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A HIGH-PRESSURE CLOUD-CHAMBER INVESTIGATION
OF PROTONS SCATTERED BY 300 MEV NEUTRONS
John De Pangher, Jr.

Radiation Laboratory, D‘epé.rtl"nent' of Physics
University of California, Berkeley, California
March 16, 1953 |

' ABSTRACT -

An ihvestigation of the protons scattered by 300 Mev neutrons
has been conduc\ted with a Wilson cloud chamber filled with hydrogen at
a gas pressure of ten atmospheres. The data obtained covers the range
of angles 10° - 180° for the neutrons in the center of mass system. A
striking devi‘a'tio‘n 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 D target by 34D Mev protons. A few

cases of meson production are noted.
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'A HIGH-PRESSURE CLOUD:CHAMBER INVESTIGATION
OF" PROTONS SCAT'TERED BY:300MEV NEUTRONS .
' . John'De Pangher, Jr.
vRa}d.ia'i:ieni Lebor‘éicSry:' D’.fe'parfr.r\i"ent of Physu:s SRR
' University of ‘California, Berkeley, California ..
. % March’l7, 1953 ;-

1.. INTRODUCTION: ..

-~ A numbét of neutron-proton s:cat,tering‘expe}'gﬂme.nt_s.l'.(.) with

the energies of the incident néutrons ranging.from 27.Mev to 260 Mev

- have been conducted during the past:five years for the purpose of ob-

taining information:about huclear forces. -A-deviation from isotropic

" . scattering in‘the cernter of mass system was observed1 at Los Alamos

" with 27 Mév neutrons’evolved in'the d;t reaction, The first experimen-
" tal evidence2:3 for the existence of exchange forces in n-p scattering
'“was furnished by the data ‘made available with 90 Mev geutroqg.pr_oduced
“in the Mstripping® process at Berkeley. By employing neutrons gener -
" ated in the ‘proton botnbardment of beryllium, workers at Harwell4
.(neutron energy 156 Mev), Rochester5 (neutron:energies 172 and 215
Mev) and Berkeley (neutron energy 260.Mev) have furnished additional
With only one: exceptlon3 the .experimental procedure em-
ployed for’ the work Just mentioned used:counters. Counter ‘telescopes,
cons1st1ng of eithefr scintillation crystals or:proportional counters filled
with g'a;e,,- are inclined‘at:an adjustable angle:to the neutron ,,bvevang to
observe thé recoil 'protdhs’-emerg'ing- from a target, for example, poly-
"ethyléne, ‘upon which the neutrons:are incident. . The experiment is re-
peated except that-the polyethylene is replaced by carbon so that the
number’ of events originating from the hydrogen.in the polyethylene may
be detei;mined"by‘vs‘ubt—racti()n.;’ ‘Absorbers, are inserted in the telescope

to select only those protons-originating from neutrons of a definite band
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.of energy. Correct1ons are made for nuclear absorptmn and Coulomb
scatter1ng in the absorbers Although the counter method is capable of
y1e1d1ng good statistical accuracy and energy resolut1on for a large
range of proton deflectlon-angles, one experiences difficulty in using it
to obtain'information .about protons s.ca-t't’eredv 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. 0°, while in the 260 Mev case it was 37.70°,
The cloud chamber, filled with hydrogen and located in a

strong magnetlc field, offers a simple independent method, relatively
free from correct1ons, for 1nvest1gat1ng protons scattered by high energy
neutrons Low energy protons which end in the illuminated region of
the cloud chamber ionize heav11y and hence are very conspicuous. Even
for the hlgh pressure (104 psig in expanded position) cloud chamber to be
_descr1bed later in this paper, a proton with an energy as low as 1. 09 Mev
has the easﬂy measurable range of 1. 4 cm. Bruechner3 et al., employing
a cloud chamber in a magnetlc fleld 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 the1r data _ , _

