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ABSTRACT 

This experiment measured the neutron total and reaction erose 

sections at 5.0 Bev. Transmission measurements were made in good and 

poor geometry. The high-energy neutron beam was produced when the 

Bevatron circulating proton beam struck a copper target. Neutrons were 

identified by their production of pions in a. beryllium block. The pions were 

theu detected by a counter telescope including a ;as cerenkov counter. The 

threshold of this gas cerenkov counter defined the mean effective neutron 

energy at S.O:t:0.4 Bev, with the half-intensity points of the neutron energy 

distribution at 5.9 and 4.2 Bev. The cross sections measured for the various 

elements are (in mUU~arn): 

Pb Sn Cu Al C H 

ut 2534z105 1986*88 1158:34 614~33 319•ZO 33.6~1.6 

u r 1670:t79 

The 5-Bev total cross aections are ZO% below tbe total cross eec:tions meas­

ured at 1.4 Bev by Coor et al •• 1 whereas the reaction cross sections remalfl 

eseeutially constant as a function of energy above 300 Mev. This behavior 

of the cross sections can be interpreted by a generalised diffraction theory 

developed by Olasagold and Or eider. 
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5-Bev NEUTRON CROSS SECTIONS IN·HYDROOEN AND OTHER ELEMENTS 

John H. Atkinson, WUmot N. Hess, Victor Perez-Mendez, and Roger Wallace 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

·November 18, 1960 

1. INTRODUCTION 

At 1.4 Bev the 'lleutron total cross sections are rising with energy. 

Robert WUUams made the prediction, based upon these data and some high-

energy cosmic -ray data, that the uucle~n-nucleon total cross. sect.lon would be 

z found to rise monotonically from 42 mb at 1.4 Bev to 120mb at 30 Bev. This 

prediction came into question with the publication of the high-energy p-p elastic 

scattering data of Cork, Wenzel, and Causey, which showed a decrease in the 

3 elastic scattering cross section from a peak value at 1.5 Bev. ln the present 

experiment ln order to extend neutron cross sections to higher energies, the 

total and reaction cross sections were measured for 5-Bev neutrons in lead, 

copper, aluminum, and carbon to an accuracy of about 51o. The total n-p 

croas section was measured directly in liquid hydrogen. 

The gas cerenkov counter used in this experiment limite the effective 

neutron energy to a minimum of 3.5 Bev while the maximum energy available 

wa.a the 6.2-Bev peak energy of the Bevatron. Knowledge of the neutron energy 

is critical for determining meaningful cross sections, and is quite difficult to 

achieve with high-energy lleutron beams. 

The experiment is interpreted by a new theory developed by Glass­

gold and Greider to interpret high-energy scattering data. 4 This generalized 

diffraction theory gives expressions for the total and reaction cross sections 

in easily calculated closed forms that fit the neutron scattering data well 



.. 

'• 

-4- UCRL ... 8966 Rev. 

from 300 Mev to 5 Bev. A simple optical model has also been fitted to our 

data, giving a check on our energy determination as well as the usual optical­

model parameters. 

1. Beam 

U. EXPERIMENTAL METHOD 

A. E!J>erlmental Arrangement 

The neutron beam was generated by the Bevatron internal proton 

beam striking a 1/2Xl/ZX3-ln. copper target with the 3-in. dimension 

tangent to the circulating proton beam. Whenever the primary proton beam 

was spilled on a target, meutrons were produced in the forward direction 

which for this experiment were used at 0 degrees from the target, sinc:e 

there is a. maximum neutron flllX and energy in the forward direction. The 

neutrons emerged from the north straight section of the Bevatron with a 

4-in. path length in the steel structure of the tangent tank. The neutron beam 

was collimated as it paesed through the Bevatron shielding wall by a ZX2X60-tn. 

aperture in 5 ft of lead located 45 ft from the Bevatron target, subtending a 

half-angle of 0.114 degrees. Two l~.in. lead bricks 6 ln. apart in the mouth 

of the collimator were an effective y-ray fUter, since the stray field of the 

Bevatron sweeps away all electrons thus produced. 

2. Monitor 

The Bevatron proton beam flux is highly variable from pulse to pulse • 

Comparison of successive runs required an accurate monitor to count at a 

rate proportional to the high-energy neutron flux in the channel. The monitor 

consisted of a gas cerenkov counter followed by two 4X4-in. plastic: scin­

tUlatora, operatina in triple coincidence. This assembly, shown in Fig. 1, 

was placed immediately after the collimator, directly in the path of the neutron 

beam. The cerenkov counter contained Freon.-12 ( CC12F 2_) at 15 psig and 
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counted charged pions, .. Qf.,energy greater than 2.4 B!',Y.J?.~O,duced in the v-ray 

filter lead bricks at the entrance of the collimator and in the walls of the 

collimator. The two plastic scintUlatore determlned the geometry of the 

monitor telescope and .eliminated acCidental counts,J~t:9ugh the requirement 

for a triple coincidence. The last element of the monitor was 18 ft from the 

y-ray filter, from. wbic.b,}it subtended a half-angle .Qf,JI..~c5.3. df:g, and was 63 ft 

from the Bevatron target, from which it aubtended an angle of O.lSZ. deg. 

