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A HIGH-PRESSURE CLOUD-CHAMBER INVESTIGATION 

OF PROTONS. SCATTERED BY 300MEV NEUTRONS 

John De Pangher, Jr. 

Radiation Laboratory, Department of Physics 
University of California, Berkeley, California 

March 16, 1953 

ABSTR.4CT 

An investigation of ihe protons scattered by 300 Mev neutrons 

has been conducted with a Wilson cloud chamber filled with hydrogen at 

a gas pressure of ten atmospheres. The data obtained covers the range 

of angles 10 0  - 180 0  for the neutrons in the center of mass system. A 

striking deviation from theoretical predictions occurs for small neutron 

scatter angles. The energy spectrum is presented for the neutrons which 

are produced in a 1-3/4 in. thick Li Dtarget by 340 Mev protons. A few 

cases of meson production are noted. 
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A }IGH -PRESSURECLOUD - CHAMBER INVESTIGATION 

bP PROTONS SCAT TE RED BY 300; MEV NEUTRONS 

JOhn'D Pangher . Jr.; 

Radiation Laboratory, Deparent of Phyéic 
In 	

Unive'rity of California., Berkeleyj ,,California l .  

.March17, :1953 	•.... 

INTRODUCTION . 
01 

• A numbëi' of neutron-proton scattering, exper imentsl_6  with 

the energies of the incident 1iéutrons. ranging.from 27;Mev to 260 Mev 

have been condutedThir'irTg the past.fi.ve  years for the purpose of ob-

taming infôtrmati.on about  riuclar forces Adeviation from isotropic 

scatterIng1nthe center of mass' lays.,tem was observed 1  at Los Alamos 

with 27'Mër'r'eütrôns'evolved.in'the d;treaction. The first experimen- 

'tal evidece 2 '. 3  forthe existence of'exchag.e .fQces in n-p scattering 

was furnished by'thedata t' 	 . made available with 90 Mev neutrons produced 

in the utr ippin 	roce's at Berkeley. By emplyjng neutrons. gener- 

atedin the proton bombardment .bf:beryliium, workers at Harwel1 4  

(neutron energy 156 Mev), Rochester 5  (neutron::.energies 172 and 215 

Mev), and Berke1'éy (neution:eiiergy 2.60 Mev) have furnished additional 

evidence for the exhange process 	• 	• 	. 1 

With only one excepti6n 3  the.experimental procedure. em-

p1oed 'fo± the work'just'mentiondused countèrs• Counter telescopes, 

cOnsisting of eitht sc:intillation crystals or prop,ortional counters filled 

with gas, aieinclinedät'an adjustable. angle to the neutron jbeam to 

observe' the recoil protOns emerging from a tar.ge , for example., poly-

ethylene, upon which the neutrons :ae incident. The experiment is re-

peated except that the polyethylene is replaced by carbon so that. the 

.num'ber ofevents orIginating from the hydrogen in the polyethylene may 

be determined'by subtraction. Absorbers ;  are inserted in the telescope 

to select only those protons originating from neutrons of, a ciefinite band 
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of energy. Corrections are made for nuclear absorption and Coulomb 

scattering in the absorbers., Although the couxitermthod is capable of 

yielding good statistical accuracy and energy resolution for a large 

range of proton deflection-angles, one experiences difficulty in using it 

to obtain information about protons scattered through large angles (or 

neutrons scattered through small angles in the center of mass system). 

For example, the smallest neutron angle attained in the 90 Mev case 

was 36. 00,  while in the 260 Mev case it was 37. 7 0 . 

The cloud chamber, filled with hydrogen and located in a 

• - 

	

	strong magnetic field, offers a simple independent method, relatively 

free from corrections, for investigating protons scattered by high energy 

neutrons. Low energy protons which end in the illuminated region of 

the cloud chamber ionize heavily and hence are very conspicuous. Even 

for the high pressure (104 psig in expanded position) cloud chamber to be 

described later in this paper, a proton with an energy as low as 1. 09 Mev 

has the easily measurable range of 1. 4 cm. Bruechner 3  et al.., employing 

a cloud chamber in a magnetic field, measured the angles-and curvatures 

of the knock-on protons produced by 90 Mev neutrons in hydrogen. Neu-

trons whose angles were as small as .12° (center of mass system) were in-

cluded in their data. 

Phenomenological descriptions of the n-p interaction in terms 

• 	of a static potential have been given by a number of investigators. Only a 

few7' 8, 9 will be referred to in this paper. A summary of the comparison 

between theory and the angular distribution data2' 6  obtained at Berkeley 

is given by Chamberlain10  et al. The theory of Christian and Hart predicts 

a differential cross section.which is symmetrical about 900  in the center 

of mass system, but the theory of Christian and Noyes and the theory of 

Jastrow do not exhibit this symmetry property. However, they essentially 

agree on one feature; namely, that the cross section reaches approximately 

- the same high value at 0 0  as it does for 180 0 . The high energy. measure- 

ments (260 Mev neutrons) of Kelly 6  et. al.. do not extend .far enough into 

• - small neutron angles to verify this point. 
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It is the object of this experiméntto verify by an independent 

method the experimental data of Kelly et al., and to extend that data into 

small neutron angles. A Wilson cloud chamber, filled with hydrogen and 

operating at ten.atmospheres gas pressure was designed for this experi-

ment, .• ,.; .. 

The cloud chamber methodalsopresents the possibility of 

observing directly mesons produced by high energy neutrons; in •  hydrogen. 

• The.threshold energy for the reaction n .+ p—r°. ± d is 274 Mev, while it 
• 

	

	• is 291Mev for the .twoother expected reactions: n + p...+ + n + n and 

n + p -  +p + p. However, thecross sections for these reactions are 

small, so only, a very few rnesons were found in. the course of the experi-

rnent 	: 	,.' 	•.'' 	.• 	• 	. 

ft 
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2. THE TEN-ATMOSPHERE WILSON CLOUD CHAMBER 

A. General Features of Construction 

Some of the advantages of a high-pressure cloud chamber 

over one that operates near atmospheric pressure are: (1) the tracks 

are sharper, (2) the sensitive time is lcnger, (3) the tracks are ren-

dered more visible because of greater ionization density, and.(4) there 

is a greater density of target nuclei for the incident radiation. A dis - 

advantage which partially offsets (4) in the rate of accumulation of data 

is that a longer time is required for the gas to become resaturated with 

water vapor after removal of the drops and to reach thermal equilibrium. 

With these points in mind, a ten-atmosphere cloud chamber, 

with thin windows to admit the neutron beam from the cyclotron,, was 

constructed to fit in the six-inch gap of a magnet 12  which provides a 

field of 21, 700 gauss in pulsed operation. In the expanded position of the 

chamber a cylindrical volume twelve in. in diameter and three in. high 

is available for the production of tracks. Of this space, a region 10. 5 in. 

in diameter and 2. 5 in. high is uniformly illuminated for photography. 

Figure 1 shows a photograph of the cloud chamber (1) with 

expansion boxes (2). Each expansion box contains a quick-acting valve 

which is remotely controlled by the magnetic pullers (3) through a length 

of piano wire (4). When the cloud chamber is put into the magnet for use 

with the cyclotroh, the ptillers are located just outside the fringing field 

of the magnet. Air cylinders (5) serve to reset the magnetic puflers 

following an expansion. The tension in the piano wire is adjusted by means 

of the adjusting screw (6) which serves to slide the puller along the base 

(7) on which it is mounted. 

The main features of the chamber will now be discussed with 

the aid of Figs. 2A and 2B, which employ 'a common numbering system. 

Fig. 2A displays a drawing of the chamber while Fig. 2B shows an en-

largement of a portion of Fig. ZA for the purpose of discussing the thin-

window structure. 
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Fig. 1 Photograph of the tenatmosphere 
with expansion boxes and magnetic 
(a) expansion boxes, (3) magnetic 
iii-i cylinders, (6) adjusting screw 

cloud chamber assembled 
pullers. (1) cloud chamber, 

pullers, (4) piano wire, (5) 
and (7) base of the puller. 
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Fig. 2 A 	Drawing of the ten-atmosphere cloud chamber. (1) Lucite 
ring, (2) cover glass, (3) stainless steel clamping ring, (4) 
Wood's metal gasket, (5) cloud chamber base, (6) stainless 
steel clamping bolts, (7) rubber diaphragm, (8) second sheet 
of rubber, (9)  Lucite disk, (10) equalizer arm, (11) perforated 
stainless steel ring, (12) brass window frame, (13) outer Be-
Cu foil, (14) inner Be-Cu foil, (15) 11 0" ring, sealing at the 
brass window frame, (16) inlet or outlet to lower volume of 
cloud chamber, (17) expansion-valve lever, (18) expansion-
valve piston, (19) piano wire, (20) expansion box, (21) neo-
prene pad, (22) gas inlet to window, (23) filling valve or 
inlet to upper volume of cloud chamber and (24) "0" ring, 
sealing at the cover glass. 
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The central part of the cloud chamber consists of a twelve 

in. diameter Lucite ring (1) 2-1/2 in. high and 3/4 in. thick. There is 

located on the top a fully-tempered cover glass (2) (trade name Her - 

culite), 1-1/4 in thick and with maximum diameter 13_1/4 in It is 

beveled at the edge to set into 	 steel clamping ring (3) so that 

the latter does not extend above the surface of the glass Previously, 

the glass and the stainless steel ring had been assembled and placed in 

an oven at a sufficiently high temperature so that Wood 1s metal (4) could 

be poured into the space between them. This procedure was adopted to 

insure uniform stress concentration on the cover glass when the clamping 

ring is attached to the charnberbase (5) by means of ten 3/4 in. stainless 

steel bolts (6)',A 1/32 in thick rubber diaphragm (7) extends horizontally 

across the cloud chamber ,  and is clamped at the edge between the ridged 

bottom of the Lucit ring and the circular slot in the chamber base. Be-

neath the rubber diaphragm, and cemented to it, a second sheet of rubber 

(8) is stretched over the Lucite disk (9), folded over its edge into the "V" -

shaped groove provided, and then ,tied with a number of layers of fish line. 

