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THE SCATTERING OP PAST NEUTRONS BY MERCURY 

Investigations of the scattering of fast neutrons 

off heavy elements have indicated that not all the 

neutrons are captured,or elastically scattered,but 

that some are inelastically scattered.2*The 

fact that gamma rays are produced when most elements 

are irradiated with neutrons shows that some of the 

neutrons suffer inelastic collisions.^,^>^ Lea has 

shown,using a Rn-Be source and high pressure ion 

chambers,that the neutrons which cause the gamma rays 

are not all absorbed.-*- An experiment, similar to the 

one to be described,was done at this laboratory by 

Dunlap and Little,using D-D neutrons and cloud chamber 

measurments.® This latter experiment was more con¬ 

clusive than any pr eceding on.e,because the mono- 

energetic neutrons allowed a determination of the 

energy distribution of neutrons scattered from the 

1 ead. 

-*■ Lea,Proc.Roy.5oc. (London) A-150,637 (1935). 

2 AoM,Nature 139,372 (1937). 

® Dunning,Pegram,Pink,Mitchell,Phys.Rev.48,265 (1935). 

^ Seaborge, Gibson, Grahame,Phys.Rev.52, 408 (1937). 

^ Barschall,Ladenborg,Phys,Rev«61,129 (1941). 

® Dunlap and Little,Phys.Rev.60,695 (1941). 
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Bohr proposed a nuclear model that considers 

the close interactions of the particles and treats 

the nucleus as a many "body problem.^ According to 

this theory,when a neutron enters a heavy nucleus, 

it shares its kenetic energy and its binding energy 

(about 8 m.e.v.) with all the other particles,forming 

a compound nucleus,which is excited at least 8 m.e.v. 

above the ground state. Slow neutron experiments 

have shawn that the density of energy levels is very 

great for the compound nucleus,7 8 9and it is assumed 

that this density increases with an increase in ex¬ 

citation. 

Using this model and considering the nucleus as 

a liquid drop and treating the problem thermo¬ 

dynamically, Weisskopf has predicted a nearly Maxwellian 

distribution of the scattered neutrons.^ By analogy 

to the"boiiing off" of a particle frc© a heated 

liquid drop (the compound,excited nucleus) he shows 

that the energy loss per impact of a neutron should be 

E(l-2(a/s)-g-) 

and the mean energy of the scattered neutrons 2(aE)^. 

7 Bohr,Nature 137,544 (1936). 

8 Goldsmith and Rasetti, Rhys. Rev. 50,328 (1936). 

9 V.Weisskopf, Rhys. Rev. 52,295 (1937). 
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where 2 is the energy of the incident neutron and & 

is a constant* 

The purpose of this experiment is to measure the 

energy distribution of mono-energetic neutrons when 

scattered from the element Hg»s© as to test the 

Weisskopf theory* 

Equipment and Operation 

The neutrons were produced by the deuterium- 

deuterium reaction 

^H2 +- jH2 —*>-gHe34-Gn?-t- 

using the Else Institute Cockcroft-Walton machine t© 

accelerate the deuterons.A thick target of heavy par¬ 

affin in a thin walled (about 1 m*m«) fstluminum ©up 

was bombarded by *1 m*e*v* deuterons* Directly be¬ 

neath the target was a hemisphere of Eg of 4 cm.radius, 

held in a thin walled glass weasel (see Fig*!)* A 

cloud chamber of effective radius 15*3 cm* and effective 

depth 4*4 cm. was placed with its vertical axis at 

a distance of 35 cm* to the side and with its hor¬ 

izontal axis level with the target* 

The Cockcroft-Whlton machine consists of two 

kenotrons in a rectifying and voltage doubling circuit* 

as shown below. 