; Phenomenolog1cal descr1pt10ns of the n-p 1nteract1on in terms

of a stat1c potent1al have been given by a number of investigators. ‘Only a
few7, 8, 9 will be referred to in th1s paper A summary of the comparison
between theory and the angular d1str1but10n data2 6 obtained at Berkeley
is g1ven by Chamberlalnlo et al. The theory of Christian and Hart predicts

a d1fferent1al cross sectlon wh1ch is symmetrical about 909 in the center

of mass system, but the theory of Chr1st1an 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° as it does for 180°. The hlgh energy measure-
ments (260 Mev neutrons). of Kelly6 et al do not extend far enough into

‘ small neutron angles to verify this p01nt

&
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It is the object of thls éxi)iéi;'iménf ‘to ve"‘rfify by an independént
method the eiperimental 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 'mé’thodf also.presents the possibility of.

observing 'diréctly mesons produced by high energy neutrons. in hydrogen.

- The threshold energy for the reaction n + p—7° +d is 274 Mev, while it
©.is 292 Mev for the two .other expected reactions: n + p—»n* +n + n and

"n +p—w- +p+p.. However, the'cross sections for these reactions are

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

‘menti:
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2. THE T.EN-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 sharpér, (2) the sensitive time is longer, (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 accumulatibn 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_-i‘nch gép of a magnet!? 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.

. A 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 cyclotron, the pullers are located just outside the fringing field

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

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. 2A for the purpose of discussing the thin-

window structure.

1



Fig. ]
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Fhotograph of the ten-atmosphere cloud chamber assembled
with expansion boxes and magnetic pullers. (1) cloud chamber,
(2) expansion boxes, (3) magnetic pullers, (4) pianc wire, (5)
air cylinders, (6) adjusting screw, and (7) base of the puller.
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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) 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, (2l) 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,

Q
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A'r'x;.geri’l’ar-g‘en"ier':tt of a p ,.Fig. 2 A for the purpose of
* -showing the ‘thin-window struct

MU-aT98

ortion of

ture. See Fig. 2 A for key
to numbers shown above, . TR .
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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- tempere‘d' cover glass (2) (trade name Her-
cuhte), 1- 1/4 in. thick and with mammum diameter 13-1/4 in. It is - g
beveled at the edge to set into a- stalnless steel clamping ring (3) so that
the latter does not extend above the surface of the glass. Prev1ously,
the glass and the stalnless steel ring had been assembled and placed in
an oven at a sufficiently hlgh temperature so that Wood's metal (4) could
be poured into the space between them. This procedure was adopted to
insure uniform stress concentratmn on the cover glass when the clamping
ring is attached to the chamber: base (5) by means of ten 3/4 in, stainless
steel bolts (6). A 1/32 in, th1ck rubber d1aphragm (7) extends horizontally
across the cloud chamber and 1s clamped at the edge between the ridged
bottom of the Lucite ring and the circular slot in the chamber base. Be-
neath the rubber diaph;ﬁég’i‘h, and ,'ce_‘r:’nented to it, a second sheet of rubber
(8) is stretched over the Lucif“e‘ diﬂsk'l‘b(")), folded over its edge into the ""V"-
shaped groove prov1ded and then t1ed with a number of layers of fish line.
The Lucite disk 9), 11 13/16 1n in d1ameter and 1/2 in. thick is maintained
level at all times by a set of ‘equalizer arms (10) which are fastened to the
chamber base. e T

A v‘prepardtidh'::c":.oh-siAst'iah'g of hot water, gelatin and black dye
when poured on the sdrfaee ;.O‘f:t_he rﬁbbe_r:;di‘aphragm soon cools and solidi-
fies and furnishes aﬁ'-'e;ccell.ent -bac*k-greudd for photography. In addition,
it supplies the water vapor that saturates the cloud chamber, and serves |
as the lower electrode for the clearing field, when maintained at ground
potential. The upper cleering -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 f1ngers and then pohshed with
cotton permits a thin invisible layer of water to condense on the glass, thus
rendering it conductlng A thin copper foil 1nserted between the cover glass
and the Luc1te r1ng allows an e1ectr1ca1 connectlon to be made with the aqua-