The Lucite disk (9),  11-13/16 in in diameter and i/z in thick is maintained 

level at all times by a set of equalizer ,  arms (10) which are fastened to the 

chamber base 

Apreparatióncoh.sisting of hot water, gelatin and black dye 

when poured on the surface of the rubber diaphragm soon cools and solidi-

fies and furnishes an excellent background for photography. In addition, 

it supplies the water vapàr that saturates the cloud chamber, and serves 

as the lower electrode for the clearing field, when maintained at ground 

potential. The upper clearing-field electrode consists of a ring of aquadag 

which is painted on the bottom side of the cover glass. A small amount of 

soap when rubbed on the cover glass with the fingers and then polished with 

cotton permits a thin invisible layer of water to condense on the glass, thus 

rendering it conducting. A thin copper foil inserted between the cover glass 

and the Lucite ring allows an electrical connection to be miae withthe aqua-

dag layerfrom the outside. 



-13.. 

To enable the 3/4 in, thick Lucite ring (1) to withstand a gas 

pressure-of ten atmospheres, it was enclosèdby ac1oe-fitting- stainless 

steel ring (11):9./16 - in. thick. - A series of holes was -drilled Tin the stain-

less steel;so that.the light emanating from two fläshia±ps'sitüated on 

.:opposite.sidesof -theTchamber could illumiatethe activévolüiñe in which 

tracks areformed- After .a series of illumination-tests had been made 

with woodenmodels of the steelr-in-g, a perforation pattèrnwith fifty per 

- 	cent transparenc.y was selected;-' - This chOice répresentéd a suitable 

compromise between the requirements of structural strength and uniform 

illumination. Al though the Lucite ring could have been made stronger by 

increasing its thickness, the need for windows of maximum possible area 

always led to a design in which the Lucite ring alone was structurally in-

adequate 

Up to 12 5 cm 2  of neutron beam may be admitted through thin 
- - 	windows into the cloüdhâmber On the side of the chamber where the 

neutron beam is to be introduced, a detachable thin-window unit, con-

sisting of a hollow brass frame (12) with thin curved foils (13, 14) of 

beryllium copper all6yhard-o1deied to its extremities, penetrates the 

stainless steel (11) and the Lucite rings (1) The outer foil (13), 0 003 

in thick, is bent into a halt-cylinder of diameter 1.25 in , while the 

inner foil (14),0.005 in. Thick is shaped to follow the contour of the 

inner surfaàe of the 'Lucite ring An 11 0" ring (15) rests in a groove in 

the brass frame and touches the outer surface of the Lucite ring. Six 

machine screws which screw into the stainless steel ring (11) force the 

brass frame (12) against the Lucite so that the 110" ring is compressed to 

give a pressure seal In order to reduce the strain on the inner foil (14) 

(less curved than the outer one) when the cloud chamber is filled with gas 

at high pressure, gas is introduced into the window cavity and maintained 

there at a pressure slightly lower than the minimum pressure inside the 

cloud chamber immediately after an expansion occurs. A second thin- 

indow üni, Identical to the one just describd, is located on the opposite 

side of the cloud chamber for the purpose of reducing back-scattering of 

neutrons, 
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Gas at:regulate,dp.1s91r:e.js Introduced through an inlet (16) 

into the cloud chamber base (5) to control the expansion ratio. As men-

tioned previously, two magnetic pullers control symmetrically-located 

expansion valves (17, 18) byrneans of two lengths of taut piano wire (19), 

0. 029 in. thick, which pass through.srnall holes in.the'..ends ofthe expan-

sion boxes (20). During an expansion of the cloud chamber the valves 

are opened simultaneously to let the gas rush into the expansion boxes 

while neoprene pads (21) stop the downward motion of the Lucite. disk. 

B. The 'Gas Control System 

The gas control system will now be described by referring 

to Fig. 3. Hydrogen gas, leaving the high-pressure tank (1), passes 

through a pressure regulator (2), enters the liquid air trap (3), moves 

through a filter, (4) and finally is admitted through a filling valve (5) into 

the upper volume (6) of the cloud chamber at a pressure p rn,. A vacuum 

system is not necessary to remove the original gas contained in the upper 

volume since it is simpler to flush the upper volume a number of times 

with the aid of the bleed valve (7) until the desired purity of hydrogen is 

obtained A precision Bourdon gauge (8), calibrated to an accuracy of 

± 0. 25 percent, is provided to measure the, pressure 

Helium gas, leaving the high pressure tank (9),  passes through 

a pressure regulator (10), enters the window cavities (11) and is maintained 

at a pressure p. 

The high pressure system which controls the expansion ratio 

of the cloud ch8mber maybe described as follows. Five nitrogen tanks 

(gas pressure 2300 psi when full) are connected through a manifold 

to a pressure regulator (14). Nitrogen at a pressure 200 psi is stored 

in the tank (15) which is heated to partly compensate for ,the cooling of the 

gas in falling through the large pressure differential. The storage tank 

(15) contains a large enough volume of nitrogen to sustain a few expansions 

of the cloud chamber, when the tanks (12) become empty and are replaced 

by full ,  ones. The nitrogen now flows through the precision pressure 

IV 
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Fig. 3 Gas control system., (1) hydroge,n tank, (2) pressure regulator, 
(3) liquid air trap, (4) filter, (5) filling valve, (6) upper, volume 
;ofcloud chamber, (7) bleed valve, (8) precision pressure gauge, 
(9) helium tank, (10) pressure regulator, (11) window cavities, 
(12) nitrogen tanks, (13) manifold, (14) pressure regulator, (15) 
storage tank with heater, (16) precision pressure regulator, 
(17) "fill lower volume". solenoid valve, (18) lower volume of 
cloud chamber, (19) safety valve, (20) slow expansion valve, 
(21) limit valve, (22) fast expansion valves, (23) expaniion 
boxes, (24) air cylinders, (25) air compressor, (26) pressure 
regulator, (27) "pneumatic reset" solenoid valve, (28) pressure 
regulator, (29) "fill expansion boxes." solenoid valve, (30) 
heater, (31) "dump expansion box" solenoid valve and (32) limit 
valve. 
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regulator* (16) to the "fill lower volume" solenoid valve (17) and then on-

ward to the space beneath the rubber diaphragm which shall henceforth 

be called the lower volume (18) of the cloud chamber. Let Pi v  denote the 

pressure of gas in the lower volume. A safety valve (19) is provided. 

Slow expansions are achieved by first closing the "fill lower volume" 

solenoid valve (17) and then opening the slow.expansion valve (20) to let 

the nitrogen pass through the limit valve (21) into the atmosphere. Be - 

fore the slow expansion, 	normally is 148 psi and the limit valve per- 

rnits it to drop to about 93'psi. When the fast expansion valves (22) are 

opened gas rushes into the expansion boxes (23) which contain compressed 

air at 20 psi pressure. 

The gas controls on t1ie expansion boxes may be described 

as follows. Compressed air at 100 psi from the air compressor (25) 

passes through the pressure regulator (28), enters the "fill expansion 

boxes" solenoid valve(2.9), is warmed at the heater (30) and is main-

tained ata pressure of 20 psi in the expansion boxes (23). When the 

expansion valves are opened, the pressure of the air-nitrogen mixture 

rises to about 78 psi and is reduced to 20 psi by opening the "dump ex-

pansion box" solenoid valve (31) and permitting the gas to flow through 

the limit valve (32) to the atmosphere. For future reference, let 1eb 

denote the air or air -nitrogen.pressure at any time. 

Compressed air from the same source (25) emerges from 

the pressure regulator (26), passes through the "pneumatic reset" 

solenoid valve (27) to the air cylinders (24) which reset the magnetic 

pullers just after an expansion of the chamber is completed. 

Table 1 shows some typical presáures (psig) attained in 

operating the cloud chamber with hydrogen as the filling gas. 

* Moore Products Co. Model 200. 	 , 	 2 
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TABLE 1 

Operation 

flushing 

filling 

expansion 

puv 

5-50-5 

0-106 

147-93-106 

Pkv  Pw Peb 

0 0 0 

0-93 0-93 0 

148-78 93 20-78 

Puv = hydrogen pressure in the upper iolume 

pkv  = nitrogen pressure in the lower, volume 

= helium pressure in the window cavities 

Peb = pressure of the air or air-nitrogen mixture in the 

expansion boxes 

Fig. 4 displays a typical cycle of operation for the key valves 

in the gas control system which has just been described. The, time between 

successive fast expansions of the cloud chamber is two minutes. 