The machine was' operated throughout the experi- 
\ 

ment at 100 k.v* This voltage was applied across'" 



F.s.l 
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a vacuum tuba T for accelerating the Hs ions (see 

.Fig. 2). The ..ions were produced by,. injecting.deu- 

ieriua &.Q into a small region 3*where a flux of ... 

electrons from a Ft. filament.- were .‘being; drawn by 

a potential of 600, volts. 'Hie ions thus formed were 

accelerated .and focused by the potentials on the 

accelerator rings :B. These rings, were maintained at 

the desired potentials by means.. of :po£irfc-t e-plane: 

corona gaps 0. How ever* as it was found desirable 

to use as large a corona current as.possible to main¬ 

tain a focused besua*wlth.varying atmospheric con¬ 

ditions* it was necessary to use 5 and 20 megohms res¬ 

pect ivly across the first two gaps. To exclude the 

possibility of neutrons being formed at other places 

than the target*a collimating disc C was .placed a 

few centimeters above the aiumiritmr'eon<§ii<. 
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The targets were changed after about SO hours 

©peration®as the neutron yield decreased beyond 

that point* 

Considerable difficulty was encountered with 

filament failure*but this was corrected by design¬ 

ing a quickly changed* "plug in1* filament E. and % 

flashing the filament from a dull red to incandes¬ 

cence when ions were to be formed* 

The cloud chamber was operate# ©n a cycle such 

that it was ©expressed'60 seconds and ,!at rest" 10 

seconds* Any smaller times were found insufficient 

for long operation* The chamber was filled with a 

mixture of ethane and ethyl alcohol at a pressure 

of 1*5 p.s*i. gage* The expansion ratio was about 

1*5 • 

Stereoscopic photographs of the cloud chamber 

were taken with a 35 sum. camera—one image direct 

and one off the mirror If* When the developed fils 

was projected back through the same camera and mir¬ 

ror ccabination®a true space image of the recoil 

protons was formed* 

The sequence of events was controlled by a tim¬ 

ing device consisting of R-C circuits and cold - 

cathode thyratrone* When each tube**f iredH® it caused 

an event by means of relays and solenoids* The order 



of events was as follows* 

1. Light L on 

2. Gas injection 

3. Electron accelerating field ©a 

4* Cloud chamber expanded 

5* Camera, on 

6. Camera off 

7. Events 1,2,3 terminated 

8. Cloud chambe:i* compressed 

Data 

At the time of this report, a total of about 

4500 stereoscopic pictures have been taken - half 

with the mercury scatterer present and half with¬ 

out the scatterer. The operating procedure was such 

that half of each camera roll (250 frames) wags- taken 

with the scatterer present and half without the 

scatterer. This was done to assure that the“back¬ 

ground" * or no scatterer pictures, would have the 

same conditions as the pictures taken with the scat¬ 

terer present. 

When the pictures were projected,only the proton 

recoils within 10 degrees of the forward direction 

were measured. 

Belov/ is an enlargement of a direct image photo¬ 

graph showing several recoil protons. 
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Altogether there were 123 recoils measured with¬ 

out the seatterer and 140 with the scatterer. These 

were all within the usable region ®f the cloud chamber 

and directed within 10 degrees of the forward direct¬ 

ion . * This is about one usable track in every 17 

expansions. 

In table I is tabulated the number of tracks 

in each range interval,with and without the scatterer* 

To obtain the stopping power of the gas in the 

cloud chamber the method of Livingston and Bethe 

was used,*0 w 

10 Livingston and Bethe>Rev,Mod.Phys,9>287 (1937). 



TABLE I 

Track 
i-ccngth 

cm. 

dumber 
WitHout 
M^rtury 

Humb«r 
With 

Mercury 

o-.\ © o 4.0-4-1 1 0 

.l-.Z © O 4- 1- 4.2 2 1 
• Z-.3 2 1 4.2 - 43 0 0 
-3 .-4 l O 4.3-4-4 2 3 
.A-.5 o l 4.4-4.5 2 3 
.5- .Cm a © 4.5- 4.G O 2 
.G--7 z G 