The monitor and the neutron detector being 24ft apart~ allowed both good~ 

and poor ·geometry absorber positions. 

3. Detector 

The neutron detector illustrated in Fig. 1 consisted first of a 

6X6Xl-i~. plaat~.~ .. ~.c~.t.\~P,\,tion counter connected in""~~t~<;.~J~.~idence to the 

neutron coincidence circuit. This counter eliminated detector counts from 

charged particles in the beam. lte large size, as compared with the lXZ.-in. 

beam cross eection, reduced background caused by charged particles scat-

tering into later elements of the anticoincidence counter. 

Following the anticounter, the neutrons generated charged pions in 

a lZXZXZ·in. beryllium block. For some poor*geometry measurements, an 

8XZXZ-ln. aluminum block was substituted because of its shorter length.. 

Beryllium ia a more efficient pion generator than aluminum, having a large 

eros s section for inelastic neutron events and a low total cross section for 

the pions thus produced. The maximum efficiency estimated for producing 

detectable ~ions was 0.38 !or 12 in. of beryllium and 0.25 for 8 in. of 

aluminum. In calculating theee efficiencies, it is assumed that all inelastic 

neutron events in the converter produce high-energy pions in the forward 

direction. The pions produced are considered lost if they interact or scatter 

.. 
;. 
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in leaving the converter . 

A ZXlXl-in. plastic scintillator following the converter was connected 

in coincidence with the two following countera in the detector. Thill counter, 

in conjunction with the converter, determined the geometry of the measure-
. ..J,. ,- i! :"·"':. 4-~ 

ment. 

Charged pions of sufficient energy were then detected by a 10-in. 

dia.m gas cerenkov counter similar to the monitor cerenkov counter described 
.: ·:, ' . •t ~ .. ~ ~ -" ~ . 

elsewhere. 5 The gae cerenkov counters were energy threshold detectors 

.and, together with the neutron spectrum, placed a lower limit on the effective 

neutron energy. Protons did not count, since their ~ was below the thres-

bold of the cerenkov counter. 

Freon-12 (CClzFz) at 30 psig. 

The detector cerenkov 'counter was fUled with 

This gave an absoliit~r·energy threshold of 

l. 56 Bev for charged pions. However, the threshold efficiency of the counter 

was not a steep function and the minimum effective pion energy was 1.85 Bev 

for 50o/o counting efficiency. From the minimum pion energy, a minimum 

energy for the neutrons that produced them ia derived. The effective energy 

distribution of the neutrons is discussed in Section 11-B. 

Another detector element is necessary. NeutrtA.l pions were pro­

duced in the converter with a relative multiplicity of about 1/3. The neutral 

pions decayed, essentially where they were produced, to two gamma rays. 

Some of these gammas then produced electron pairs in the converter. These 

electrons co~ld be counted by the following scintillation counters and the gas 

cerenkov counter. This would destroy the energy discrimination of the detec· 

tor since even a 1 S-Mev electron would have been counted. To preserve the 

energy discrimination of the detector, an electron filter was placed behind 
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the 2X2-in. geometry-defining counter but ahead of the cerenkov counter. 

This filter consisted o£ 2 inches of lead ( 10 radiation lengths) plus an inch of 

iron which also served as a magnetic shield for the counter near the 6-kUo­

gauss magnetic sweeping ... field. From approximation. shower theory the average 

. -10 
energy of the electrons emerging from the lead is given by ~ c: E02 • For 

a l ~Bev neutral pion this gives an approximate electron energy of 1 Mev. The 

6-kg field applied over. ~.5 em swept all electrons 9{ e~.e.rgy lese than ~7 Mev 

out of the cerenkov counter whUe deflecting the charged pions lees than 1 deg. 

In this way v0 electrons were effectively prevented from counting in the detector. 
~~ , ... ;; .. ~ ' . ' ' ., ... 

4. Electronics 

The electronic components employed were convent.ional high-speed 

counting devices and are illustrated in Wl.ig. 5. Hewlett-Packard prescalers 

were used in the monitor to permit counting without jamming during the rapid­

beam-ejector pulae of 300 f.LSec required by the concurrent bubble chamber 

experiment. 

We required especially stable discrimination levels si~ce the ef­

fective energy threshold of the cerenkov counters depends upon th·e she of 

signal required to register as a count. A ilt.ble discriminator amplifier 

6 developed for the purpose was used to establish the discrimination levels, 

which were set so that the scalers would just count with a 2 .8·volt signal 

from a mJ.Lsec pulser put into the coincidence circuits. The Z .8 volt level 

chosen was the mid-point between the tripping level and saturation for the 

Evans coincidence circuits employed. The actual counter signals exceeded 

5 volts in normal operation. The lifiscriminator amplifiers were very stable 

in operation, requiring a correction not exceeding 0.05 in an average week 

of operation. 