C. Photography  

A specially constructed camera is mounted on a light-tight 

crown 27. 5 in. above..the.cov.er .glass.. Pictures are taken through a pair 

of Leica Summitar 50-mm lenses at f5 6 on Eastman Linagraph Ortho 

film in,lOO foot strips 1.80 in. wide. Two G.E. FT-422 flash-tubes are 

mounted in light-tight boxes on the sides of the cloud chamber. Two con-

denser banks, each of capacity .  256 .f. and charged to 1500 volts, con-

stitute the energy source for the glash-tubes. Light from them, having 

been rendered parallel by cylindrical lenses made of Lucite, passes 

through the perforated stainless steel wall of the cloud chamber to the 

interior. A third lens on the camera is used to view a number couiter 

for the identification of each picture, and to view an ammeter (see later 

section on the magnet) which measures the current flowing through the 

magnet. 
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Fig. 4 Typical cycle of operation of the electrically-operated 
valves in the gas control system. 
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Magnet 	 ' 

The cloud chamber is operated in a magnet, which, when 

energized and pulsed with a current of 4000 amperes supplied by a 150 

h.p. mine-sweeper generator with a five-ton flywheel, furnishes a 

magnetic .field strength of about 21, 700 gauss. The maximum'variation 

of the magnetic field over the volume of the chamber in which tracks 

are photographed does not exceed 2. 5 percent. A table constructed 

from a uniformity plot of the magnetic field enables one to determine 

the field strength at the center of each track measured to an accuracy 

of ± 0. 5 percent. A large ammeter, used in the calibration of the mag-

netic field, and permanently mounted on the magnet..control cabinet, is 

read to an accuracy of ± 0. 25 percent each time the magnet is' emergized. 

Although one tries to maintain the magnet current at 4000 amperes, oc-

casionally a drift of a few amperes may occur, and so a small correction 

on 'the magnetic field is made for this deviation. In case a reading of the 

large ammeter is missed,. one depends on the reading of a smaller am-

meter which is recorded on each picture to obtain the magnet current. 

Terriperature Control 

The main body of the cloud chamber is maiiitained at a tem-

perature of. 190  C by a temperature-controlled water circulating system 

in the gap of the, magnet. To avoid the development of a temperature 

gradient inside the cloud chamber from gas flow into the lower volume 

of the chamber, from discharge into the expansion boxes, and from sub.. 

sequent exhaust into the atmospiere, the gas is pre..heated (See mention. 

of heaters in the section on the gas control system.) before it reaches 

the chamber. A bridge-circuit employing Western Electric thermistors 

as resistance elements, and a Leeds and Northrup Micromax Recorder, 

ten millivolts full scale, records the temperature difference between 

the top and bottom of the chamber. In the course, of a long run.,the 

bottom becomes colder than the top, but the temperature control is 

adequate to keep the temperature difference below 0. 5 °  C (about 0. 5 

millivolts deflection on the recorder). 
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F.. Synchronization of Cloud Chamber, Magnet and Cyclptron ::. 

The timing system consists.. of,(l) a slow timer, (2) a fast 

timer and, (3) an oscilloscope for measuring time intervals. 

The slow timer controls the solenoid valves in the gas 

control system that perform the following operations: (1) fillIower 

volume, (2) slow expansions, (3) fill expansion boxes, (4) dump ex-

pansion boxes and, (5) pneumatic reset. The valves are.eitheT manu-

ally controlled by toggle switches, or are automatically-operated by 

microswitches which rest on cams driven by a variable speed d. c, 

motor. In addition, the slow timer activates the film-wind mechanism, 

turns on the magnetic field, and operates a time delay which, in turn, 

triggers the fast timer, 

Vacuum-tube -operated relays inthe fast timer perform 

such operations as, (1) shorting out the clearing field just before an ex-

pansion of the cloud chamber, (2) flashing lights which.illumirrate the 

number-counter and the magnetic field current meter, - (3);startii'ig the 

fast expansion, (4) pulsing the cyclotron and, (5): initiating the condenser 

discharge through the flash-tubes. An adjustable RC-networkin the 

grid circuit of each vacuum tube (6SN7) allows a time -range -control up 

to 200 milliseconds, 

It takes about 2, 5 seconds for the magnet cur rei tit to reach 

the value 4000 amperes, where it remains steady for about O 2 second 

before being turned off. The time -delay on the slow timer i" adjusted 

• 	so that the fast expansion is completed during the steadyperiod'of the 

magnet current. A few milliseconds later the cyclotron is pulsed three 

times and the neutrons pass through the cloud chamber, 

Fifty milliseconds after the third pulse of neutrons has 

entered the chamber the lights are flashed,' In this way, pictures of 

proton-recoil tracks produced in hydrogen are very sharp and practically 

free from turbulence, 
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One views timing signals from the rapid succession of events 

just described on an oscilloscope with a persistent screen. The horizontal 

time sweep is triggered at the instant the slow timer starts the fast timer. 

Timing marks for calibration of the horizontal sweep are spaced 1/60 sec. 

apart. The following signals,, after passing through a pulse -shaping circuit, 

appear on the vertical sweep: (1) signals from the relays in the fast timer 

which initiate the fast expansion.and the condenser discharge through the 

flash-tubes, (2) a signal froxi a switch called the bottom switch in the 

chamber base (This switch is closed when the expansion is completed.) and, 

(3) signals from a counter responding to the cyclotron pulses Fig 5 shows 

graphically the succession of events which occur when the cloud chamber 

is, oper.ated with the cyclotron. 
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FLASH TUBE 	____________________________ 
DISCHARGE 	 o 40 o do 160 io 140 io idô 20 2O 

TIME IN MILLISECONDS 

MU-4794 

Fig. 5 Succession of events occurring when the cloud chamber 
is operated with the cyclotron. 
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3. EXPERIMENTAL ARRANGEMENT 

A. Selection of the Target 

11 Figure 6 shows the results of some work by W. P. Ball and 

W. Hess on the comparison of the effectiveness of (1) a two in. thick 

beryllium target and (2) a 1/2 in, thick lithium-deuteride target for the 

production of high energy neutrons in the 340 Mev proton beam of the 

Berkeley cyclotron. Although (1) gives a greater yield of neutrons than 

does (2), (2) gives a narrower spectrum and a proportionally smaller low 

energy tail. If a thicker. lithium-deuteride target were employed, one 

might hope for a higher yield of neutrons without sacrificing too much of 

the desirable features :of the thinner target, •Abriefexperithent with the 

high pressure cloud chamber, filled with hydrogen, revealed the fact 

that Just as many neutrons with energies above 200 Mev were produced 

by a 1-3/4 in." thick lithium-deuteride target* as from the 2 in, thick 

beryllium target There were much fewer neutrons of lower energies 

however. Accordingly, the 1-3/4 in thick lithium-deuteride target was 

used in the n-p scattering experiments which are about to be described 

in this paper.  

B Collimation 

See Fig... 7 for a sketch of the collimating system. The neutron 

beam from the cyclotron passes through circular holes in the tapered lead 

collimator and the concrete shielding, through rectangular holes in the 

first and second copper collimators, and finally through the thin windows 

of the cloud chamber. Table 2 gives some data on the dimensions of the 

components of the collimating system. 

* Supplied by W. P. Ball. 
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TABLE 2 

Dimensons on the components of the collimating system. 

Shape 	 Dimensions 
Component 	Length 	of Hole 	 of Hole 

• tapered lead 
collimator 	 86. 5 in. 	circular 	 6 in. 

concrete 
shielding 	 208.0 in. 	circular 	12 in, 

first copper 
collimator 	 30.0 in. 	rectangular 	1/2 in. x 2 in. 

second copper 
collimator 	 34.0 in 	rectangular 	5/8 in x 2-1/4 in 

C. Alignment 

- -• 	Figure 8 shows some of the .apparatus which is employed for 

aligning the cloud chamber with the neutron beam from the cyclotron. A 

set of five crosses (1) is marked on the horizontal cover glass (2) of the 

cloud chamber to define the direction of the neutron beam. An auxiliary 

nit consisting of two sets 

plates (4) is attachable to the chamber base (5) by means of the rigid arm 

(6). The auxiliary unit is adjusted so that the line defined by the crosses 

in it passes. through the center of the chamber directly below and parallel 

to the line defined by the crosses on the cover glass. After the cloud 

chamber and auxiliary unit have been placed in the magnet, the second 

copper collimator (7) (See also Fig. 7)is aligned with the system just 

described and then-it is bolted tó a platform on the magnet frame. The 

magnet is. rotated, translated, or tilted by means of an overhead crane 

until an observer with telescope (9) near and in line with the target (8) 

in the cyclotron sees the crosses coincide. In this way, the cloud cham-. 

ber is aligned with the direction of the neutron beam to an accuracy of 

± 0. 25 degrees. 
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MU-4912 

Fig. 8 Alignment system. (l) five crosses,. (2) cover glass of 
cloud chamber, (3) crosses, (4) Lucite plates, (5) 
chamber base, (6) rigid arms, (7) second copper col-. 
limator, (8) target inside cyclotron tank, (9)  telescope. 
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D. Operation of the Cloud Chamber 

The manner in which the cloud chamber and magnet are 

synchronized with the cyclotron has already been described in Section 

iF. Nearly all the data which will be presented here was taken in two 

runs, each lasting two days. The time between expansions was two 

minutes with each expansion yielding about four to five high energy pro-

ton recoils for three pulses of neutron from the cyclotron. One picture 

in ten was taken without the magnetic field as a check on turbulence in 

the chamber. 
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4. REPROJECTION AND ANALYSIS OF THE PHOTOGRAPHS 

Reprojection of the Photographs 

A double projector, Fig. 9, employing two Wester,n Union 

arc lamps, type 100, throws a pair of life-size images of the tracks 

formed inft cloixl charnb-er on.a;special coated glass plate (Eastman 

Recordak green translucent screen). The focus of each lens in the 

projector is adjusted and the film is moved in its holder until the 

images of the five crosses on the cover glass of thecloud chamber 

become normal size and coincident The zero setting for the beam 

angle P (angle of rotation about a vertial axis) is made while the line 

BB on the measuring plate lies along the superimposed images of the 

five crosses The dip angle a. (angle between the measuring plate and 

a horizontal plane). is also zero when th& measuring plate is in the 

position just described 

List of Quantities Measured for Each Track 

_,Th-eIJ6llqwing quantities were measured or recorded for 

each track 

1 	The slant radius of curvature Ps  (cm ), or 

range R (cm.) lithe track ends in the illu- - 

minated part of the chamber. 

