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I 
INELASTIC SCATTERING. 

MEASURET/iENT OP NEUTRON ENERGIES 

! 

j 

In the foregoing semi-annual report9  results were 

presented concerning neutron scattering from iron. A 

survey of various geometries was carried out with the idea 

of obtaining one which provided good resolution and at the 

same time was relatively simple. One of the geometries 

which appeared promising was that of the 20-cm "paraffin 

wedge". This arrangement is depicted in Figure 1. As a 

trial scatterer, a cylinder of chromium was employed. The 

scattered neutrons were detected at an angle of 90 with 

the incident neutrons. A background run was taken with no 

scatterer present. The accumulated background was sub- 

tracted from the data obtained when the scatterer was pre- 

sent. The background data as well as those with scatterer 

present were normalized to take properly into account the 

incident neutron flux and the plate-area scanned. The 

resulting spectrum is shown in Figure 2 where it is clear 

that three resolved groups of neutrons are present. The 

group of greatest energy is the elastieally scattered one. 

The two groups of neutrons at lower energies result from 

the inelastic scattering process. They would correspond 

to formation of Cr^*" in excited states at ^J 1.43 and 

-^^1.93 Mev, The broken line is the energy distribution 

of recoil protons corrected for variation with energy of 

the n»p scattering cross section and acceptance probability, 
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The gaimna rays from neutron scattering in chromium and 

their relation to the neutron spectrum will be discussed 

in a later section of this report. 

GAMMA-HAT MEASUREMENTS 

A geometry for detecting gamma rajs excited in the 

Inelastic scattering process is given in Figure 3* In 

this arrangement, neutrons are produced In the D-D reaction 

at the target of the Van de Graaff statitron and proceed to 

the scattering ring of material about the crystal of Hal-Tl. 

There they are detected, and the pulse«height distribution 

is observed in a single channel pulses-height discriminator* 

The procedure adopted was to measure the background in 

tho scintillation detector and then measure the total count- 

ing rate,, background and contribution from the scatterer 

included* The background was measured in each Interval of 

two volts, the dummy scatterer being a graphite ring© Sine* 
12 the first excited level of C      is at 4«43 Mev,, the carbon 

ring contributed no gamma ray arising from any inelastic 

scattering effects*    It was not considered correct to take 

the measured counting rate with no scatterer present at all 

as the background„ because the scattering ring deflects 

neutrons into the crystal giving rise to capture gamma rays 

and to radioactivity9 the 25°mirrute iodine»    The high energy 

beta»ray spectrum of this radiolsotope contributes materially 

to the background count. 
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In Figure 4 ia the pulse°height distribution of the 

gamma rays resulting from the scattering of 3»9 Mev 

gamma rays by chromium along with the background obtained 

with the carbon ring replacing the metallic scatterer* 

It should perhaps be remarked that no measurements of any- 

kind were commenced until after the Van de Graaff had been 

producing neutrons for mare  aian an hour to bring to ap- 

proximate equilibrium the 25aminute activity.    In Figure 39 

similar curves are presented for graphite and lead. 

In Figures 69 7e  80 and 9 are pulse»height distribu- 

tions with background subtracted of gamma rays emitted in 

the inelastic scattering process by iron, bismuth, chromium, 

and lead*    The energies and relative intensities of the 

gamma rays are summarised in Table I« 

TABLE    I, 

Element    Gemma Bays (Energies, Mev)  Relative Intensities 

IroB 0aS5 

2ol5 

680 

260 

bismuth 0,90 

1.65 
ab »<*w 

540 

1000 

0W 

lead 0.S4 

1*55 
2o66 

400 

650 

450 

ehrocniua 

.._    

1„43 
•• -—• 
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The relative intensities of the gamma rays are per atom 

of element present per unit of neutron flux*    Thus, the 

intensities can be compared among themselves,  irrespective 

of element«    For example, the ratio of the intensity of the 

2.66 Mev gamna ray of lead to that of the 0,85 Mev gamma 

ray of Iron is 450»6801 if equal numbers of lead and iron 

atoms are irradiated by fast neutrons of energy 5«9-Mev. 