4.6 - 47 1 2 
.T-.6 o 3 

47- 4.6 2 0 
4.8- 43 2 4 

6-.*> 2 3 4.3- iT.<D 2 1 
.*3 -\.o 3 4 5.0- S.l l 1 
1-0- M © 2 5.U 5.2 2 1 
l.» - t.2 3 6 5.2- 5.3 l 2 
I.Z-1.3 i 3 5.3- 5.4 3 3 
13-1.4 \ 1 5.4- 5.5 O 5 
14- 1.5 2 2 5.5- 56. 5 2 
|.5~t.<9 © © 5.6- S.7 4 6 

I.«*».7 o \ 5.7 - 5.6 4 5 

17-ia / \ 
5.6- 5.3 4 3 
5.3-6© 8 O 

o l 6-0- 6.\ 5 
1-3-2.0 o 3 
2-0-2.I 2 # CE>» l — 6.2 e 6 

6-2-6 3 6 1 
2.t-z.x O 4- 

1 

za-a.3 o o 
6.3 -6.4 5 5 
6.4 -6.5 0 A 

*,3-2.4 l s V 
<6.5"- 6.6 0 2 

24-25 2 o 

2.5 -26 O o 
— 6.7 0 2 

2<S- ZT 3 l 
6.7 - 6.8 3 X 

27-2.8 l 5 
6.8 - 6.3 © © 

2-8-2.3 3 l 
60- 7-0 0 l 

2.0-3© 1 O 7.0-74 © 1 

3.o-3.1 o o 74 - 7.2 2 0 

3.1 - 3.2 o 1 7.2-73 2 O 

S.Z-3.3 l 2 7.3- 7.4 0 © 

3.S-3.4 l l 74- 7-S- © 0 

3.4 - 3.5 © l TS--7.<S © © 

3.B-3.6 o l 7.&-T7 0 0 
3.G-3.T 1 1 7-7- 7-S © © 

3.7-3.8 o o 7-8-7.3 0 0 
3.8-33 o o 

7 ,S>-6.o 0 2 
30-4.0 o 1 



This method consists of determining the ex¬ 

trapolated range from the range- integral number 

curve by drawing the steepest tangent. This is 

shown as Figure 3. 

Since the energy of the neutrons from the D-D 

reaction , at right angles to the deuteron beam, 

is given by 

■ '*n * 

where' Sj is the bombarding energy and was •! m. e.v. 

in this experiment. And using Bonner's Q value of 

3.31 m.e.v.1^ 

E r 2.5 is. e.v. 
n 

Such neutrons would give head on collision proton 

recoils with a mean range in standard air of 10,3 

' cm. 

Three types of straggling effect the range of 

the recoil protons in this experiments 

1. Bange straggling 

2. Angular straggling 

3. "Observing angle" straggling 

These three corrections amounted to 3.04^ of the mean 

range. In addition a thick target correction was 

applied., to give, as the extrapolated range, 10.6 cm. 

in standard air. 

As the observed extrapolated range was 6.61 cm. 

11 T.¥.Bonner,£hys.Bev.599237 (1941). 
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in the cloud chamber * the stopping poorer was L.60* 

Using this stopping power® the range in standard 

air was obtained for the tracks in Table I* 

To check this value of the stopping power the 

method of ateaaie stopping power as given in 

Livingston and/Bethe was used*^-'3 Since and at cm. of 

carbon has adst opping-power' of *9186 and- on© of. 

hydrogen hasiwSOSS^^ then^half^fa: moleonle- of GgHg 

is i(2) {*9181*5V* M&) (*2053) ®* 1^53 * Bui since the 

cloud chamber was 1*5 pes. i. above atmospheric 

pressures then the stopping power should be 1*68* 

Thiseof course,is not as accurate as the formers and 

■■■only serves as a rough 'cheek*• 

Using the vaiu4 of 1#60 for the stopping power® 

the range in standard air was obtained for the tracks 

of recoil protons in Table I* The proton energy was 

then obtained for each tracks from the range - 

energy curves for protons# How for protons giving 

recoils in exactly the forward directions the proton 

energy will be the neutron energy., since the mass 

of the proton and neutron is the same. Howeveij if 

protons within X radians df the forward direction 

are counted* then the proton energy must be in¬ 

creased by i'lSX2*where B is the energy* to give the 

neutron energy* In this work X ® 10 deg* * *1747 

radians* 

   ■*’ *■ ■ ■ r. 