dag layer from ‘the outside.
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. To enable the:3/4 in. thick Lucite ring (1) to withstand a gas
‘. pressure-of ten atmospheres; it was enclosed by a‘close-fitting stainless
steel ring (11):9/16-in. thick. - A series of holes’ was drilledin the stain-
less steel:so that the light emanating from two flash lamips ‘situated on
.opposite sides of thechamber could illuminate the active’ volume in which
- tracks are formed. 'After a series of illumination tests had beén made
- with wooden models of the steel ring, ‘a perfération pattern with fifty per -
cent transparency was selected: :This choice representéd a suitable
compromigse between the requlrements of structural strength and uniform
1llum1nat10n Al though the Lucite rlng could have been made stronger by
1ncreas1ng its th1ckness, the need for w1ndows of max1mum p0531b1e area
" always led to a des1gn m wh1ch the Luc1te r1ng alone was structurally in-
adequate ' e Ee R -
Up to 12 5 cm? of neutron beam may be adm1tted through thin

 windows into the cloud ‘¢hamber. On the side of the chamber where the

' neutron beam’is' to be 1ntroduced ‘a detachable thm-»wmdow umt con-
‘ 's1st1ng of a hollow brass frame (12) w1th th1n curved fo11s (13 14) of
A berylllum copper alloy hard soldered to 1ts extrem1t1es, penetrates the
_stainless’ steel (11) and the Luc1te r1ngs (1) The outer foil (13), 0.003

in. th1ck, is bent 1nto a half cyhnder of d1ameter l 25 in., ‘while the
"inner foil (14), O 005 in. th1ck is shaped to follow the contour of the
inner surface of the Lucite rmg ~ An no® ring (15) rests in a groove in
the brass frame and touches the outer surface of the Luc1te r1ng Six
'mach1ne screws Wthh screw 1nto the sta1nless steel rlng (11) force the
“brass frame (12) agalnst the Luc1te S0 that the "0" rmg is compressed to
' glve a pressure seal “In order to reduce the stra1n on the 1nner foil (14)

' (less curved than the outer one) when the cloud chamber is f1lled with gas
at h1gh pressure gas is 1ntroduced into the wmdow cav1ty and mamtamed
there at a pressure shghtly lower than the m1n1mum pressure 1ns1de the
cloud chambeér 1mmed1ate1y after an expan51on occurs A second thin-
window umt, identical to the one Just descrlbed, is located on the opposite
'side ‘of the cloud chamber for the purpose of reduc1ng back -scattering of

neutrons.
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) Gas at :reg'ulat’e,d'p-resslr;e,}is introduced through an inlet (16)
into the cloud chamber base (5): to control the expansion ratio, As men-
tioned previously, two magnetic pullers control s-’ymmetri"cal'ly-located
expansion.valves (17, 18) by means of two lengths of taut piano wire (19),
0.029 in. thick, ',whic‘hj pass through_small holes in-the ends of'the expan-
sion boxes (20). During an expansion of the cloud chamber the:valves
are opened simultaneously to let thev‘:ffgas 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 descr1bed by referrmg
to Fig. v3 Hydrogen gas, leavmg 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 (63 of .the cloud chamber at a pre.ssure Puv: A vacuum
system is not necessary to remove the or1g1na1 gas contained in the upper °
volume since it is 31mpler to ﬂush the ‘upper volume a number of times
with the aid of the bleed valve (7) until the des1red purlty of hydrogen is
obtained. A prec1s1on Bourdon gauge (8), cal1brated to an accuracy of
* 0. 25 percent, ‘1s prov1ded to measure the pressure Puv+

He11um gas, leav1ng the hlgh pressure tank (9), passes through
a pressure regulator (10), _enters the window cav1t1es (ll) and is maintained
at a pressure pW , _

' The h1gh pressure system whlch controls the expansmn ratio
of the cloud chamber may be descrlbed as follows Five nitrogen tanks
(12) (ga.s pressure 2300 psi when full) are connected through a manifold
(13) to a pressure regulator (14) N1trogen at a pressure 200 p51 is stored
in the tank (15) which is heated to partly compensate for the coolmg of the
gas in falhng through the large pressure differential. The storage tank
| (15) contains a large enough volume of mtrogen to sustain a few expanslons
of the cloud chamber when the tanks (12) become empty and are replaced

by full ones. The nitrogen now flows through the prec1s1on pressure



Fig. 3.