- ~ .. 
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B. Neutron Energy 

The effective neutron energy was determined by the energy selec • 

tivity o£ the neutron detector and by the incoming ueutron energy spectrum. 

The effective neutron eaergy distribution ia Uluatrated in Fig. 3. Analyeis 

of this skew ·distribution gives the peak at 5.25 Bev with the half·lntett$'lty 

points at +0.6 5 Sev and •1.0 Bev. From numerical integration of the spectrum 

the mean energy b found to be 5.0 Bev with the probable error points at 

11:0.4 Bev. Thle distribution is derived by folding togetheso the primary neu.tron 

spectrum from the Bevatron, the energy distribution of pions !rom the con­

verter for several pion-production multipltc~ties, and tth:e~r:gy-sensitlvity 

curve of the ceren'kw• c'ounter, each with its appropriate weighting factor. 

The spectrum of the primary beam of neutrons coming from the 

Bevatron was rougJ!ty measured by Holmquist with a hydrogen-fUled diffaaion 

cloud chamber. 7 He found a c:Uatribution peaked at 3.8 Bev and decreasing 

to zero at 6.2 Bev. His spectrum has been corroborated by the work of 

Barrett wlth Bevatron neutrons in emulsion. 8 Rough valuee for pion multi­

pllcities from n-p scattering, and the pion energy spectram in the forward 

direction, are also given by Holmquist. 

T be assumptions and the models used in deriving thla energy die• 

trlbution are admittedly crude. Fortunately, the mean effective neutron 

energy, the parameter of importance in the cross section measurement, i.e 

not very eerudtive to this derivation since the cerenkov counter threshold 

is tbe determining factor in the energy selection. The mean energy derived 

in tbie way is the energy expected from a very rough coneideration of the 

6.2-Bev upper limit of the Bevatron energy and the 3.5-Bev lower limit 

of th~ cerenkov counter threehold modified by the increased efficiency ot the 

cerenkov counter at higher energies. 
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A completely independent determination of the mean energy from 

the optical model of the nucleus is discussed in Section IV B, which gives a 

value of 5.3::~::2.3 Bev. 

c. Count ins Rates 

We employed only uleft-over'i beam available from concurrent ex­

periments, eo counting rates were quite low and were the limiting factor in 

both the accuracy and the extent of the experiment. The neutron counting 

rate with no absorber averaged 10 counts per minute, but varied from 
.·. 

1 to 100 counts per minute depending upon the Bevatron beam levels and 

target configurations for the other experimenters. Tb.e monitor counted at 

a rate approx 100 times that of the neutron detector. 

Barrett measured a neutron flux at the Bevatron with nuclear ernul-

sione and calculated the source strength ot the neutrone as 0.19 neutron per 

steradian per proton strikin& lt~;- target. 8 Obstructions in the neutron beam 

path for our experiment, including the lead v·ray fUter and the steel of the 

tangent tank frame. leave a neutron transmission of l0t11'o. The detector sub-

L -6 · tends the very small solid angle of 3. 7uX10 et'euadrat ,the::Be'O'atr:.ol\~tEtrget. 

Finally, the detector efficiency is calculated to t~e approximately 0.4%. 

Combination of these factors for neutron production rate, attenuation, solid 

angle detected, and detection efficiency gives a calculated counting rate of 

10 10 counts per 10 protons on the target. The counting rate predicted by 

using Barrett's measured source strength agree a within an order of magnitude 

with our observed rate. 



.. 

"' 
.. 

..• 
'\ 

•· 
·, 

-10- UCRL-8966Rev. 

lll. RESULTS 

A. C:roas-Sectlon Measurements 

I. Tranemisaion Measurement 

Thia experiment was basically a simple transmission measurement 

in good geometry (approx 0.2 deg) and in poor geometry (4 deg). For lead 

and ~or carbon the integrated erose section was also measured as a function 

of the half-angle subtencled by the detector (converter). Anglee of the first 

diffraction minima vary with element from 1 deg to 2 deg, making aU the 

angles of interest quite small. Angles of the first diffraction minima for the 

elements measured are given in Table 1, as calculated on the opaque circular 

cylinder model, which gives 

where 9 is the half-angle of the first minimum. p is momentum, and 
m 

A the mass number of the absorber atoms. 

The two absorber thicknesses used were geuerally 0 and approx a 

half absorption length in the element being measured. These lengtht gave 

an appreciable transmission difference whUe minimizing multiple-scattering 

problems. The number of neutrons transmitted is given 'by 

N ... N -nc.rx 
- 0 e • 

All symbols have the usual meaning. The log of the ratio of detector counts, 

N, to those of the monitor, M, is then given by 

N 
ln r = In M = •n a 6 + ln C, 

where C la a constant relating the number of neutrons N 0 in the unattenuated 

beam to the monitor counts. 
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The slope, -nu. of the plot of ln r vs x ia evaluated by least-squares 

fttdna, with proper attention given to the weighing of the datum values of ln ¥!. 

The data Ulustrated in Fig. 4 for several thicknesses of lead are fitted well 

l>y a straight line. 