2a arriving at the relative intensities of Table 1, it was 

necessary to attempt to take into account the attenuation 

of neutrons and gamna rays in the ring scatterere.    Several 

approximations are involved; so it is thought that the re* 

suits are accurate only to a factor of 2 or "• 

The method of analysis of the gamna-ray spectra should 

now be considered.    In Figure 10 is shown the gemma-ray 
24 

spectrum of Na » This curve is readily lnterpretable* 

The photoelectric peak of the 2*76 Mev gamma ray la present, 

followed by escape peaks at 2*25 Mev and 1.74 Mev which are 

superposed upon the Compton distribution • The photeeleetrie 

peak of the 1*38 Mev radiation also appears and somewhat 

lower in energy is the associated Compton edge. The spectrum 

of Ha2* was observed with the radioactive source within the 

lead scattering ring in the geometry of Figure 3, outside 

the ring, and directly in front of the scintillation* 

counting crystal* The three spectra did not differ materially 

among themselves* They all resembled Figure 10 which 

taken with the source of Ha * in front of the crystal. The 

value of this curve in making an analysis is immediately 

Q«9 
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evident•    For example, -the photoelectric peak and first 

escape peak of the 2*66 Mov gamma ray are clearly recognis- 

able in Figure 9 on comparing them with the photo-peak and 

first escapes-peak of the 2«76 Her gamma ray of Ha2** 

Similar comparisons show that a 2«66 Mev gamma ray is excited 

in bismuth as shown in Figure 7o    However, the high energy 

edge of the photo-peak does not drop off rapidly •    Instead, 

it drops slowly, suggesting the presence of gamma radiation 

of higher energy*   An indication of a photo-peak appears at 

<s^-'5«26 Mev.    The gamma-ray spectrum of iron, given in 

Figure 6, exhibits peaks which are conservatively inter- 

preted as two gamma rays having respectively energies of 

Qo85 Mev and 2.15 Mev0    The peak lower in energy and adjacent 

to the photo«pcak at 2«15 Mev is at present interpreted as 

an escape peak.    Gamma rays of energies greater than 2.15 Mev 

are clearly present but are not specifically identified in 

energy.    The bulk of the gamma radiation of chromium is 

evidently concentrated in a gamma ray at 1*43 Mev as shown 

in Figure 8.    Gamma rays of higher energy are also present. 

The gamma ray of energy 1.43 Mev is thought to be exsited 
52 

in Or    . and the gamma rays of higher energy are thought to 

be emitted from other isotopes of chromium. The relative 

isotoplo abundance of Cr* 2 is 82 per cent. The gamma rays 

of higher energy are thought not to be emitted from Cr5 , 

because the spin values of its energy levels make cross- 

I ,        over transitions of energies greater than 1.43 Mev v%xy  la- 
-—» 

probable.    In Figures 6„ 7, and 99 the spectra for iron, 

t 
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bismuth, and lead, it is to '£>« noted that an intensive 

gamma xay appears at 0*51 Mev* This is, of course, the 

annihilation radiation resulting from pair production by 

the high energy gamma rays within the ring scatterera 

themselves » 

Returning to the photographic plate spectrum of 

Figure 29 it should be noted that although the 1*45 Mev 

gamma ray corresponds properly to the energy difference 

between the elastic group and the mare energetic inelastic 

one8 no gamma ray was detected corresponding to the energy 

difference between the two inelastio groups* The precise 

explanation for this discrepancy between the gamma ray and 

neutron measurements may have either of two forms t 

1) The least energetic group of neutrons in the 

spectruim of Figure 2 may result from scattering 

of neutrons from the paraffin wedge into the 

chromium scatterer and thence to the photographlo 

plateso The background run should have been taken 

with a carbon cylinder in place of the chromium 

cylinder» Instead, the background was simply 

collected with the chromium scatterer removed and 

nothing taking its place* 

2) The gamma«ray spectrum of chromium rises steadily 

below 0*7 Mev* The counting rate is not Immediately 

irturpretable* The pile°up of counts in the region 

cage 



of low energy may be related to scattered gamma 

radiation having its origin in various parts of 

the Tan de Graaff statitron and obscuring the 

sought for gamma ray corresponding t© the energy 

difference between the two inelastic groups of 

neutrons o 

It is hoped that these several difficulties will be 

resolved In the near future. 