L Mu=4778 .

Gas control system (l) hydrogen tank, (2) pressure regulator,
(3) liquid air trap, (4) filter, (5) filling valve, (6) upper. volume

¢ - of cloud chamber, (7) bleed valve, (8) precision pressure gauge,

(9) helium tank, (10) pressure regulator, (l1) 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) expansion
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 voluxhe" so‘lenoid_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 Py 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, Py normally is 148 psi and the limit valve per-

mits it to drop to about 93 psi WHen the fast ‘expansion valves (22) are

opened gas rushes into the expansion boxes (23) wh1ch contain compressed

air at 20 psi pressure. v

The gas controls on the expansion boxes ,.may be described
as follows. CompressedAair af 100 psi f_rqm‘ the air compressor (25)
passes through the pressure regulator (28), enters the ''fill expansion
boxes."‘uslolenoid valve (29), is hwarmed' at the heater (30) and is main-
tained at a pressure of 20 psi in the expansion boxes (23). When the
expansion valves are opened, the pressure of the air-nitrogen mixture
rises to abdut 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 a'tmvosphere’. -For future reference, let Peb
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 pressures (pslg) atta1ned in

operat1ng the cloud chamber with hydrogen as the f1111ng gas.

* Moore Products Co. Model 200.

=
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TABLE 1
Operation Puv Prv Pw Peb
flushing 5-50-5 0 0 0o
filling 0-106 , 0-93 0-93 0
expansion 147-93-106 148-78 93 20-78
Pyv = hydrogen pressure in the upper volume
Prv = ‘nitrogen pressure in the lower volume
Py = helium pressure in the window cavities

_Peb = Pressure of the air or air-nitrogen mixture in the .

- expansion boxes

Fig. 4 displays 4a typical cycle ef operati.on for: t'h‘e' key valves
in the gas control system whlch has Just been described. :The time between

successive fast expansmns ‘of the cloud chamber is two mniutes

C ‘Photography

A specially constructed camera is mounted onﬁ a liéht tight
crown 27, 5in. above the cover. glass P1ctures are taken through a pair
: of Leica Summltar 50 mm lenses at £5. 6 on Eastman L1nagraph Ortho
film in 100 foot strips 1. 80 in. wide. Two G.E. FT-422 flash-tubes are
mouhted in light-tight boxes on the sides of the cloud chamber. Two con-
denser banks, each of capacity 256 pf. and charged to 1500 volts, con-
stitute the energy source for the glash-tubes. Light from them, having
heen 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 ’numbel; counter
for the 1dent1f1cat10n of each plcture, and to view an ammeter (see later
sectlon on the magnet) which measures the current flowing through the

magnet.
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Fig. 4 Typ1ca1 cycle “of operatlon of the electncally oper ated
' ' valves in the gas control system.
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D. Magnet

The cloud chamber is operated in a magnetlz, 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
'Q‘f the magnetic field over the volume of the chamber in which tracks
are photogréphed does not exceed 2.5 percent. A table constructed
from a uniformity plot of the magnetic field enablés 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 permanenﬂy mounted on the magnet-control cabinet, is _
read to an accuracy of £ 0. 25 percent each time the magne't is emergized.
--Although one tries to maintain the magnet current at 4000 amperes, oc-
casionally a drift of a few ampe.res may occur, and so a small correction
on the magnetic field is made for thié 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.