Z. Qeometric Corrections 

Since the angles related to the diffraction pattern are small (as 

discussed above), the finite sizes of the beam and the converter complicate 

the definition of the angle subtended by the detector. A geometric correction 

for the finite beam size was made as follows: The diffraction pattern for an 

opaque disc of radius R. ia given by 

dud _ [J, (kB. sin 8) ]l 
em- sln9 ' ( 1) 

where du d/d!J ia the clifferential elastic scattering cross section, J, ia the 

first-order Bessel function. and k is the neutron wave number. This is 

cloae to the scattering from an opaque sphere for kR > 1, where k ie tbe 

absorption contatant of the optical model diacussed·in Sec. IV -C. Values 

of k1l for this experiment range from Z.98 (lead) to 1.16 (carbon). 

The partially integrated elastic: scattering cross section is defined 

as 

(Z) 

A mean (l d ( 9) for a finite beam size may be delined as 
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2 
~ (k R sin 8J d.A 1 dA2 

·sin 8 T Tz • ( 3) 

where areas A 1 and Al. represent the midsections of the absorber and the 

converter respectively. We normalize ;W:-~f~j ... ~=dl, and define the partially 
., 

integrated differential croe1 section normalized to unity as 

8 

F(8) = h 
t..!. f du 

o ~an. 

Then a(S), the cross section determined by the transmiealon with a given .sub· 

tended angle 8, ia related to the reaction cross section a r· and elastic cross 

section o d by 

u(9)' = a r + [ 1 • F(6)] u d 

= 0' r + F' (8) ad* 

(S) 

We measure u(8) by this experiment for several values of 6. F(9) 

baa been calculated by a computer code evaluation of Eq. (4)~ Then a least 

squares fit of the linear form of Eq. (5) gives C1 r as the intercept (a) and ad 

as the elope (b) of the straight line. 

The corrections fOt the finite beam size raise the total cross section 

as much as 5% for lead and decrease the reaction cross section aa much as 

10% for carbon. 

The above correction assumed that all scattered neutrons were 

ecattered at the midplane of the absorber and produced pions in the midplane 

. ) 

... :,..;::. 
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of the converter. A small correction was made for this by integrating along 

the beam direction z. The finite length of the absorber again makes 8, the 

angle subtended by the detector. indeterminate. However, this effect averages 

out, since sin 8, i~ J~~"~' for the small angles invo,h··~4_! '" T1le converter ef­

ficiency W varies slowly with length and ia given by 

where }\. is the inelastic interaction length for neutrons in beryllium and n 

"-, is the total interaction length for pion• in beryllium. The sensitivity of 

the detector is aeeuzp~AJP be constant for the acat~~r,l,9-g ~nglea possible in 

this experiment. The cerenkov counter accepts less than a 3-deg cone, and 

the pion angular distribution is flat over these small angles, ae ie indicated 

7 1 
in the Holmquist and Brookhaven papers. 

3. Results 

The results of all the transmission IJ'le&surementa for all angles 

measured and for all elements measured are given in Table n. Table lll 

gives the total ( <T t)' reaction ( u r)' and elastic ( <T d) cross sections derived 

from these measurements and compares them with two commonly used 

geometric cross sections. Figures 5 through 8 Ulustrate the leaat-aquarea 

fita corrected to the experimental data. 

B. Errore 

1. Beam Contamination 

Contamination of the neutron beam with charged particles or other 

neutral particles could give errors in the cross section measurements. 
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However, charged particles generated in the Bevatron target are swept 

out by the Bevatron magnetic field before reaching the collimator, whUe 

scattered charged particles are •wept out by the fringing field. Meae ~ 

urements with the counter telescopes indicate that the effects of charged­

particle contamination are negligible. 

High-energy gamma rays are produced in the Bevatron target in 

numbers comparable to the n~mber of neutrons produced. However, they 

must pass through 4 in. of steel and 2 in. of lead before reaching the 

monitor counters. This 16 radiation lengths of material greatly reduces 
.. -_.,.- -· 

the number and energies of the gamma rays. Further. in order to introd~ce 

a serious error the gammas would have to produce neutrons ln the absorber, 

or charged pions in the converter, since an effective electron- gamma-ray 

filter follows the converter. 'l'he•e are \Ullikely, and gamma rays were not 

a problem. Neutral pions likewise decay immediately into two gamma rays 

and are simUarly eliminated. 

All the neutral strange pa.rticlea, excepting the long-lived component 

-10 of the neutral K particles, have lifetimes shorter than 10 sec and cannot 

traverse the 86-ft path length of this experiment. The K0
2 bas a mean lUe 

of approximately 10-7 sec and could possibly cause trouble. However, t<0 

-4 
meson• are produced at only about 10 the rate of neutrons in the Bevatron 

9 0 0 target. Half of those produced decay quickly by the K 1 mode, and the K 2 
0 mode regenerates K 

1 
mode particles in interactions ln the 4 in. of steel 

0 
and 2 in. of lead in the beam, further reducing the K flux by decay through 

0 . 0 the K 1 mode. Finally, K mesons do not have radically different cross 

aectone from neutrons, making very small contaminations unimportant. 