*a 



IX. TOTAI CROSS SEGTIOBSf AKGOIAR DISTRIBUTION OF 

EIASTIC SCATTERING!  IKEIASTIC CROSS SECTIONS* 

Introduction 

Measurements of the angular distribution of faint neutrons 

scattered from a large number of clsaseate hare been reported 
1 9 

previously by Kikuehl and Aoki et alt, and Aaaldi et al. la 

which the main features of the distribution oould be explained 

as the diffraotlon effeets due to the soattering of neutron 
5 

naves by spherical particles. Hare recently Remund end Ricamo 

have measured angular distribution of 5.7 Mev neutrons scattered 

from carbon while Halt and Barsohall , using loOO Hev neutrons 

have reported the angular distributions for a large number of 

elements c Peshbaek, Porter and Weisskopf", using a modification 

of the oontlnuua theory of nuclear reactions, have reproduced 

the average features of the total neutron cross section versus 

energy and atomic number as measured by Barsohall , leahback, 
7 

Porter, and Weisskopf   have also computed the angular distribu- 

tions of el*8tloally«8oattered neutrons using this same modifica- 

tion of the oontlnuua theory and the general features agree 

rather well with the measurements of Walt and Barsohall*,    Our 

measurements on aluminum. Iron and lead,, using 3.7 Mev neutrons. 

were undertaken with the thought that the angular distribution 

in this energy range would be of value in view of the present 

theoretical considerations. 

Experimental 

Figure 1 shows the experimental arrangement that was used 

to measure the angular distribution of neutrons scattered from 

0bS9BS> 
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aluminum, Iron and lead* The source of neutrons is a chamber 

of deuterium gas at 0,5 atmosphere and 2*0 cm in depth bombarded 

with about 10 microamperes of 1,0 Mav deuterons which after pass- 

ing through the niokel foil and gas have a mean energy of about 

0*65 Mev. These neutrons are detected by a pressure molded 
Q 

Lucite-slno sulphide button mounted directly on the face of an 

RCA. 5819 photomultlpller« The direct beam is cut out by a suit* 

ably tapered 10 inch long, 1 1/B inch diameter iron cylinder* 

The scatterer was chosen to have the shape of a ring in order to 

increase as much as possible the number of soatl red neutrons. 

The scattering angle & is varied by moving the scattering rings 

laterally, and by using rings of various slseso For angles 

between 52° and 140° degrees, 6 inch 0.D» rings were used with 

a mean souree-detector distance 1 of 40 cm« For © between 

24 degrees and 52 degrees, 6 09D0 inch rings were used with R 

equal to 60 em« For the point at 13°, 4" 0„Do rings were used 

with R equal to 72 om3 

In order to discuss the measurements that must be made to 

arrive at the differential scattering cross section, it is oon« 

venlent to define several quantities• For a given number of 

neutrons emitted by the neutron source9 let B*g be the number of 

neutrons recorded by the detector with the scatterer and direct 

beam attenuator in place o let H« be the number of neutrons de« 

tooted with the scatterer removed and let RQ be the number of 

neutrons recorded with the scatterer and attenuator removed« 

The Hg-flg is the number of scattered neutrons recorded by the 

detector that originate In the source, and Bj^Kg is the number 



of neutrons direct from the source that are recorded by the 

detector. Let the scattering ratio be defined as 

S 5 (Hg-BB^W- 

Appendix I then shows that the scattering ratio S is related 

to the apparent differential scattering cross section (T(9) 

through the relation 

S ->|xC8^)/EC0) . R0
2/R1

2H2
2U^(«)A(©2)E(^l)nyF(e2)exp(-ffiid)   (1) 

where IC^) is the number of neutrons emitted from the source 

par steradian per unit monitor flux, A(6u) is the angular 

sensitivity of the neutron detector normalised to unity at aero 

angle, ECl^) is the energy sensitivity of the neutron detector 

normalised to unity for the energy of "•;!» direct beamp nV is 

the number of scattering nuclei, CT is the total scattering cross 

section, and ?(#«) is an attenuation factor whloh is defined 

mare fully in Appendix I« 

In general, the scattering ratio S is made up of a sum 

of terms S • S^ • Sg • eto., where S-, S2, ete» refer to the 

neutrons scattered into the detector by single scattering, 

double scattering, etc Thus9€T(©) is simply a measure of 

the differential scattering cross section, assuming that all 

neutrons are singly scattered, since (T(0) becomes exactly 

•10« 



0'( S)  if S is replaced by S^« In order to separate the eoa* 

ponents S., S^9  ete»„ one measures the scattering ratio S for 

a fixed angle © as a function of the axial thickness of the 

ring scatterer do The valuj of <Ti&) at d * 0 is then the 

average differential scattering cross section for all scattered 

neutrons (elastic and inelastic) weighted aooordlng to the 

energy sensitivity of the deteotor £(E )» In the ideal mmB 

if the energy sensitivity curve adequately discriminates against 

the inelastloally scattered neutrons9  the above value of £F(0) 

