutron beamo This align= 

ment was checked by means oi' a cathetometer previously aligned with the inner 

collimator and the central point of emergence of' the neutron beam at the vacuum 

tanlco Likewise the alignment of the samples could be similarly checkedp to see 

·t;hat no neutron path could reach tJ1.e generator without passing through the sa.mpleo 

In operationD the counting rate is maximized as a function of cyclotron tar= 

get position to ensure that the beam is not emerging obliquelyo The entire 

alignment was further checked by exposing film in the beam9 at the generatoro 

(b) Geometry, The beam area was 3.,6 square inches and the sample to 

gener·ator. distance varied from 7 to 9 feet depending· on sample lengtho This 

gives a. solid angle of f'r.om 3 x ·10=4 to 5 :x: 10=4 steradia_"l'lt~ vmich is sufficiently 

11 good'v to avoid scatte·ring correction in case of the light elementsfl For the 

heavy elements 9 a small· scattering correction is necessary o 

0 
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(c). Accidental Coincidences., Background. 

During early rur1sD the coincidence counting rate was 'or the order of 

3 Co Po s·o with single counting rates of N
1 

r'-'800 c_.,p. So in_ the first counter 

and Nz "'-"150 c.,p.,so in the second counter., Calling the accidental coincidence 

rate N
0 

an~ using the relation N
0 

·,., 2N1N2 l:AJ> where "1: is the resolving time . 
of u25 P,sec., and A ("-'300) :'ts the reciprocal beam duty factor.~~ we get N IV .,06 c.p.s. 

• c 

This is about 2 percent of the observed total coincidence rateo Therefore~ for 

later runs~ Nc was measured experimentally by placing sufficient absorber be-

tvveen the crystals to eliminate true coincidences., The beam intensity >vas then 

reduced until Nc was less than ..,5 percent of the total coincidence rate. 

The principal source of background was due to diffracted neutrons reaching 

the first crystal directly and there producing recoil protons which were counted" 

With the sample in placeD these neutrons came from the sample., With the sample 

removed 9 theycame from the iron collimatoro This background was measured directly 

before and after all r~~s by removing the paraffin proton generator and deter-

mining the coincidence rate, This was done with the sample in place a....~d with 

the sample removed., Detector to monitor ratios thus obtained were subtracted 

from the ratios R(X) and R(O) to yield R~(x) and RU(O)o 

In order to check for other sources of background~ the follovnng experiment 

was performed.., FirstD a. run was made vn th one mean free path of carbon and 24 

inches of lead as the se~ple ru1d 1~th the paraffin in place., A second run was 

made 1vi th the paraffin removed., Then a third run was made with both paraffin 

and lead removed. Normalizing the coincidence counts to equal monitor counts.., 

the following numbers were obtainedo 

12 counts 

2nd run~ 6 counts 

3rd run.~ 92 counts 
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The first setup detects dif'fracted neutrons which pass through several 

mean f'ree paths of sample to the first crystal 9 neutrons scattered by air 

aroun.d the sample into the first orystal 0 neutrons scattered by air around the 

sample into the paraffin9 and neutrons from the beam wllich reach the paraffin 

through ~:tbout seven mean free paths of sa.mpleo The second setup dei~ects only 

the first and second of these., The third setup detects neutrons scattered by 

air around the sample into the first crysta.l and d.i.f'fra.cted neutrons which have 

pa,ssed th:r'ough less ·than a mean fr."ee path of sample on the average and then 

reach the .first erystal of the eounter, o 

'While the difference between the first two runs is not statistically sig~ 

nifi.cant 0 i.t is about what one would expect due to atte!luation of the beam in 

the · sampleo Com pari son of these runs with the third one shows the background 

due to besm neutrons scattered arom1d the sample into the paraffin is negligible 

compared to that due to diffralJted neutrons reaching the first crystal., The 

latter is just the background measured for all runs, 

The bac.kg:roun.d. correction thu~. measured ranged from. less than 1 percent 

for light elements up to 10 percent for heavy elements o It was proportional to 

the total cross section of the sample used as would be expected if' it were due 

to diffracted neutronso 

Another check on accidental coincidence rate was made at the beginning of 

all rux1s by checki.ng linea:r.i ty of counting rate with beam intensi tyo This also 

pr~mred to be a cri "ti e;al check on equipment 

that the factors of' p:t"oportionali ty 
R1 (X) 
I (X) 

per·formance and in addition showed 

Rq (0) 
and -:;:-~) must be the sameo 

.L. \, 0· 

(d) Gount:i.ngo Since long run.s were·needed to obtain cross section values 

with r·ea:S'onable accuracies 0 it ·vm.~ not feasible to repeat each run many timeso 

Instead~> they were broken up into short equal periods D so that any signifi-cant 

drif'ts could be noticedo R( 0) and R(X) were calculated.v both for each shor·t 
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run and for the entire group# together with their statistical error and stan­

dard deviation. In only one case did the fraction of short runs lying outside 

the standard error of the mean exceed the expected 30 percent. In that case, a 

monitor voltage drift was.found, and the run discarded. 
(e) SamplesZ With the exception of lithium and uranium~ all samples were 

3 in. in diameter and about one mean free path long. Liquids were held in brass 

cylinders 3 in. in diameter of appropriate length, having 1/16 in. walls; empty 

cylinders were used for the blank run. In the case of lithium, the 2 in. square 

blocks already available were employed.(l) The uranium cylinder was about 2 in. 

in diameter, so that a smaller beam collimator was used, and an individual film 

exposure made to insure that it intercepted all of the beam. 