Thus beam ... :ootttamlnation errore are unimportant compared with the general 
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accuracy of this experiment. . .. ·. 

Z. Geometrt 

Because of the very small angles involved in thla experiment, 

geometric: corrections are important. The geometry of the primary neutron 

beam ta well defined, since the dietanc:ea are large between the target and 

the relatively small detector elements. The neutron beam is defined to a 

half-angle of 0.114 dec by the collimator, O.l5Z deg by the monitor, and 

0.0556 deg by the neutron detector (converter). However, the lead gamma­

ray filter in the mouth of the collimator acta aa a diffuse source of elas­

tically scattered neutrons. 

Elastically scattered neutrons from the Z-in. lead gamma-ray 

fUter comprise 20% of the neutron beam on the basis of our measured value 

of a d. The gamma-ray fUter la 18ft from the good-geometry absorber 

politlon and the absorber aubtende an angle of 0.53 deg. Since the diffraction 

pattern minimum for elastically scattered neutrons from lead it at 1 deg, 

approximately 7S' of the neutrons are ecattered through anglea leas than 

0.53 deg. Half of these neutrons scatter toward the central ray and thus 

possibly into the neutron detector. The change in croee aectlon reaulting 

from a chuge in the subtenclecl angle of the good-geometry position from 

0.2. deg to 0.5 deg may be eatimated (from the variation of tntearal cross 

section a a a function of angle, Ulustrated in Fig. 5) aa 2.00f*'. These estimates 

give a combined error of 1.5%, which ie not significant in compariscm with 

the statistical uncertainties of the experiment. 

Corrections f.or alteration of the diffraction pattern by the finite 

beam size were made in Section 111 A2.. Since these corrections are a max­

imum o£ 10%, a 10% error in the model used for the correction wo\lld give 

a cross section error of l"¥o. Since the model used appliel!3 well for Kr)}. 
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and our values of Kll range from 1.16 to l.98, the error from this correction 

should be much lese than 1%. 

In poor geometry, neutrons from some inelastic events are aleo 

collected. This problem, was considered by Croni~,~!!: for a high-energy 

10 pion-scattering experiment. The erose section meaeured at a given sub-

tended angle 9 is given by 

9 

<7( 8) • a r + F' ( 6) "d • fu (6) 

This differs from Eq. (S) only by the subtraction of the last tel'm, which ie 

the correction for inelastic: events.: counted. 

The cltf!erential rea<:tlon cross section, which gives the number 

of high•en.ergy neutrons inelastically scattered into unit solid angle, may be 

expanded in a cosine ··series: 

(7) 

Then if the reaction erose section, tJ r' is extrapolated lir:Learly from 7.5 

deg and 15 deg the error is less than 2% when this is compared with the 

form of E(j.(7) for n ~ 12.. The angles on which 011r values for tT rare based 

are on the order of 4 deg, so that the value of f1 r may be assumed to project 

linearly to 0 deg. The measured cross section may be given by an expansion 

o£ Eq.(6) as 

' u(9) = "r + F (B) ud- z., (1-coe 9), 

wh.ere 11 is leas than u . Since cos 4 deg is 0.998, the correction la less 
r 

than 0 .Zo/s even if all the inelastic events give high-energy neutrons in the 

forward he mlapbere. 
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3. Bevatron Proton Bea?l Tr~c:ldng 

By !a.r the largest error in the operation of this experiment came 

from tracking variations of the Bevatron internal proton beam. As the ab-

sorber and converter configuration was changed hourly, variations in the 

measured rates averaged out with many rune. Also, only internally con­

sistent rates were combined with one another to derive a cross aection. The 

statistical criterion of Rossini and Deming, which requires each pQint pllls 

two standard deviation to overlap the mean plus two standard deviations on 
11 . . '· 

the mean. waa used to test consistency. Cross sections derived in-

dependently from each conaistent set of rates were then combined to give 

the quoted croas section. The statistical considerations discuseed in the 

next secticm (IU-B4) establish that these proeedu~e1 made the error from 

internal proton, .. beam variations much less than the counting statistics error. 

4. Counting Sta~istics and Total Error 

The low counting rates make statistical errors the chief limitation 

to accuracy in this experiment. Because of the logarithmic relationship of 

the cross section to the measured counting rates, the erro:r in the measured 

rates muat be lees than l'Vo in ord.er to limit the error ln the cross section 

to s·%. Since there are no known systematic: errors greater than lllfe, the 

quoted errore are statistical. The following considerations indicate that 

this is a reasonable estimate of the total error of the experiment. 