The dip angle a. (degrees). 

The beam angle.3 (degrees). 

The distance Z (in.) from the bottom of the 

cover glass to the origin of the track. 

The length L (cm. )-of the chord of the track. 

6 	The distance Z (in ) from the bottom of m 
the cover glass to the center of the track. 

7. The radial distance r (in.) from the center 

of the track to the center of the chamber. 
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8. The magnet curr•ent'i(añiperes) as read on the 

large. áththter oxi:th€ magnet platform (See 

ection ZD). ' 

9.; The magnet  current I as read on a small am- 

meter which isphotographed. (See section ZD). 

10. The counter. number to identify a stereoscopic 

pair of pictures. 

A vertical adjustment and translation of the measuring plate, 

Fig. 9, still in a horizontal position s  is made until the origin of the track 

appears on the horizontal axis AA of rotation. The plate is rotated about 

the vertical axis until the line BB is approximately parallel to the track 

and then is rotated through the dip angle a abOut the horizontal axis until 

the two track images coincide. The slant radius of curvature Ps  is 

measured by matching it to one of a series of arcs ruled on a Lucite 

template. During this process another adjustment is made in which a 

single line on the Lucite template perpendicular to all the arcs is 

matched to the line AA to insure an accurate determination of the beam 

angle P. The quantity Z 0  is measured to make sure that the track starts 

in the collimated region of the chamber. The quantities Zm,  r and I are 

used in the determination of the magnetic field strength B at the center 

of a track. The length'of the chord of the track is measured so that the 

error in the measurement of p s  may be determined (See Appendix Al). 

C. List of Quantities Calculated for Each Track. 

. Bp 5  cos a,.  

The kinetic energy T (Mev) ofthe p.roton. 

The angle .0 which the proton makes with . 

the diectin,.of: the neutron 'beam. ' 

The kinetic energy Tn  (Mev) of the neutron 

which scattered the proton. 

The angle 0 1  which the neutron makes with 

the direction of the neutron beam in the 

center of mass system. 
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• 	6. 	The, azimuthal angle .. . 	.• 

7. The correction factor f(Q, 	based on the assump- 

tion of azimuthal symmetry, where o.c  is maximum 

dip angle acceptedin reading tracks. 

: The quantities litedaboveare calculated from the following 

formulae:  

1/2 
Bp 5  cos a= 	{Tp  (T + 18:7.6):]  

cos 0 	cos 'a cos 	. 	. 	' 	•. 	•: 	(2) 

:TncosZg 	' 

T= 1 + T sin2  0/1876 	 / 	 (3) 

cot0/2  

tan 0 - (1 + Tn/1876) /z 	, 	. ' 	 ' 	(4) 

tan4sin=tana 	 (5) 

f(0 a ) = 	
1r/2 	 (6) 
sin / sin 

Since the formulae (1), (3) ad(4) appear frequet1y:in the 

literature on n-p scattering their derivation will not be given here. How-

ever, derivation of formulae (2), (5) and (6) will be presented in Appendix 

B to this paper. Nomographs have been constructed for'formulae (1), (3), 

(4) and (5) (See Appendix C) and have been used extensively throughout the 

calculations, '  The range -energy relationship for the high pressure hydrogen 

gas contained in the cloud chamber is shown on the nomograph for formulae 

(3) and is calculated from the tables of Aron, Hoffman and Williams. 13 



-33- 

D. Acceptance Criteria . .. 	.. •. i 

a Lower Limit of 155 Mev on the Neutron Energy. The slant 

radius of curvature p s  of a proton recoiling from a neutron of energy T 

in a magnetic field B is given by the expression 

p..c0s 
= .1 + T/l876 sin2  Q. 	 : 	

(7) 

10 	•.. 	 1/2 
where 	p 	- [T(T + 1876)] 	 . 	(8) 

and 	cosQ=cosacos 

The derivation of (7) and (8) which follows frarn (1) and (3) is 

simple so it will not be given here... By assuming the values B 21,700 

gauss and T,=. 155 Mev,one can calculate for a = 0 0  .. 	. . .. 

86.2 cos 
= 1 + 0.1083 sin2  p 	

( 71) 

and for a = 500 

862 cos 
(7") P5 = 1. 049 + 0. 034 sin 2  3 

Unless the slant radius of a track is greater than the values indicated by 

formulae (7 1 ) and (7 11 ) the track is rejected from further consideration. 

b. Accepáble Region of the Cloud Chambet. A definite re-

gion of the cloud chamber from which tracks are acceptable was chosen 

for each of the two runs. For run No. 1, the dimensions of the region 

were 0. 7 in. x 2. 3 in. x 5. 6 in. and for run No. 2 they were 0. 7 in. x 

2. 3 in. x 6. 7 in. The region selected for run No. 1 is smaller than it 

is for run No. 2 because of presence of the gr.eater background of tracks 

from the window structure and collimators in run No. 1 than in the case 

of run No. 2. 
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c. Dip Angie Limitation, On account of the ,reiativly small 

height of the active volume of the cloud chamber, tracks dipping steeply 

in the chamber become shorter with increasing dip angle For example, 

the length of a proton track having a dip angle of fifty degrees may be as 

short as four cm. The uncertainty in the curvature measurement on such 

a short track (free from turbulence) could lead to an error from eight to 

sixty percent, depending on the scatter angle of the track, in the deter-

mination of the energy ofthe neutron associated with it. Accordingly, 

only tracks with dip angles less than fifty degrees were measured and 

the remaining tracks were accounted for by applying the weighting factor 

f(0, 
0 

= 50 0), based on the assumption of azimuthal symmetry, to each 

track measured. 

d, Scatter Angle Limitation. Consider the situation in which 

a proton is scattered through a large enough angle 0 so that its energy 

T may be determined through a measurement on its range Rih' the gas. 

Table 3 shows how R vries with the energy T of the inci'dèntneutron 

for 0 = 85 0 . In addition there are tabulated values for the neutron, angle 
Of in the center of mass system. 

TABLE 3 

T(Mev) 0 0' T(Mev) R(.cm) 

155 850  '9.40 ' '1.09 1.4 

200 850  9.30  1.37 2.2 
850 9.0 °  1.96 '  

Since it was felt that tracks with R 	1 4 cm 	might be overlooked, tracks 

for which 0 = 850  were rejected in the results of this paper, even though 

a few were measured.for deflection angles up to, 869 t 	make sure that 

no tracks were missed, : 



5. RESULTS AND CONCLUSIONS 

For the neutron spectrum.145 tracks were selected from the 

angular group (0 0 . Q 9  4 850  and 004  a 425°) for which the energy 

measurements are best.' The results are shown in Table 4. The omis-

sion of tracks with dip angles greater than 25 0  is accounted for by 

multiplying each track measured by the correction factor f(Q, a0 = 25 0 ) 

(See equation (6),), Also, a correction is made on the data for the 

variation 3  of the cross section with energy. A constant cross section of 

37.08 millibarr corresponding to the value for 290 Mev was used for those 

neutrons which fall into energies above 350 Mev, since they presumably 

appear there through errors in measurements Figure 10 gives a histo-

gram of the data along with statistical error for each 20 Mev group of 

neutrons In Fig 11 the errors in measurement have been unfolded 

(See Appendix A 3 ) from the histogram (2) to give the true spectrum 

(3) The peak of the spectrum from the 1-3/4 in thick lithium -deute ride 

target occurs at 307 Mev. Curve (1), which is normalized to contain the 

same number of neutrons as curve (3), represents the neutron spectrum 

of Ball 11  and Hess from a 1/2 in. thick lithium-deuteride target. The 

agreement is excellent since one expects a slightly greater energy loss 

for the protons in the thicker target and, subsequently, a'greater broad-

ening of the neutron spectrum than for the case of the thinner target. 

The angular distribution data, consisting of 2057 tracks which 

lie in a restricted angle and energy range (Tn--'-  200 Mev, 00 4.a 440°, 

and 10 0  0' 4 180 0), is tabulated in Table 5, in ten degree intervals, for 

the neutrons in the center of mass system. Each track is weighted by 

the factor f(Q, a 0  = 40 0) to take into account the tracks (a > 40 0) which 

are not included in the distribution. The average cross section cr(Ol 	I 1 1Q)  

in mb/steradian for any angular interval O il 4 9 1  4 Q z1  is determined from 

the fraction N(0, 0)/N of the totalnumber of tracks in the interval, 

from the solid angle factor c(0j, 0) = 2 ii. cos 	- cos 0' for the 
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TABLE 4. 