12 OP* Git* 275*275* 



Table II, colusns 1,2,3 show; this data. 

The umber of tracks in each energy interval 

was corrected because of the followings 

1. ) The number of tracks of a given length L 

in a cloud chamber of radius R decreases with an 

increase in M: If P is the probability of observing 

a track of length I. in the chamber, and 

\ m :■£ « gR2cos~^ Ch/2H) h2/4 
■ ITR2 “ : :: : 

then the number of tracks of a length L must be 

multiplied by 1/P to obtain the number that would 

have been observed if all lengths had been equally 

probable. This correction is shown in Table II, 

column 4, . 

2. ) Since the neutron-proton cross section for 

Scattering, or, varies with the energy, then the num¬ 

ber of tracks in each interval, and of each kind, 

must be multiplied by 1/cr • This is shown in col¬ 

umns 5 & 6, Table II. The value used in the correction 

was 1/cr normalised to 1 at *5 a. e.v. The values of 

the neutron-proton cross sections were taken frees 

the recent work of Bennett jet. al.13 and Prisch.^ 

13 Bailey9 Bennett,Bergst ra!k,ITuchalls,Biehards, 

Will jams,Ifays. Rev. 70,583 (1946). 
14 Prisoh,Biys.Rev.70,589 (1946). 
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3*) The "background"» or number with no scat¬ 

ter er in each energy intervals was normalized to 

the number with the scatteSer present hy multi¬ 

plying the corrected number of tracks with n© 

scatterer by 468/426 - the rati® of the total num¬ 

ber of tracks with and without scatterer* These 

data are shown in column 9* 

The number of corrected tracks in each *1 

m.e.v* energy interval are shown in columns 9&10* 

These data are plotted on Fig* 4. Two facts are 

apparent from these curves, 

1*) Higher energy neutrons reaeh the cloud chamber 

when the scatterer is present* than when it is not 

present. Since neutrons aiitted in a direction mak- 

andangle 0 with the direction of the deuteron 

beam have energy la given by 

sn -^i^. 
eos° *(si + 3q}/4 ® 0 

then in the forward direction (vertically downward) 

they have an energy of 2.87 m.e.v. when is .1 

mu e.v* Since the highest energy observed was 2,82 

m. e,v. with the scatterer and 2.73 mav. without the 

scatterer* it seems probable that this effect was 

largely due to elastic scattering by the mercury* 

However* the statistics are poor* and more data 

are needed before definite conclusions regarding 

the elastic scattering can be made* 



Table II 
l 2 3 4 5 G *7 6 9 io 

Neutron 
Energy 

M.E.Y. 

l 1 
a 

in 

L ? 
3 *3 £ 

Z 2 
'4 

V Vcr 
(normali^o. 

vt ■: 
<r$*x J- Sackg rennet 

Corr*. 
8k Norm. 