Moat of the rate data and cross sections were sorted and combined 

as consistent data by using the criterion of lloaslni and Deming. 11 However, 

all data were also combined to give means, and calculated for inconsistent 

data. The means derived were the same within the errors on each mean 

whether the data were all combined as inconsistent data or sorted for 



·" 

-18- UCRL-8966 Rev. 

consistency. The use of sorted internally 4:0nslstent data usually resulted 

in smaller error a. A comparison of the independently calculated cross 

sections with the normal distribution expected !or the quoted error indicates 

that the data for most elements are grouped better than one would expect for 

a normal distribution. Thus the random-rate variations due to Bevatron 

operating conditions discussed in the preceding aec:tion (W-B3) do not affect 

the measured cross sections within the statlstlcal acc.uracy o£ the experiment. 

Since all known systematic errors were shown in Section lli-B, to be less 

than 1%, the statbtical errors are used as an estimate of the total error. 

IV. CONCLUSIONS 

A. Discussion 

1. Comparison with Previous Experiment& 

The variation with energy of the neutron total eroaa section for 

lead. copper, aluminum. and carbon is Ulustrated in Fla. 9. The rise in 

the neutron total cross sections from 300 Mev to 1.5 Bev was established 

in 1955 by Coor et al. with their experiment at 1.4 Bev, and later data. at 

lower energies confirm this behavior. Our values for the neutron total 

cross section show a consistent and substantial drop from the Brookhaven . 

values. The high-energy cosmic ray values of Sinha and Dae for the total 
' 

cross section of 4-Bev penetrating secondaries in aluminum, eopper, and 

lea.d
12 

are somewhat lower than our values for neutron erose sections in 

the same elements. However, these cosmic ray erose section experiments 

are quite tenuous, since neither the energy nor the identity of the bombarding 

particles was well established. 
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The reaction cross section is essentially con-stant within the accuracy 

of the experiment from 300 Mev to 5 Bev for all elements measured. This 

is confirmed by the Brookhaven 1.4-Bev data, 1 Barrett' 1 uta at 3.6 Bev, 8 

and the cosmic ray data at 4.0 Bev of Sinha and Das. 12 Thus the radical 

change in the total cross section must be due to a sharp drop in the elastic 

cross section. The tbeol'y discussed in Section IV ·B relatee this decrease 

to a decrease in the nucleon-nucleon cross section. 

z. Nuc:leon-Nucleon Cross Sections 

A liquf.d hydrogen target was used in this expe:riment to give the n-p 

erose section directly. The n-p total cross section •hown in Fig. 10 exhibits 

the same drop from 1.4 to 5.0 mev as characteristic of the heavier nuclei 

cUacussed above. The high-energy p-p elastic cross section data of Cork 

3 and Wenzel also exhibit the same drop, although not 10 dramatically as our 

data. The n-p reaction cross section (nonelastic) is very difficult to measure 

and has not been measured above 300 Mev. The increase in the nucleon-

nucleon total erose section from the low point at about 300 Mev starte a.t the 

threshold for pion production. Furthermore, the peak of the nucleon-nucleon 

total croaa section at 1.4 Bev occurs at roughly the threshold for strange­

particle production. 

B. INTERPRETATION 

1. Generalized DUlraction Theory 

Q lass gold and Qreid.er 4 developed a generalized diffraction U\eory 

to explain the behavior of the neutron cross sections from 300 Mev to 5.0 

Bev in the elements measured. This theory uaea the groae -average properties 

of the phase shifts to ma.gnily small changes in the reaction croes section 
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into large changes in the total cross section. lt also crudely explains the 

cross sections for heavier elements in terms of the measured nucleon-

nucleon cross section. 

This uau.al.,~~R~£~1eions for the cross sect~~.~:in terms of partial· 

13 wave analysis, ae given by Blatt and Weisskopf, are 

.... .... GO .. ;;~';.· ... ··- I 

f(8) = -k L (Zl + 1) (1- Ttl) P1 (coe9), 
1=0 

(8) 

(9) 

( 10) 

where 0' r is the reaction cross section, crt is the total cross section, ~ 

and r are the wave length and wave number of the incoming particle, 'l 

is the complex amplitudes of the outgoing wave with angular momentum l 

and the sum is over the t. partial waves. These cross sections are strictly 

valid only for apinless neutral particles. 

The new model by Olassgold and Greider describes high-energy 

scattering collisions in terms of four physically significant parameters. If 

14 constant phase is assumed these parameters are: L. the number of partial 

waves strongly absorbed; f', the opacity for small I.; 2 A, the range over 

whicbthe opacity function decreases fro.m fl to (h and t., the phase of the 

outgoing "Wave. "lbe relationship of theso parameters i.a Ulustrated in Fig. 11. 

'Ibis -m·odel genera.B.i:l:es the simple dif&action theory by writing 11 l. = ! 'l.e I e 
14

1 

and by assuming (a) that the interaction region can be represented as a smooth 
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function, i.e., that the opacity function, 1 .. I '1 12, decreases monotonically 

with 1, (b) that this transition occurs mainly within an interval of width Z6. 

centered about a large value of the angular momentum L, and (c) that the 

phase function cr. is continuous and vanishes for sufficiently large valu.es of 1. 