Distribution in Energy of the Incident Neutrons 

(0 0 ..0 850 , 0 0 o 250) 

Number of Weighted No- 
Mev Tracks. Number o- (mb) 37. 08 

160-180 55 91.5 46.55 72.9 

180-200 72 125.6 43.71 106.6 

200-220 92 166. 1 41.63 148.0 

220-240 106 166.9 40.07 154.4 

240-260 169 266. 3 38.85 254.0 

260280 200 352.0 37.87 344.7 

280-300 263 424.4 37.08 424.4 

300-320 Z37 379.5 36.42 386.3 

320-340 147 259.5 35.86 268.3 

340-360 69 138.2 138.2 

360-380 19 . 	 39.0 39.0 

380-400 6 16.6 16.61 
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Fig, 10 The energy spectrum of neutronsproduced in a 1-3/4 in. 
thick Li D target by 340 Mev protons before applying 
corrections for the errors in measurement. 
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Fig. 11 The neutron energy spectra from two Li D targets of different 
thickness. Curve (1) shows the results of Ball and Hess for a 
1/2 in. thick Li D target. Errors of measurement have been 
unfolded from the cloud chamber histogram (2) to yield the true 
spectrum (3) for the 1-3/4 in. thick Li D target. 
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TABLE 5 

Angular Distribution of Neutrons in Center of Mass System 

(09 	a. 40 0 , T 200 Mev) 

Number of Number 
Angle Tracks for Weighted mb per 

First Run BothRuns Number Steradian 

10-20 26 37 82.2 3 83 ± 0 63 

20-30 42 56 121.9 3.48 ± 0 47 

30-40 50 86 181.0 3 81 ± 0 41 

40-50 70 102 205 2 3 50 ± 0 35 

50-60 66 107 200 7 2 96 ± 0 29 

60-70 70 98 173 5 2 31 ± 0 23 

70-80 63 102 161.8 2 02 ± 0 20 

80-90 78 112 155.6 1. 89 ± 0.. 18 

90-100 75 116 125.0 1 51 ± 0 	14 

100- 110 104 166 166.0 2 07 ± 0 16 

110-120 114 163 163.0 2 17 ± 0 	17 

120-130 90 170 170.0 2 51 ± 0 	19 

130-140 114 179 179.0 3 06 ± 0 23 

140-150 118 193 193.0 4 06 ± 0 29 

150-160 98 165 165.0 4.71 ± 0.37 

160-170 81 139 139.0 6.48 ± 0. 55 

170-180 36 66 66.0 9, 14 * 1.12 
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interval, and from thetotalcrbss section Tmb,  according to the formula 

a-(00 	w 	= °T N(0, 0)/N. In order to compare the results 

of this experiment with those of Kelly, et al, 	°'T was chosen to be 35 

mb. Figure 12 shows a histogram of the angular distribution data along 

with the statistical errors for each ten degree group of neutrons, In Fig. 

13, the experimental points of Kelly, efal, ,Whô employ a counter 

technique, are compared with the cloud chamber data The agreement 

in the two sets of data is good The special point (solid circle) at 1750  is 

calculated from the counter data by integrating under a smooth curve 

drawn through it over the interval 1700 4 0 1 4 180 0  and then by dividing 

the result obtained by the solid angle for the interval. Figure 14 shows 

the comparison with theory The disagreement between the experimental 

data (1) and the'curves 1O representing the theories of Christian and Hart 7  

(2), Jastrow9 (3) and Christian and Noyes 8  (4) is particularly striking for 

small neutron scatter angles 

Table 6 lists some angular distribution data (Tn  200 Mev, 
00 4 cL( 50 0  00  4 g 	180 0) which is considered to be less reliable 

(see Section 5 on experimental checks ) than the data which has been 

presented in Table 5. The data, consisting of 2189 tracks, has been cor-

rected for the tracks not measured (a 50 0), by applying the weighting 

factor f(0, a o = 50 0) to each track. The process of normalizing the data 

to 35 mb has been discussed previously.  



.41 

w 
0 

I 
3 5 

0 

NEUTRON ANGLE N CENTER OF MASS SYSTEM 
NÜ-49i0 

a 

Fig 12 The histogram shows the angular distribution of neutrons 
in thecenter .ofmass system for a restricted angle and 
energy range (T 	200 Mev, 	a 40° , 10 0  041800) 
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of calculations' 0  from three theories.7' 8,9  The disagree-
rnent between theory and experiment is strikingly evident 
for small neutron scatter angles. 
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TABLE 6 

Angular Distribution of Neutrons in Center of Mass System 

(0 0  a 500,  T ) 200 Mev) 

Number of 
Angle 	. Tracks 

10-20 40 

20-30 69 

30-40 97 

40-50 123 

50-60 	
: 

123 

60-70 114 

70-80 130 

80-90 133 

90-100 119 

100-110 . 	 166 

110-120 163 

120-130 170 

130-140 179 

.140-150 193.  

150-160 : 	 165 	
:. 

160-170 139 

170-180 66 

Weighted 
Number 

6.9 .1 

9.1 

161.2 

192. 1 

177. 3 

151.0 

140. 1 

133.0 

120,0 

166.0 

163.0 

170.0 

179.0 

193.0 

165.0 

139.0 

66.0  

mb per 
Ster adian 

3 41 ± 0. 54 

3.60 ± 0.43 

3.59 ± 0 36 

3,47 ± 0.31 

2.76 ± 0. 25 

Z. 13 ± 0.20 

85 ± 0. 16 

i 70 ± 0. 15 

]54 ± 0. 14 

2 19 ± 0. 17 

30 ± 0. 18 

2.65 ± 0.20 

23 ± 0.24 

4.29 ± 0,31 

4.98 ± 0. 39 

6.85 ± 0. 58 

9.67 ± 1. 19 
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6. MESON EVENTS 

A search was made for the following types of reactions in 

which mesons are produced:. (1) n +p—ir + p + p, (2) n + p-1r+ + n + n 

and (3) n + p-31r 0 4 d. No events of type (1) were observed. The one 

event of type (2), in which the if meson starts in the collimated region 

of the chamber and makes a complete revolution before it passes out of 

the chamber, is shown in Fig. 15, Six deuterons, identifiable from 

ionization and curvature, were observed starting in the collimated re.. 

gion of the chamber. Oneof these deuterons (95 ± 29 Mev), making a 

wide angle (51. 5 0) with the direction of the neutron beam, arose from 

an elastic scatter of a neutron by a deuteron existing as an impurity 

(one part in 5, 000) in the gas of the cloud chamber. A second deuteron 

(116. 6 ± 7. 0 Mev) very likely demonstrates radiative capture (n + p — y 

+ d) since its angle (9.  5 ± 0. 50) exceeds the maximum angle of 7 0  re-

quired by the energetics Of the type (3) reaction. The four remaining 

deuterons (energies 117-226 Mev, angles 2.00_340)  satisfy the ener-

getics' of either the type (3) reaction or the energetics of the radiative 

capture process. (It is quite improbable, that any of the .deuterons which 

lie in a. cone of aperture 100  around the direction of the neutron beam 

arise from gas impurities since the solid angle subtended by the cone is 

only 1. 5 percent of the total solid .ngle for elastic scattering.) An 

estimate of the radiative capture cross section for 300 Mev neutrons 

on protons yields 1. 0 x 10-29  cm2 . (This result is obtained by applying 

the method of detailed balancing 14  to the data by Gilbert 15  on the photo 

disintegration of the deuterón at high energies.) The cross section for 

the four deuterons can be estimated from the known cross section for 

élästic n-p scattering and from the number of prátons which were 

measured to give neutron energies, say, greater than 270 Me.v, The 

result is (8 ± 4)' x 10'29  cm2. Since this cross section is at least 

four times as large as the estimated radiative capture cross section, 

we conclude that some of these deuterons, if not all of them, were 

accompanied by neutral rneso.ns. Figs. 16 and 17 show photographs 

of deuterons starting in the gas of the chamber. 
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Fig. 17 Cloud chamber picture. The deüteron which starts at 
the center of the circle A probably is a product of the 
reaction n + p = 1T °  + d. 
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7, EXPERIMENTAL CHECKS AND DISCUSSION OF ERRORS 

Generally, the highest energy proton tracks are clearly visi-

ble everywhere in the illuminated region of the chamber. However, some 

sections of film, taken at times when adjustments, were being made to 

determine the best operating conditions for the chamber, exhibit high 

energy tracks which are lfaint.near the cover glass. Accordingly, a rule 

was adopted to reject pictures unless they, contained high energy tracks 

cLear.lr visible up ta distance 1/4 in. from the cover glass. 