for d « 0 becomes the differential cross section for elastic 

scattering £T( OK 

In order to measure W(&)  it is necessary to consider the 

following factors• 

1* Energy resolution of incident neutrons. The mean 

energy of the neutrons incident on the scatterer varies between 

3«70 Mev and 3«74 Mev depending on the angle©.* The energy 

spread in the beam due to target thickness and voltage stability 

of the generator is about 200 Kev0 

2» ggutron flux monitor» A proportional counter filled 

with one atmosphere of butane was placed vxy  close to the 

target chamber at 90 degrees with respect to the source* 

detector axis* The discriminator was set to rejeot those 

neutron? that were produced from the C^(d9n) reaction in 

the vicinity of the magnet boxo Actually, some difficulty was 

experienced in obtaining a constant direct beam neutron count 

per unit monitor count after the target chamber was just filled 

e»L_L<» 



with deuterium. The pattern of change,, however, was similar 

in each case and seemed to indicate that some of the deuterium 

gas was absorbed into the nails of the chamber* After about 

an hour or two a ratio ms obtained that was constant to 

• 5 per cent. 

( ; 

3o Measurement of 3» in general, the direct beam oount 

was about 15-100 times the soattered beam ooont and the atten- 

uated direct beam count varied from 40 per cent to 90 per cent 

of the scattered beam oount8 each depending on the sise and 

position of the seetterero 

4o Special distribution of neutron source. The B^ • Kg 

oount exhibited within a few per cent an inverse square variation 

with distance from the target chamber« 

5« Angular variation of the neutron flux from the D«D 

reaction. I(@,)/K0Jo This quantity was oomputed from the 

data published by Hunter and Richards9o 

6o Measurement of nVo the number of spattering nuclei. 

Each soatterer was weighed on a suitable balanoe to about one 

per oent accuracy* 

7« Angular variation In sensitivity of the neutron 

detector. ACILK This quantity varied by about 25 per oent 

over the range of B^ u*** i» this experiment. The value of 

A(®-) n*8 measured to within about 5 per oent by rotating the 

42. 



detector about an axis through the detector perpendicular 

to the source-detector axis* 

80 Moaeurement of the total oroas aeotion •    Thia 

was meaaured by using 1 1/8 inoh diameter, 1 inch long 

cylinders of aluminum,, Iron and lead* The cress sections 

obtained for ^ » 3«7 Her were er(Al) « 2»55 barnsg 

0\W*} » 3„5i barnst and <F(Pb) • 7*60 barna eaoh in agrees 
10 

ment with the values obtained by Nereaon and Derden • The 

scattering»ln eorreotiona were 0.75e 2«49 and 4*3 per cent, 

respectively, for Ale Fo and Fbe and were obtained from our 

measurements of the differential cross section. 

So   The attenuation factor. ?• Thia factor -varied free 

unity by aa auoh aa 14 per cent depending on the else and 

shape of the seetterer* Thia quantity la discussed briefly 

in Appendix I and a graph of it a variation is given in 

Fig* 2o 

10 0 Geometrical Measurements* Meaaurementa of diatanoe 

were carried out to about + 1 millimeter* The oonaee.uent 

calculation of mean anglea la thus accurate to about one 

VI»T fterrt- However» because of the finite else of the do1* 

teetor (1 inch diameter 8 5/8 inch height) and the finite 

sise of the soetterers, the detected neutrons are received 

over a range of angles of about + 10 degrees in the worst 

ease near © » 90 degrees o 

-13, 
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**• Variation of the sensitivity of the detector with 