Hydrogen was done by a difference method, using pentane and carbon; this 

.gave both ~Hand Oc· ·The deuteron cross section was done by a similar method 

using water and heavy water,; this gave c:> and 6
0

, using . D oH determined above. 

Such procedures lead to reduced accuracy, ·so that-the purityp density and dimen-
' 

sions of all these materials were checked. For all samples used, the thickness 

(in gm/cm2) was established to better t~an 1 percent, in most cases to .2 percent. 

(f) Scattering Correction. For elements of high atomic weight, a small 

correction for neutron scattering is necessary. This was calculated in the 

manner of Cook, McMillan, et al.(l) 

The values of the various constants are: 

a = 1.5 in. 

x1 = 100 in. 

x2 = 480 in., 

It turns out fortuitously that the correction to the cross section in percent is 

just the value of the cross section in "barns," except for uranium, for which 

the correction was 1.5 percent. 
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IIIo Discussion of Results 

The results are tabulated in Table I together with the 90 Mev results(l) 

for comparison" The errors are those computed from counting statistics alone. 

At present~ no nuclear model theories fit these data very well~ The results 

of Cook" McMillan 0 et al., 0 at 90 Mev show a nuclear tranparency in terms of a 

"mean free path within the nuoleus.,n(3) They also show agreement with the con= 

sequent prediction that the transparency should be greatest for elements of low 

atomic weightD as shown by.the deviation from a straight line in Figure 4. How-

ever, at 280 Me·v 9 the transparent nucleus theory predicts a higher cross sec-

tion for elements of high atomic weight than is actually observedo 

The group wishes to thank Professor Eo Oo La;vrence for suggesting and 

encouraging the wor~ and members of the Laboratory for assistancev The work 

was carried out under the auspices of the Atomic Energy Cammissiono 

Information Division 
scb/3=29=50 

3FernbachD Serber 0 et alo, Physo Rev., 75 0 1352 (1949) 
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TABLE I 

Total Gross Sections at 280 Mev with Those at 85(4 ) Mev Included for Com= 

pari sono Errors are Calculated from Coill1ting Statistics Alone a 

I 280 Mev 

x~~J dx 

85 Mev 
-- -·-------·---·--.--------r· 

Element A Al/3 6x l024cm2 ~fir 1024cm 
2 J t11 x 1ol3 em 

·---~----~ --·--------·-
Hl 1.,008 loOO o033 :fJ o003 ,725 ± o04 o083 ± o004 lo15 

uZ. 2o015 lo26 .,049 :t ,005 .,884 4· o04 ol17 ;!; .,005 lo36 "" 
-- ----------------~-- -· --· 

Li 6o940 1,91 ol64 ± o007 lo62 ± .,04 o314 ± o006 2,24 

Be 9o02 2o08 .,225 ;t; .,004 1,89 ± .,02 o431 ± o008 2.,26 
-- ---

a 12.,01 2.,29 o279 ± .,004 2oll + oOl o550 + .,011 2o96 
f----- ···--- ----··-- ------------- -----

0 l6o00 2.,52 .,380 .... .,008 2.,46 ± o03 .,765 ± .,020 3.,49 "-' 

----

Al 26o97 3.,00 .,566 ± o018 3.,00 1 o0'5 lol2 :t o02 4"22 
- -- --------------

Cu 63 0 57 3o98 lol9 :!. .,02 4o35 ± o04 2o22 t o04 5o95 
'--· -+------·--------·--·-·-··-

Sn ll8o7 4o92 1.,83 ;:!: .,03 5.,40 + .,11 13o 28 ± .,06 I 7 0 23 
I ! ·--------- ---

Hg 200.,6 5o85 2o80 + o03 6.,69 + oll 
' 

14.53 + 
-----

Pb 207o2 5.,92 2o89 ,;;:..,. .,03 6o79 :t olO ± .,09 8o49 

]5o03 
----- ------ ····-·--

u 238.,1 
f 

6o20 3,14 4· .,05 7o02 :t .,21 ;t olO 8 0 95 
~ I 

I --····--

4
Later considerations have sho·w:n that the mean detect:ion energy wa.s actually 
85 Me·tr and. not 90 Mev e.s stated in Refo 1., 
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