As mentioned previously, there are limits imposed on the 

curvature and dip angle of a. track, and on the region in which it starts 

before it is accepted... A portion of the data, already measured by the 

writer, was selected and measured independently by a second observer 

who followed the same limits. He found that the writer had missed two 

tracks in.a hundred measured. The two sets of measurements were re-

producibi1e to 1. 5 °  in the dip.angle and to ± 0. 50  in the beam angle. In 

addition, calculations on the sagitta of each track ,  showed that the sagittae 

were, reproducible to± 0.OQ5,cm. A. stereoscopic viewer, recently de-

...ve,loped, with,magnjfic.ation and illumination characteristics superior to 

those of the reprojection apparatus, provided the author with a rapid 

and a psychologically different method of scanning the film. Another 

section of film was sc anned with the viewer; misses were observed and 

: then were measured on the, reprojection apparatus. Five acceptable 

tracks in 250 were found which previously had been overlooked. Of the 

se,ven tracks in 350 which had been overlooked, four had dip angles in 

the range 400  a. .50°.., On the basis of this sampling procedure, as 

applied to the .2,189 tracks which are included in the angular distribution 

(a 50 ° , T 	200. Mev), it is estimated that a total of 44 ± 17 tracks 

have been overlooked with 25 ± 9 tracks lying. in the interval 40 0  < 0.500. 

Inparticular,.for the range of angles 40 0 $ 9 ..500,  450  c 	1350 , and 

315P two tracks were found missing in 350; therefore we 

estimate a total number 12 ± 8 to.be  missing. 	. 
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The possibility of confusing recoil protons with two-pronged 

oxygen stars (where .the recoil nuleus is a tiny blob, at the origin of the 
18 star) has been investigated. Ford (in connection with his cloud chamber 

work on the disintegration of oxygen by 300 Mev neutrons) read a portion 

of the writers film. He estimated that aproximate1y 120 oxygen stars 

were present in the data. Furthermore he states, £ror.'experi'ence with 

'his own data, that twelve of these stars should have two prongs. This 

result is not inconsistent with the result obtained by the writer, so it is 

concluded that no confusion arises from the presence of oxygen in the 

chamber. 

Although the accuracy of the reprojection apparatus has been 

checked previously an additional check on it was made in the following 

way. Fig. 18 shows a double-scattering event in the gas of the cloud 

chamber. A neutron c011ides with a proton and the proton moves on to 

collide with another prototi. Several pictures containing events of this 

type have been found. One of these (not the one shown in Fig. 18) was 

measured to determine the angles of the three protons.. The calculation, 

based on these measurements, of the angl.e between the scattered protons 

leads to a value which agrees, within the previously stated errors of 

measurements, with a value predicted from the study of the relativistic 

kinematics of the situation. 

One picture in ten was taken without the magnetic field. An 

investigation of the radius of curvature 
Pt  arising from turbulence in the 

tracks lying near the horizontal plane was made by measuring 92 tracks 

contained in these pictures on a precision travelling microscope. The 

curvatures were measured by plotting the track on a scale enlarged in 

the direction of the sagitta so that it could be measured more accurately. 

The distribution in curvatures Ct = 1/p r  is Gaussian with the standard 

deviation Ct  = (33m) 4 . It is assumed that this result can be' applied 

to an error analysis of tracks whose lengths are greater than8 cm. and 

whose dip angles do not exceed25 ° . For shorter tracks we assume, on - 

the basis of the most turbulent tracks measured in the above group, a 
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Fig 18 Cloud chamber picture A neutron collides with a proton 
at the center of circle A. The proton moves on and collides 
with a second pr;otonat.th.e center of the circle B. This 
double-scatter event can.be  used to check the accuracy of 
the reprojection apparatus. 
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standard deviation C = (23 m)* Steeper dipping tracks in the ranges 
of dip angle 30 0  < a < 40 0  and 40 0  a < 50 0  were found to possess tur- 
bulence curvatures up to Ct = ± (4 rn) 4  and C = (1. 2 m)" from measure-

ments on the no-field pictures in the.reprojection apparatus. (Lucite 

templates were used to measure these curvatures,,) The shape of the 

distribution function assumed is given in Fig. 19, (See also discussion 

in Appendix A 5.) 

The distribution of tracks in azimuthal angle for a.50 °  is 

shown in Fig. 20. Tracks which fall into the excluded region (a .)50 0 ) 

are not measured but may be accounted for by applying the correction 
factor f(0, a 0  = 50 0) to the tracks which are measured. The number of 

tracks for any square or partial square is given in the square. The 

numbers within any vertical column and contained in whole squares should 

agree within the statistical errors of measurement if the azimuthal dis- 

tribution is considered to be uniform. An analysis of these numbers shows 

that they are sufficiently uniform to substantiate the assumption of azi-

muthal symmetry except for those numbers which lie in squares near the 

excluded region. In particular, let us look at the vertical column of num-

bers which represents tracks which lie in the range of angles 40 0  0 < 500 . 

A first set of squares is defined by the range of azimuthal angles 450 4) 
13-59-and--2250,,-. 315 0 . Theycontain27-.-+-30 +-18-+ 19—=.-94 tracks. —.1---

The energy measurements on this group of tracks are relatively poor be-

cause of the presence of the comparatively large turbulnce in this region 

of the chamber. Consider the remaining squares which contain 26 + 42 

+ .36 + 48 = 152 tracks, The energy measurements on this second group 

of tracks are considered to be quite accurate as they are inclined at re-

latively small angles to the horizontal plane where very little turbulence 

is present. We estimate that 152-94 tracks are missing from the first 

group. Now we want to account for this deficiency. Twelve of these tracks 

could have been overlooked (See second paragraph of this section.). Also, 

an estimated 0..36 x 152 = 55 (See Appendix A 5.) tracks have been omitted 

through errors in measurement of the neutron energies. The deficiency 

estimate 55 + 12 = 67 agrees reasonably well with the observed deficiency 

58 so we conclude that the estimate of the errors is good. 
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Fig. 19 Curvature spectrum and turbulence plot for the representative 
tracks described in Appendix A 5 
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Let us consider a third group of squares (30 0  4 0 4 40 0 , 

4504$ 135 0 , 225 0  4 4) 43150). The analysis of Appendix A 5 shows 

that ten percent of these tracks are expected to be missing through errors 

in measurement arising from turbulence. However, this ten percent loss 

shows up as only a five percent loss in the total number of tracks for the 

eight squares. 

Since the number of tracks with dip angles greater than 40 0  

appear to be in doubt, they are excluded, from the data. Figure 21 shows 

the azimuthal distribution for a. 4 40 0 . Although it still contains portions 

of the track-deficient squares the total number of tracks in the vertical 

column is only diminished now by about twelve percent It is to be com-

pared with the adjacent group which displays a deficiency of five percent. 

Figures 22 shows an aximuthal diagram in whose squares are 

entered the quantitiesp(300), q, and (p2 q2)1/2,  which have been obtained 

by applying an averaging process to each square (See Appendix A 2.). They 

represent, respectively, the energy-dependent error, the angle-dependent 

error and the total errpr in the measürémént of the energy of a 300 Mev 

neutron (See Appendix A 4.).  
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• PERCENT ERROR IN MEASURING THE. ENERGY 
OF A 300 MEV NEUTRON 
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APPENDIX A 

1 Derivation of the Formula for the Error in the Energy of a Neutron 

An approximate expression 3  for the fractional standard error 

in the energy of a neutron..may be obtaine4 bydiffere±itia.ting the non-. 

relativistic formula for the neutron energy  

	

e 2 	(P's 
2 

 

	

2Mc 	cosp 

to yield 

116B 	(_6P 2 
	'''2 

T 2 [) ~ 

(The symbols have already been defined in the text.) The net fractional 

"error (Spg/pS)N  in the curvature of the proton track associated with the 

neutron depends on (1) the dip angle error on (2) the uncertainty 

which appears in matching one of the set of arcs on the Lucite 

template to the track and on (3) the error Ps/Pt  which arises from a 

'turbüleñe 'radius of curvatuie Pt- Since the slant .radius p 5  is related 3  

to H'  the radius of the track if it is measured in a horizontal plane, 

by the expres.sion PH = p cos 2  a one can deduce the error expression 

E s_ [(2tana S a ) 2 +(!..) 2  +(Ps/Pt)2] 2 
P sl 

If we assume that the problem of measuring p for a track is a matter 

of measuring a sagitta t for a chord of length L, then fora sagitta error 

3t=±0.005cm. the.matching error is 	•.. 	 ,' 	 • 

= 8 P ss t = 0 04 Ps 

L2 
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By employing the non-relativistic forms of equations (7) and(8) in the 

text 

PS = PCQS I 

and 	 = 10 	(1876 

we can put the matchingerror in the form  

p s N 0.04pcos 
M. L 2  

The various errors are collected together to give the total fractional 

error 

2 1/2 

___ = 	+ (2 tan 	)2 + (tan p2 + (O 04pcos 	+ 	
cos ) ] 

in the neutron energy. Wè now define the func'ions 

1/2 

	

2 cos [ o.o4)2 + 

	

'1/2 
and 	G(B, a., 3) =z[() +(2tana S a.) 2 +(tan S1) 2 ] 

and calculate the curvature p for a magnetic field strength B 21 9  700 

gauss. The result is 

p = 66. 54 (Tn) 1/ 2  

Finally, the formula for the fractional error in the measurement of the 

neutron energy is 

ST (2 F2 + G2)h/2 

where p  is the only variable which depends on the neutron energy.  



2. Energy  Resolution of theCloudChamber 

The analysis of errors in this section applies to Gaussian 

errors only and makes use of the formula derived in Appendix A 1 for 

the fractional standard error in the measurement of the energy of a 

neutron. 

Consider a beam of monoenergetic neutrons of energy El 

which enters the cloud chamber and produces recoil protons in the gas. 