neutron energy. This was measured by compering our measure- 

ment of the angular distribution of neutrons from the D«B 

reaction with those of Hunter and Riehardar, tabe iiserepanoy 

being ascribed to a non^imiform efficiency in our detector« 

As may be seen in fig© 3, the sensitivity only drops off 

slowly with decreasing neutron energy, decreasing by 40 

per cent in 1 Mev» Since it is desired to discriminate 

against neutrons that have lost more than 200 Kev, this con- 

stitutes a serious objection to the use of the Luoltc-sino 

sulphide detector in this experiment* However, if the in* 

elastioally scattered neutrons are more uniformly distributed 

in angle than the elastieally scattered neutrons, then the 

general features of the differential cross section for elastic 

scattering will still be evident • In any case the value ob- 

tained for <T (©) must be such that the total cross section 

gotten by integrating <T( © ) is less than the measured total 

cross section. That this is the case will be shown later0 

12o Sensitivity of counter to gamma ray. Voutron 

detector must not oount the gamma rays resulting from the 

inelastic scattering of neutrons • An ampoule ee&talAJtag 

0.1 milligram of radius was placed directly on the Lusitc* 

sino sulphide detector and gave a negligible counting rate 

(less than 1 count in 100 seconds). 

„14« 
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13o Higher order scattering. Appendix II gives An 

account of the inethod used in this experiment to allow for 

double scattering• Essentially it involves placing an upper 

and lowar bound on the possible values of ff(0) for an ob- 

served sequence of values of CT(0) as a function of the axial 

thickness of the ring* The first calculation estimates the 

nature of the variation of £T O) with d/a under the assumption 

of isotroplo scattering• This is given by Bq„ (13) whioh, 

after comparing with Fig* 45 is* seen to reduce to the prae- 

tioal formula 

(Tie)  -*^0(©) « o282 §•<©) (2) 

where if ( @) is the Intercept at d/a • 0 of the linear 

portion of the curve and CT ( ©) is the slope of the (T ( ©) 

versus d/a curve in the linear portion• 

The second calculation states that if the angular dis« 

trlbution is peaked strongly forward, then one expects that 

the double scattering contribution will cause Wc (@) to be 

a linear function of d or d/a0 In this case QT  (<B)  is the 

true differential scattering cross seotiono Both of thesa 

extrapolations are presented on the graphs» 

If triple scattering is present9 than <F(#) should be 

a quadratic function of d or d/a for the case in which thera 

is a strong forward peaking of the scattering • Figure 3 for 

»15« 
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FIGURE 5. 

Apparent differential croee section of iron versus thickness of 
ring ecatterer for three different scattering angles» The thick- 
ness is measured relative to a quantity a, which we have taken to 
be equal to the radial width of the ring in order to establish 
a correspondence between the ring scatterer and the right circular 
cylinder scatterer„ 



th« ease of iron shows some indication of the pro sen©® of 

triple scattering, however, the experimental uncertainty is 

too large to consider this definite. Ho attempt was made to 

remove the triple scattering contributions • 

A typical run of data was made as follows t (1) direct 

beam! (2) attenuated beam; (3) scattered beam from one of 

tiie rings for all values of the scattering angle $ (4) 

attenuated beamj (5) direct beam* If the two values of the 

direct beam determination differed by more than 10 per cent, 

the data were discarded» 

DA.IA 

Figures 6, 7, and 8 show the experimental points of the 

apparent differential cross section for %7 Key- neutrons 

incident on aluminum, iron, and lead as calculated from 

5q» (Do Only a limited number of angles were chosen la 

order to determine the effects of higher order scattering • 

Figure 5 shows the variation of Q°{ 0) as a function of the 

ring thickness for the case of Iron* In the same manner, 

similar curves were obtained for lead and aluminum• She 

extrapolations both for lsotrople scattering and forward 

peaked scattering are shown in Figures 6, 7, and 8 where a 

carve is drawn through the points thought to be the appropriate 

differential cross section, QT(0) for eaoh oase* The total 

cross sections corresponding te <T (S) have been calculated 

and are presented together with the measured total cross section 

in Sable I* It will be noted that the Integrated differential 

*>10<s> 
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FIGURE 7„ Angular distribution of 3*7 Kiev neutrons scattered 
from Iron* Other remarks In caption of Fig» 6 apply 
here also0 
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FIGURE 8» Angular distribution of 3*7 Kev neutrons scattered 
from leado Other remarks in oaption of Fig* 6 apply 
bar* also. 
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the wsar^ations in tha t»st Is tha total elastic cross section. 
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orgies sections xrs each case is loss than the measured total 