Several functional forma for the fall-olf shape were tried by Glaeegold and 

Grieder but the reeulta were found to be independent of the detaUs of this 

re1ion. With these assumptions, the cross aectione and scattering amplitude, 

ae expressed in Eqa. (8), (9), and ( 10), can now be evaluated c!ireetly. These 

expressions are given in the paper by Olasegold and Orelder. 4 

Z. Application of Theory to Experiments 

The expressions obtained in sub eec. 1 above can now be used to 

fit the experimental neutron-scattering data from 300 Mev to 5 Bev. Two 

reasonable assumptions are made: La: k A l/3, where A is the atomic weight, 

and A de k. The large variation in u t wlth energy, whUe u a remains relatively 

constant, requires that phase CL be small. as can be seen by cc;mparison of 

Eqe.(8) and (9). In !act, the best fit to the data lefor G = 0. 

For small real "' u t varies linearly with 'i and is therefore more 

sensitive to changes in 'I than a r' which varies quadratically with 'I· The 

theoretical fit to the experimental values is given by the curve in Fig. 9. 

The lit is seen to be quite good, particularly when the uncertainties in the 

neutron cross section measurements are considered. The :~a.lues of L, 6, 

and 13 used in the analysis are given in Table IV. 

Consideration of the ratio 

( 11) 

shows directly that this ratio of the total to the reaction cross section can 

be lees than 2 as required by the data. Also thie ratio decreases as , 1 
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increaeea, that is, as the opacity function 1 - J rd2 decreases. The exper­

imental values of this ratio are given in Table V. 

We can qualitatively understand~ from a consideration of thenucleon-

nucleon cross aection. The dependence of f.\ on k and A can be interpreted 

in terms of a clasateal picture of exponential absorption with distance, the 

absorption coefficient being related to the observed nucleon-nucleon total 

cross sections. Crudely, ~ is given by 

· -lR cr 
~ = 1 - e p t, ( lZ) 

where 2R is the maximum distance across the nucleus. p is the density of 

nucleons in the nucleus, and at i.e the average nucleon-nucleon cross section. 

Computation of f.\ iby using our measured value of 33.6 mb gives approximate 

agreement with the values of f3 given in Table IV. 

C. Optical Model 

This experiment can also be analyzed in a more conventional manner 

. 15 f by using the optical model of Fern bach. Serber, and Taylor. The uni orm-

density model is used here for simplicity although it is no more than a first 

approximation. This model describes the nuc::leus in terme of the nuclear 

radius R, the absorption conatant K, and k 1
, the increment in the wave number 

inside the nuc::leus. Thie experiment measured u t' the neutron total cross 

eectiOt'l; u , the neutron reaction erose sections; and the mean energy of the 
r 

incoming neutrons. which gives the neutron wave number k. 

In this model the aW"l!'ption constant K is expreesed in terms of the 

average nucleon-nuclear cross section and the nuclear radius R. We use 

our m.easured value of the n-p cross section ( 34 mb) for the average nucleon-

nuclear eros a section. The nuclear radius R ca.n be derived from the reaction 
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cross sections for the elements measured and the average nucleon-nuclear 

cross section. Then k 1 ie related to the known parameter by 

( 13) 

This expression is integrated and a value of k
1 
/K la then chosen which gives 

agreement with u t/a r for all the elements, thus determining a mean value 

of k 1 in terms of K. Application of Eq. ( 13) to our data for C, Al, Cu, an~. Pb 

gives the best fit for k 1/K = 0.41t.0.2, although even this value is somewhat 

arbitrary. A least-squares fit of the data to the nucleu radii, R = r 0 
1/3 -13 . . 

A XlO em, gives a value for r 0 of 1.17:1:0.06. A solution for the average 

12 -1 nuclear absorption coefficient then gives K = (5.02:t:0.35)X 10 em • Finally, 
. 13 

a value of k-J = (0.2 :t0.1)Xl0 is derived from the ratio k 1/K. The average 

nuclear potential la 39.1:J:1l.}.5 Mev. These parameters have essentially the 

same values as those derived by Coor !.!_!!. within the large experimental 

error a. 

The data furnish some information on nuclear radii. The uniform 

density optical model give a a value of r 0 of ( l.l7s0 .06). Greider and Olaas­

gold' s diffraction theory gives values of L, 4 the number of partial waves 

strongly absorbed. A nuclear radius R may be defined as L = IUt = 
1/3 ·13 r 0 A kX 10 • The analysis by Olassgold and Greider gives a value of 

r 0 of l.Z6. These values are comparable to the value of r 0 = l.Z8 which 

Coor et al. derived from 1.4-Bev neutron scattering and the value of the 

electromagnetic size of the nucleus, r 0 = 1.19, for an equivalent aquare well 

16 potential derived. from electron- scattering experiments by Hofatadter. 
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Finally, the mean energy of the incoming neutron beam may be 

determined from the angular half-width of the integral elastic scattering 

correction. Tbia wae the method ueed by Coor !.!_.!!. to determine the mean 

energy of their neutron beam. For this experiment. this method gives a 

check 011 the mean energy derived from the calculated effective neutron 

spectrum. The data for lead are the most extensive as a function of sub­

tended angle. The diffraction pattern for lead gives a mean neutron energy 

of 5.3:t:l.3 Bev. This compares well with the mean neutron energy of 

5:1!0.4 Bev derived previously. 
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Table 1 

Position& of diffraction minima 

lm.ement First minimum Positions (deg) at which cross eections were 
measured 

sine 6 0' O't r 

,Pb 0.0 186 1° 4' 4 0.184 

Sn 0.0 224 1° 17' 0.208 

Cu O.OZ.76 1° 35' 5 0.208 

AI 0.0366 2° 61 5 0.208 

c o.o 479 2° 451 7 O.Z09 

H 0.1095 6° 171 0.25 
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Table n 
.' ··• .. 