If the neutron associated with the ith track has the fractional standard 

error in energy and the ith track has the weighting factor f  (See 

Appendix B), then the spectrum which results from the measurements 

on T, fj  N weighted tracks is characterized by a standard error cr 
- The following expression 

2 1/2 

• 	•_,;- 	

f) 

holds true for Gaussian errors. 

Since the final result of Appendix A 1 gives 

= (p 2  F + 

we can calculate O from 

• 	N 2. =Z f'i (p 2  F ±G12) = p 2  (Ef F . 	 (E f 

Let us define quantities a and by by the equations 

a = (66 54)2 ( f1  F 2)/N 

b = ( qG)fN 

They are constants of the cloud chamber for 'the experime±it being per - 

formed, Since p(E) = 66. 54 (Et)1/2  we may express rin the form 

o(E) = (aE' + b)1/2. 

The quantities a and b may be determined by calculating the errors in 

measurement for a large number of tracks and by assuming that the 

angular distribution of these tracks is essentially independent of the 

neutron energy E'. 
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3 Operation of Unfolding Errors of Measurement from the Experimental 
ITeutron Spectrum 

Let K(E, E') be the experimental error function, normalized 

to unity, which removes a neutron from its correct position in an energy 

interval dE about:E' to the observed interval dE about E. If f(E') is the 

true spectrum and F(E) is the observed spectrum, then the number of 

neutrons which are observed in any interval E 1  . E E2  is given by 

1E2 	( E 21  

N(E1, E 2) = 	F(E) dE = 	 K(E, E') f (E') dE' dE 
.1 	 l 

where the Ttruë spectrum extends Over the range E E' 	Let us 

approximate the integral over E' by a sum over small but finite intervals 

SE' If &n(E') = f(E')SE' is the number of neutrons which lie in any finite 

interval SE' of the true spectrum, we may write, approximately 

N(E , E ) = Z Sn(E') 2 	E' 

.IEZ 
J• 	K(E, E') dE 

Bychoosing the interval E1  E.< E 2  to be small we may replace N(E1 , E 2 ) 

by SN(E) .= F(E). 6E and arrive at an approximate expression for the 

measured. spectrum: 
SE 

F(E= E 	 ) SE 	
K(E,E')dE 

Ef 

The errors in measurements on the neutron spectrum are Gaussian so 

the error function has the form 
(E-E') 2 . 

1 	 22 
K(E,.E') 	12 	e 

(21T) 
1
' 	e 

The standard error A Mev is a function of E'; it is related to the fractional 

standard error o(see Appendix A 2) by the formula (E') = E' (E'). A. 
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calculation (The method is outlined in Appendix AZ.) of the errors in 

measurement on 159 tracks of the type used for the neutron spectrum 

lead to the empirical formula 

	

E 9  (0. 00241 E 	0 223)1/2 

The expression for F(E) is now 

	

iE 	 2 

	

E+ - 	 (E-E') 

F(E) =E 	
• 	

2 i/z 	e - 	dE 

If we make a change of variable t = ( -- E 1 )/A and set t'.± (E +1/26EEt)/, 
= (E - 1/2 SE - 	and 

rt+  
I(t+, t)  =l/(Zir ) 1/ 2 	.e 	2 	dt 

we get the expression 

F(E) E 	SE 	I(t .t) 

from which calculations can easily be made. A table of values for 

I(t+, t) was constructed in the following way: (1) energy intervals 8E = 

10 Mev and SE = 20 Mev were chosen; (2) t  and t were calculated from 
the values. of .E and El at the midpoints of thes.e intervals; (3) finally, 

tables of the probability integral were consulted to obtain I(t+,  t). For 

the purpose of calculation f(E') was assumed to satisfy the conditions 

f(E' '..160 Mev) =f(E'> 340 Mev) = 0. The spectrum F(E) was calculated 

by assuming values for f(E) until a choice of f(E) lead to values of F(E) 

which agreed with the experimental spectrum. This choice of f(E) gives 

the unfolded spectrum (curve (3) inEig. 11). 
(. 
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4. Loss..of. Neutrons through Lower Energy. Boundary, Assuming  Gaussian 
errors of Measurement.  

..Consider..the neutrons wlich are associated with tracks that 

fall into the azimuthal and scatter angle intervals 4 . 4 4 and 

'2 A'ce.rtain number of these neutrons (true, energies above 200 

Mev) are thrown into energies below 200 Mev by, errors in measurement 

and will appear missing from the azimuthal distribution (See Fig 20.) 

This number can be estimated from the formula 

rE2 
N(E1, E 2 ) 	n(E') ) 	K(E, E') dE 

which was derived in Appendix A 3, if we set E 1  = 0 and E 2  = 200 Mev. 

•The error, function K(E, E') is 

(EE') 2  
1 

iqE, E') = (Zw) 1/z 

where (E') = E' (aEt. +b)1/2.  The constants aand b for tracks -lying in 

the intervals 	4 	and gl ,<, 0 4 0. may be evaluated by employing the 

procedure of calculation, outlined in Appendix A 2 to these tracks. Now 

let us introduce the percent errors p(E') = 100 (aEt)h/2  and q = 100 bl/2,  in 

the expression for A. The result is 4(E!) = 10-2 E'  [pz(E')  + qZ]1/2. If 

we know a, and b wecan calculate p(300)= 100(300a)/2  and q = 100bl/ 2 . 

Finally, 4, may be written (E') .=.l0. Et[p2(300)E'/300 + q2 ]1/2 .  Fig. 

22 gives p(300), q, and (pZ .q. q2)l/2 for groups of tracks in the angular 

distribution. For example, p(300) =16.5 percentand q = 2. 5 perc'ent.f.or 

00 . 0 1< 100  The standard error in Mev for this angular group is then 

10 E' (0. 908 E' + 6. 3)1/2.  If we take the neutron spectrum to 

be the unfolded spectrum of Fig.. 11; the.n after following the procedure 

outlined in Appendix A 3 we find that 4 8 percent of the tracks in the 

interval 0 0 . 0 lÔ° are expected to be missing as a result of the errors 

in measurement. 	 • 

V 
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• 	5. Loss ófN tns.throügbLbwerEpergy.Bàundary, Assuming Non- 
gaussian Errors of Measurement 

TO estimate the number of ñeütrons above 200 Mev which are 

thrown into energies below 200 Me from turbulence in the tacks we shall 

procede as follows. We have assumed previously, Appendix A 1, that the 

error in the measurement ofthe radius Of curvatur Te p 5  of a track which is 

caused by turbulence is ± Ps/Pt' where t  ièthe radius of curvature arising 

from turbulence We will proceed to shokv that this assumption is not 

valid unless Pt >> PS. 
Let us consider the. Fases 

	

,Pt 	,., 	.. 

and 

	

PS 	Pt 

where p+  and p  are the radii of curvature measured. The fractional 

errors in the measurement of p5  are 

	

+...... 	 . 	. 	• 	2 	.3' 

	

- P 8  . 	(Ps' 	(Ps 	- (Ps 	-'Pa 

P s 	Ps + 	 ) 	't) 

2 	3 
- p 5 	Ps = ('Ps\ - (

PN +PS 	. P.8Pt 	Pti 	P 	.\p 

If p >> p the error is ± 	 However, if p t  is comparable to P a  

this result is certainly not valid. 	 , 

Let C 1/pt be the curvature in a track which arises from 

turbulence. . Also, let P(Ct)dCt represent the probability that a track 

will lie in an interval dC about C 	The probability is normalized to 
Go 

unity by setting j P(Ct)dC.t = 1. The measured curvature C is re-

lated to the true curvature CO by C = C' + C, Suppose f(C') represents 

the distribution function for the curvatures of a group of tracks which 
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are to be, measured.. On account of the presence of turbulence f(C) will 

be measured as F(C).where 	. . 	 . 	. 

1-C  
•F(C) 	P(C C')f(C') dC'. 

f(C') is assumed to be zero outside of the interval C 	C'' C 

The number of neutrons with energies in the range E E E' 

which are thrown into energies E 1  E E2  by errors in curvature measure-

ments corresponds to the number of tracks in the curvature, spectrum of 

extent C 11  1< C 1 1<1 C 12  whichappear in the interval C 1\< C\< C 2*The  number 

is given by 

1Cz 	I C Z 

N(C1 ,. C) 	. •:. T(C)dC 
	

P(CCt)f(C')dC!dC 
1 	 1 	1 

Now let us study two groups of tracks The first group to be 

considered (30°.. Q 40 0 , 450  c' 135 0 , 2250. cl 	315 0 ) lie in squares 

(See Fig 20.) which are symmetrically located about the excluded regions 

but removed one square from them Let us define a representative track 

in this group by specifying its angles a. = 350 and 3 = 0 0  A second group 

to be considered (40
0 
 a . 500, 45 0 

 4 K, 135 0 , 2250 . . 3159) lie in 

squares adjacent to the excluded regions. Let us define a representative
41  

track in this group by stating its angles a. = 450 and 3 = 0 0  The slant 

radius of curvature p  for any track is given by the expression 
B .  

,. 	. 	. pcosp. 