cross section * 2he total inelastic cross section oannot be 

obtained as the difference between the two former cross 

sections since the measurement of the differential cross 

seotion did not discriminate adequately against the inelas« 

tloally scattered neutrons* However, this subtraction can 

be carried out approximately if one accepts the following 

rather crude estimate of the inelastic contribution to 

£T ( ©) t    There are seven levels in aluminum that can be 

exolted by 3o7 Mev neutrons11» If we assume that the naxlman 

total inelastic cross section is about 50 par  cent of the total 

cross section, and that the seven levels in aluminum are equally 

excited9  then the inelastic neutrons contribute lass than 15 

per eent to the total cross sections corresponding to $"(&)<> 

Similar arguments using the known levels in iron and lead show 

that the inelastio contribution in these elements is less than 

20 per e&snt., 

=17* 



APPENDIX  lo    SCATTERING OP BEUTR0B5 THROUGH KIHG SCATTBRSR BY 

SINGIE SGATTEF/ING. 

In general, the scattering ration!© asade up of a ana of 

terms S • S-  + S2 + ».«.o».<» where S-9 Sgp «to<» refer to the 

neutrons scattered into the detector by single scattering,, 

double soattsring,, etc*    For the single scattering case 

(Figs* 1 and 9a) we have 

Sj- /Tl<ex)/I(0)  •|H0
2/&1

2R2
2 • <rt©)n exptcmC^ 

v7 

+ *a> •JL(©JE(E  )d?    (5) &       n 

The geometry is such that only sxoall errors will be 

introduced if Eq, (3) is replaced by 

si- [K V/i«"J •p.XVj- <fi«)««va\Kj(i!m.nd)    (4, 

where 

J   8  7 By  exp   «=orn(r1 + p2
e°dH 6Y (5) 

and the mean angles and distances are used for @10 ©28 
so3 **x* 

and R20 For a fixed sise of ring soatterer0 the quantity F is 

a function of 8^ and ©go However,, sin«»e 8^ only varies free 

*HJo 
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FIGURE 9o     EBTAIL OP SCATTERING GEOMETRY t     (a)  single 
scattering?    (b) double scattering. 



about 5° to 15°9 little error and much simplification it 

Introduced by computing F for ft. * 0,    For the rectangular 

gross section of our scatterer9 the integral F may be evaluated 

in terms of elementary functions»    The results are displayed 

in Figure 2o 

If only single scattering were present9 the Quantity S. 

could be replaced by the measured data S and the differential 

cross section Q°( § ) could be calculated •>    In any case the 

reduction of the data is facilitated by defining an effectiTe 

single scattering differential cross section (FX 9 ) such that 

S - p^l/KOj] .[H0
2A1%

2].^(e)nA(e2)E(En)VF(i2)e3Cp(^nd; (5) 

:>19« 
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AFPE5DIX II, SCATTERING OF NEUTRONS THROUGH RING SCATTEBER 

BY DOUBLE SPATTERING. 

Using the quantities defined in Figures X and 9b, the 

double scattering ratio is seen to be 

P2 (?) 

[-CnCrj •r12* r2)J A(©2)E(En)d71dV2 

An analytical solution of this integral seems quite 

involved,, if not hopeless^ for the geometry of the ring 

scatterero In order to get some feeling for the manner in 

which the double scattering varies with the thickness of the 

ring 9 we have chosen to calculate the straight through double 

scattering from a right circular cylinder assuming isotroplo 

scattering (£T(©) • constant)» In order to simplify this 

®ass as much as possible, let the neutron beam,, incident on 

the circular end of the cylinder,, be parallel to the cylinder 

•&xL*„  and let the detector sensitivities A(*§>9) » E(Bn) • 1„ 

Also l©t r, + r« be replaced by an approximate mean value d9 

the thickness of the cylinder0 Equation (7) then reduces to 

S2lL
2n2A6l?R2 J° wptfn*)/ / ^12"

2*xP<-©r^l2)dYldV2  (8) 

=20= 



If the exponential function is expanded and the first three 

terms retained,  Sg reduces to the followingt 

S2 -r<rVa4A6R2 }• •xpC-Ond).CX-^ndf + |«*2n2a2£  ) <9) 

wher© 

X « -2d2/a2.lnd/e + 2d2/a2Sin hold/2a 

+ Cos h~X(l • a2/2a2) + 2d2/a2=d4/4*4 

~( l=d2/2a2) • f( 1 • d2/Sa2 )2~ ij 

(10) 

oo 

T * 8/    [ xd/2*°exPc°xd/2a)Sin h(xd/2ay J1(x)Sla Xodx/ac4    (11) 

and 

d2/a2 (12) 