2>a.c.Vv3raun4 

Corntc.-fc<t<d 
Number 

W’LHJ 

• 5-.6 2 l 1.06 .179 1.00 1.06 2.12 2.33 1.06 

a 6-. 7 2 3 1.08 .192 1.07 1.16 2.32 2.55 3.48 
• -<2

 
1 

■ •
 00

 
5 7 1.10 .204 1.14 1.26 6.30 6.93 8.81 

.8-.9 3 o 1.12 .217 1.21 1.36 4.08 4.49 2.72 

.9-1.0 2 4 1.15 .227 1.27 1.46 2.92 3.21 5.84 

1•0—1o1 2 2 1.17 .238 1.33 1.56 3.12 3.43 3.12 

1.1-1.2 1 3 1.21 .244 1.36 1.65 1.65 1.82 4.95 

1.2-1.3 2 4 1.24 .263 1.47 1.82 3.64 4.00 7.28 

1.3-1.4 1 7 1.28 .270 1.51 1.93 1.93 2.12 13.50 

1.4-1.5 5 1 1.33 .278 1.55 2.06 10.30 11.33 2.06 

1.5—1.6 5 6 1.38 .290 1.62 2.23 11.15 12.27 13.40 

1.6-1.7 1 3 1.43 .303 1.69 2.42 2.42 2.66 7.26 

1.7-1.8 1 3 1.48 .308 1.72 2.55 2.55 2.81 7.66 

1.8-1.9 1 1 1.55 .314 1.75 2.71 2.71 2.98 2.71 

1.9-2.0 3 1 lo63 .327 1.82 2.96 8.88 9.77 2.96 

2.0-2.1 5 10 1.72 .345 1.93 3.32 16.60 18.27 33.20 

2.1-2.2 7 6 1.82 .351 1.96 3.57 25.00 27.50 21.40 

2.2-2.3 6 11 1.93 .357 1.99 3.84 23.05 25.30 42. 20 

2.3-2.4 17 16 2.04 .370 2.07 4.22 71.70 78.90 67.50 

2.4-2.5 28 17 2.17 .378 2.11 4.57 128.20 141.00 77.70 

2.5-2.6 14 18 2.29 .385 2.15 4.93 69.00 75.90 88.80 

2.6-2.7 5 4 2.43 .390 2.18 5.30 26.50 29.20 21.20 

2.7-2.8 0 0 

2.8-2.9 0 2 4.96 .400 2.23 11.10 0 0 22.20 



2*} inelastic scattering of neutrons by mercusy 

is Indicated Iff the increased number of neutron- 

proton recoils at low energy when the scatterer 

is present* Since inelastic scattering is believed 

to be spherically svmetrical* the difference in the 

corrected masher of recoils with scatterer and with¬ 

out scatterer9 in an energy interval® will be the 

number of neutrons inelast ically scattered at 

that energy* 

The lowest energy recoil possible to observe 

with our apparatus® and due to an elastically 

scattered neutron* would be one from a neutron 

originally moving at 90 deg* to the deuteron 

beam and of energy 2.46 mar. * scattered to the 

top of the cloud chamber* and giving a recoil 

10 deg. downward* Such a recoil would have an 

energy of about 2.3 m.e.v. Because of this 

no tracks above 2.2 m.e.v. were used* as in 

this region elastic scattering is possible. 

The plot of inelast ically scattered neutrons 

is shown on Pig. 4. The bars show the probable 

error for each point. A straight line was drawn 

through the points* using the method of least 

squares. The data was plotted in 3 ra.e.v. intervals 

to smooth out statistical fluctuations. 
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It will be noted that the present date are 

insufficient to warrant accurate conclusions. However* 

it does not appear that most of the neutrons lose a 

large fraction of their energy*as is predicted by 

theory* Dunlap and Little found a steeply increasing 

yield in the same region f orthe elementlead.1^ 

At the present time work is continuing on the 

experiment * as it is felt that about twice as 

much data are needed* Also plans are being made 

to use He^ in the cloud chamber as this Should 

increase the yield of recoils*for it is known that 

a large, anomalous cross seotionf or neutrons by 

helium exists from .5 B»e.v. to about 2 m.e.v. 

However,this would necessitate an accurate deter¬ 

mination of the ratio of cross section in helium 

to the cross section in hydrogen for neutrons* It 

is planned to investigate this during the summer 

of 1947. , 

m conclusion* 1 wish to acknowledge the aid 

of Hr. Jr. C# Harris with whom I collaborated on 

this experiment. I also take pleasure in acknow¬ 

ledging the many helpful suggestions of Professor 

Bonner and the interest and aid of Professor Wilson 
... 

and Professor Heaps. For the building of equipment 
* ! -i ’ •• 

I thank Mr. Van der Henst and Mr. Do Vries. 

15 Og. Pit.*698. 