. 	 s = 	fl 2 -. 	. 	. 	, 	 (7) . 	1876 sin 0 

where 	 p 	{Tn (Tn  + 1876).] 1/2 
	

(8) 

It can be shown by calculations that the two representative tracks have 

nearly the same slant radii of curvature for the same neutron energy 

0 
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El = 	From the point bf View. ófmakng error cálculàtibns on these 

tracks, even a different choice of 1 other thanthe one*ehàve employed 
(as long as P is not too large) will not appreciably affect the results,. If 

we assume that B =21, 700.gauss we can calculate Ct = 1/p 5  for, say, 
a. = 450 and 1 = 0 0 , The curvature sjectrumf('C'), Fig. 19, is constructed 

from the unfolded energy spectrumf(E t), Fig. 11, The values, of C il and 

Ct that correspond to the values 	= 200 Mev and E = 340 Mev are 

= 0 01064 cm 	and C = 0.00818 cm -1  The number of missing 

tracks for either group of tracks mentioned is then 

C .0.01,064 

) 	dC J 	f(C')P(C-C')dC' 
0.01064 	0,00818 

Fig. 19 shows the form assumed fQr P(C). Since  fOOP(C)dC = 1 we have
OD  AB=1. 	 . 

Consider the first group of tracks mentioned above. No 

tracks in this group were ever observed to curve the wrong way in the 

magnetic field so we assume that 
Pt  120 cm However, measurements 

(Lucite-template method on tracks in no-field pictures) on the turbulence 

for this group of tracks disclose values of p up to 120 cm , although some 

of these tracks appear perfectly straight We assume B = 1/120 cm 

for this group 

Consider the second group of tracks mentioned above No 

tracks in this group possessed a turbulence curvature 400 cm so 

we assume B = 1/400 cm. for this group. 

The results of the caicülations show that 10 percent of the 

tracks in the first group are lost.through errors in measurement of the 

neutron energy while the corresponding figure for the second group is 

36 percent. 
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APPENDIX B 

1. Derivation of Equations (2),. (5) and (6) which Appear in the Text 

Equations 

cos Q= cos a. cos3 	 (2) 

and 	 tan 4:. sin = tan a 	 (5) 

may be derived from a consideration of Fig 23 The line OP represents 

the tangent to a track which starts at the origin 0 The line OQ represents 

the direction of the neutron beam 

Fig. 23 

/ 

OQ ORQQ 

	

cos 0 = 	= - p - 	
= cos a cos 1 

	

It? It? 	QR 

	

tan a = 
	QR. 	B. = tan sin 

Now we will derive the equation for the weighting factor 

	

) 	 (6) 
sin (sina 0/sinO) 

First we must derive the equation 

sin a = 'sin 9 sin 4 

It 
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by considering Fig. 23 once moré 

PR: PRI Q , 	. 
sina  = 	- 	

= Sifl Si 0 OP 

A plot of the equation sin a. = sin 0 sin is given for the case 

a 400  in Fig. 24. If only tracks for which a 	40 0  are measured, 

then the remaining tracks lie in the excluded region bounded by the curve. 

Now consider any limiting dip angle a 0 . Let NM(0)  be the number of 

tracks measured outside the excluded region for a small band of 0. 

Assume azimuthal symmetry. The total number of tracks NT(0) 

those in the excluded region) is given by f(Q, aO)NM  where f(0, a 0 ) is 

weighting factor to be determined. By considering Fig. 24 once more we. 

can easily show 

N = 4A 4B - A + B  

° 	NM 	4A 	A - sin'1  (sin a 0/sln 0) 

It is also evident fromthe diagram that f(Q N< a, a0) = 1. The maximum 

value for the correction factor occurs fpr 0 = 90 0  and has the value 

f(90 0 9  a ) = 0 	702 a 0). 	. 	. 
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Fig. 24 A plot of the equation sin 0 sink = sin 400  is given. 
The curve encloses, the excluded region and contains 
those tracks whose dip angles are greater than 40 0 . 

The diagram is employed in the derivation of equation 
(6) which is given in the text 
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APPENDIX C 

Nomographs 

1 Nomograph for Calculation of the Neutron Energy 

Fig. 25 shows two sets of nomographs for the formula (3) 

which may be put in the form 

T 	 T 	 2 
- 	1 4- T/l8Th 	1 + T/I876 

COS 0 

16. 
Consider the following two type forms of nomographs (1) f 1 (u) + f2(v) 

=f3(w) (three parallel scáles)and (2) f 1 (u) = f2 (v)f 3 (w) (two paraclel 

scales and a slanting scale) where the scales are to be labeled in terms 

of u, v and w and f1 , f2  and f 3  are functions of these variables. The dis-

cussion now will be presented in outline form only and the equations 16  

employed will be listed without derivation. 

Type 1 	Let 

where 

f1(0) = log cos. 2  0 

f2
(T) log 1 ± T/1$76 

f 3'(T)= log 	T/l876 

u0, v=T,w=T n 	p 
- 	 1A_ 

Q_ -----__Lo -- 

n 

do 

I  
X2 (T ) 	

20 in. Fig. 26 
 - 

L 
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Fig. 25 Nomograph for calculation ofthe neutron energy. 



The scale equations (See Fig. 26 for definitions.) are 

X1 (Q) = m1 [ f1 (0 °) - f1  (Q)] 

X2 (T) = m2 [ f 2 (T) - f2 (l00)] 

X 3 (T) = m3  1 f3(T) - f 3 (l00)] 

and the two scale factors m 1 and m 2  are determined by setting X 1 (80 0
) 

=X2 (350) = 20 in., while the remaining scale factor m 3  is calculated 

from the equation 

rn1m 
m  

3 rn+m 

Let the width of the nomograph bea + b = 14 in , then the scale-spacings 

a and b are .ca1culated accordingt.o the formula a/b = m 1/m2 . The results 

of the calculations are 

m1  = 13.152, m 2  = 40. 621, m 3  = 9. 935, a = 3.424 in. 

and b 10. 576 in, 

T 
Type 2 	Let 	f1(T) 1 + T/1876 

f2(T) =- +T/i8m 

f3 (Q) = cos 2  0 

where u = T , v = T , w = 0 n 	p 

The scale equations (See Fig. 27 for definitions,) for T and T are 

- 	 X1(T) 	rn i[ f1  (T) . f1 (150)1 

x2(T) = mZ [f2() Lz(o)] 



x2 (T) 

..75.. 

The location of the slanting scale for 0 is determined by specifying the 

distance b (See Fig. 27) where b :is calculated from the equation 

Fig. 27 

By taking a = X1  (550) X2  (5) = 10 in and letting c = 7 in the scale 

factors m1  and rn 2  and the spacing b are calculated to be m 1  = 0.03391, 

rn 2  = 2."002 andb = 2. 241 in. The scale for 0 is labeled in one degree 

steps by calculating values of Tn  and T and then drawing straight lines 

across'thenomograph throughthese values to;intersect the 0 scale. 

In each nomograph the scales for T are also labeled with 

values of Bp 5  cos a or range R so that T need not be calculated in 

applying the nomographs to the experinental data obtaine.d for this paper. 

Figure 28 shows two superimposed scales from which one may 

evaluate the kinetic energy T for a proton, providing its magnetic rigidity 

isknown. 
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8pti(T+I876 FOR PROTON S 
MULTIPLY NUMBER ON TOP SIDE OF SCALE BY 105  TO GET 
Bp IN GAUSS-CM. BOTTOM NUMBER GIVES T IN MEV. 
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Fig. 	28 	Chart giving Bp vs. kinetic energy for protons. 

f. 



Circular Nomographs 

Figure 29 shows asketchof a circular 17  nomograph which 

will be used presently to represent an equation  of the formW = UV. 

0. 

Fig. 29 

A circle of radius A = OD = DO' has been described about the point D. 

The line AC intersects the diameter 00' at the point B. One can derive 

an expression for S = OB in terms of the radius A and the central angles 

91  and 	The result is 

1 + tantan 

LetU tan 01/2,  V = tan 6 2/2,4nd W = UV, then 

;.;Wwish tpcons•tuct a ciular n•omogaph for the equation 

tan 4,sin P = tan a 	 (5) 

which appears jnthe.text... Let 9 =.2 and0 2  = 180 -.2 a, then the 

S 
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following equations 

U = tan 4) 

V=tan(90-a) 

W=l/sin 

s_ 2Asth 
•1+sin 

hold true. Figure. 30 shows the circular nomograph which was employed 

for the calculation oithe azimuthal angle 4). The unjform scales for c 

and 4) appear, on the circle while the diameter contains the non-uniform 

scale in 3 obtained by evaluating S(). The radius of the life-size norno-

graph was seven 	 - 

We wish to construct a circular nomograph for the equation 

- 	
:.cot0'f2 

tanO= 	
T 	i/z 	 (4) 

+ l86 	• 

which appears in the text. Let 0l  = 20 and 0 .= 0', then the following 

equations hold true: 

U = tan 0 

V tanQ'/2 

T 	l/ 
1876 ' 

= 1 + l+ 1896 

Figure 31 shows:the cIrcular nothograph*hich was employed for the 

calculation of the neutron angle in the center of mass system. The 

uniform scales for 0 and 9' appear on the circle while the diameter 

contains the non-uniform scale in T obtained by calculating S(T n)• 

The radius of the life-size nomograph was seven inches. 
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Fig. 30 This nomograph may be employed to determinc the 
azimuthal 4) angle from the dip angle a and the beam 
angle f3 



Fig 31 This nonograph may be used to determine the neutron 
angle in the center of mass system from the proton 
angle in the laboratory system as a function of the 
energy of the incident neutron. 
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t 