She integration of x was facilitated by the use of a 
12 theorem in vector analysis    o    3?he integration of T can be 

affected by recognising that the integral corresponds to the 

electrostatic energy of a uniform volume distribution of 
13 charge*-'o 

o21= 



If the aingle scattering ratio S3 is calculated for the 

right circular cylinder under the same assumptionse then the 

effective single scattering cross section is given by 

0*/(p » i •*• (crna/4) $(d/a) .13) 

«foere 

G(d/a) = (a/d)(X»<rnaY + £cr2n2a2£ ) (u) 

and is written only as a function of d/a since it varies but 

slowly with tfV5* as may be seen in Figure 4o By considering 

the mean curve to apply to all cases of Interest the function Q 

becomes a function of d/a only0 

To apply the calculations of the right circular cylinder 

to the case of the ring 3catterer9 we assume that exaept for 

multiplying angular functions,, the geometrical variation of 

the single and double scattering ratios is given correctly a 

after associating the radial thickness of the ring soatterer, 

bc with the radius of the cy Under 0 aD 

If 8 instead of isotropic scattering^ one takes the other 

•sHrtrem© of an angular distribution peaked strongly in the 

forward direction8 one finds that the single scattering=>ratio 

in the ring scattering varies as d exp (^Cnd) whereas the 

double scattering ratio varies as d2 exp (*a^id)f thus leading 

=22< 



to a linear variation of the apparent single scattering cross 

section with the thickness ot the ring* 

1 

»23- 



*• REFERENCES 
—mtmmmmm—mm» •    i   warn 

* 

% 

i»    KJUcttcbis Aoki anft WaLatuki,  Proo. Phye. Math, See* 

Japan 21, 410 (1939)* Wato&tuki and muohl, Proo. Phy*. 

Kath, Soc» Japan 21, 656 (1939)i WiOoatuki, Proc. Phye. 

Hathc. So©. Japan 22, 450 (1940), 

20    Ansldl, Boceiaralll8  Cacol*puotl9 and Irabaochi, 

Internet lor^l Conference on fundamental Part tales and 

Loir Ter-perature, VolB 19 Tha Phyaleal Soeie*tye London 

(1947)* 

3o    Rexaund and Rioaa»9 HelTo Phys. Act** 2g8 441 (1952)o 

4o    Walt and Barschail8 Pays. Rev0 9£& 714 (1953K 

5«    Feshback,, Porter and Weisakopf, Physo Rev* J08 166 (1353). 

6o    Ho H0 Barsehall, Fays. Rav» 860 431 (1952); Millert Adair, 

Bookelmcm, and Cardan, Phys. Rav» 680  83 (1952). 

7©    Feshbacke Porter and Weisakopf^ Ball, Aaer» Phys. Soco 

289 Ho. 39  29 (1953)o 

8*    W. P. Horayak, Rev. Sol. Inatru. 23& 264 (1952). 

Tha authors are Indebted to £r0 Karnyak for supplying 

them with a Xueite«sino sulphide molded button. 
9 

9o    Hunter and Richards,  Phys.. Rev* JS& 1445 (1949) 

.Oo    Bareson and Harden 6 Phya. Rev* efa 775 (1955). 

=24° 



11*    Nuclear Data9  Batl* Bureau of Standards Circular 499 (1950) 

12«    H* 3* Philiips9 Vector Analysia (John Wiley and SonaF  Inc, 

Hem York-  1933 h    Sea Cl»pter III, 

13*    *• Ro SaythCg  Static and I^maai© Eleetricilgr (MoGxw»«»Hill 

Book Co., Inc** Raw Tork8 1939)©    Sea Chapter Y„ 

14« Final Report of tha Fast Neutron Xata Projacte NYO=65€, 

»25< 


	0004
	0006
	0007
	0008
	0009
	0010
	0011
	0012
	0013
	0014
	0015
	0016
	0017
	0018
	0019
	0020
	0021
	0022
	0023
	0024
	0025
	0026
	0027
	0028
	0029
	0030
	0031
	0032
	0033
	0034
	0035
	0036
	0037
	0038
	0039
	0040
	0041
	0042
	0043
	0044
	0045
	0046
	0047
	0048
	0049
	0050
	0051
	0052
	0053
	0054