Measured c:rosa sections, a il: e (in mb) 

L(ln.) 8(de1) Pb Sn Cu Al c H 

320 0.179 2445~~:2.57 

31Z 0.184 Z3Z5:t:l31 32.tiZO.Z 

308 0.186 

276 o.z 08 Z445:~e8Z 1986:t87 .5 1097~8.1 601:!:29.8 

Z75 o.z 09 30Ztt:l9 .<) 

Z3Z o.z 48 33.6:1.6 

114.5 0.500 l948tt:l41 

57 .zs 1.00 1760:t:l47 

36.0 1.59 Z9l:HS 

28.5 2.0 0 1860!1:224 

23.65 2.42 1684*360 

14.5 3.9 5 240:!:14.9 

14.0 4.1 1744::t:ll0 

11.5 5.0 594*24.5 435:t77 .7 

9.5 6.0 380~28.4 

·$.,4 6.38 ,720±2.08 

8.0 7.1 3 z6a:t::n .3 

6.5 9.6 17Z5:t:197 
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Table IU 

M eaaured total, reaction, and elastic cross section, and 
two common geometric cross eectlon1 for varioue elements (in mb) 

Element crt u O'd ZO vAZ/l w~ l.Z8 A l/l) r 

Pb . 2534~105 1670z79 864*131 7.190 1802 

Sn 1986:~~88 1400 1230 

Cu 1158:1:34 586~t:ZS 5rlZi!:4Z 1000 817 

Al 614rt33 3811112 7 Z33st:43 560 414 

c 3l9i!:l0 Z35~t~l6 83.6•2 5.6 330 271 

H 33.6ct: 1.6 60 51.9 



15 (5 Bev) 

b. = o.61 kxto- 13 

L = l.Z6 A l/l k 

-30-

Table IV 

Diffraction-model parameter e 

Pb 

0.94 

Table V 

Cu 

0.94 

Al 

0.93 

Ratios of total to reaction cross sections 

Cu Al c 

UCRL-8966 Rev. 

c 

0.89 

1.51:1:.10 1.98lh.l0 1.61*.14 1.36m.l3 
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FIGURE LEGENDS 

:Fig. 1. Schematic showing the experimental arrangement of the collimeter, 

monitor telescope, and neutron-detector telescope. 

Fig. 2.. Block diagram of the basic electronic components. 

Fig. 3. Effective neutron-energy diatrlbatlon. This distribution shows the 

most probable energy as S.25:.t:0.65 Bev and the mean energy as 5.0:0.4 

Bev, where the limits on the mean en,rgy are the probable error points. 

The absolute eneao,gy range is 2. .1 to 6.2 Bev. 

Fig. 4. Counting rate ve thickness of Pb absorber, showing the exponential 

decay whoee slope gives the cross section. 

Fig. 5. Cross section of neutrons in Pb as a function of the half-angle sub­

tended by the neutt'on detector. The solid curve is a leaet squares fit 

to the data according to an opaque -nucleus calculation for a mean neutron 

energy of 5.0 Bev. 

Fig. 6. Cross section of neutrons in Cu as a function of the half-angle 

subtended by the neutron detector. The solid curve ie a least squares 

fit to the data according to an opaque-nucleus calculation for a mean 

n~u.t:i'o:a energy of 5.0 Bev. 

Fig. 7. Croaa section of neutron• in Al aa a function of the half-angle 

.if~''.~',: t subtended by the neutron detector. The solid curve is a least squares 

fit to the data according to an opaque nucleus calculation for a mean 

neutron energy of 5 .9~ev. 

Fig. 8. Croas section of neutrons in C as a function of the half-angle 

subtended by the neutron detector. The solid curve is a least squares 

fit to the data according to an opaque-nucleus calculation for a mean 

neutron energy of 5.0 Bev. 

'\ 

' 

"~ ··- -~--· ·: .. 
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Fig. 9. Neutron total and reaction cross sections for Pb, Cu, Al. and C. 

Solid curves are theoretical total croes sections. Dashed curves are 

theoretical reaction''croas sections. The eirclee··a:re ·experimental 

measurements. 

Fig. 10. Neutron total and reaction cross sections for hydrogen. Solid 

curve is the theoretical cross section. The points are the experimental 

data for this experiment, together with statistical errors. 

Fig. 11. Diffraction model of Oreider and Glaasgold. Dashed line gives the 

black-sphere modeL· 
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