CE. Tém"pera':’tuvre Control

.'I“he ‘maiin body of Athe cloud chambe,x" is maintained at a tem-
perature of 19° C by a temperature-controlled water circulating system
‘. in the .g_apv of the, magnef. To avoid the development of a temperature
ngradient inside the cloud chamber from gas flow into the lower volume
;._'ofrthe éhamber, ﬁ'om discharge into the expansion boxes, and from sub-
| sequent exhauSt_' into the atmosphere, the gas is pre-heated (See mention
‘'of heaters in the se—cfion on the gas c‘o‘ntrol system. ) before it reaches
the chamber. A bridge-éiréuit employing Western Electric thermistors
as reéistance elemenfs, and a Leeds and Northrup Micromax Recorder,
 ten millivblts full scale, records the temperature difference between
the'top.and bottb’m 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 Cyclotron -

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) fill lower
volume, (2) slow expansions, (3) fill expansion boxes, (4) dump ex-
pansioﬁ boxes and, (5) pneumatic reset. The valves are either manu-
ally controlled by toggle éwitches, or are automatically operated by
microswitches which rest on cams driven by a variable speed d. c. v
motor. In addition, the slow timer activates the film-wind: mechanism,
turns on the magnetic field, and o‘per'atesva time delay Whiv-Ch, in turn,
triggers the fast timer.

‘Vacuum-tube -operated relays in the 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 flluminate the
number -counter and the magnetic field current meter, :(3‘):-sztagtihg the
fast expansion, (4) pulsing the cyclotron and, (5} initiating the .condenser
discharge through the flash-tubes. An adjustable RC-network-in the
grid circuit of each vacuum tube {(6SN7) allows a time-rangé-control up
to 200 milliseconds. R | -

It takes about 2. 5 seconds for the magnet current to reach
the value 4000 amperes, where it remains steady for about 0.2 'second
before being turned off. The time delay on the slow timer 1s édjusted
so that the ,fa.st expansion is completed during the steady'pefida"of the
magnet current. A few milliseconds later the cyclotron is pulsed three
times and the neutrons pass through the cloAud chamber. B -

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 screeﬁ. The horizontal
time eweep is triggered at the instant the slow timer starts the-fas_t timer.
Timing marks for calibration of the hqrizont_al 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 fest timer

which initiate the fast expansmn and the condenser d1scharge through the

flagsh-tubes, (2) a 51gnal from a switch called the ‘bottom: sw1tch in the

chamber base (This sw1tch is closed when the expans1on is completed.) and,

. (3) signals from a counter respond1ng to the cyclotron pulses Fig. 5 shows

'graphmally the succession of events which occur when the cloud chamber

|

. is operated with the cyclotron.
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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

Figure 6 shows the results of some work by W. P. Ball11 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 gr,eater yieldlof neutrons than
does 2), (2) giveS' a narrower spe'ctrum and a proportionally smaller low
energy tail. If a th1cker lithium- deuterlde target were employed one
might hope for a h1gher yield of neutrons W1thout sacr1f1c1ng too much of
the desn:able features ‘of the thmner targett A br1ef exper1ment with the
high pressure cloud chamber, filled W1th hydrogen, revealed the fact
that just as rnany neutrons with energles above 200 Mev were produced
by al- 3/4 1n tthk 11th1um deuter1de target* as from the 2 in. thick
berylhum target There were much fewer neutrons of lower energles
however _ Accordlngly, the 1 3/4 in. thlck lithium-deuteride target was
used An’ the n-p scatterlng exper1ments whlch are about to be described

1n thlS paper

' B Colhmatlon e

See F1g7 for a sketch of the collimating system. The neutron
:be:a'm from the cvelotron passes through circular holes in the tapered lead
collimator and the concrete shielding, through rectangular holes in the
first and second copper colhmators, and finally through the. thin windows
) ~of the cloud chamber. Table 2 gives some data on the d1mens1ons of the

¢

components of the collimating system.

* Supplied by W. P. Ball.
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Fig. 6 FEnergy spectrum of neutrons from a Li D target 1/2 in.

thick, The results shown are due to Ballll and Hess.



-25- | ‘

10 FEET

.- MU=-4779

Fig.. 7 Collimating system,



-26-
TABLE 2

Dimensons on the components of the collimating system.

e

Shape Dimensions
Component Length of Hole of Hole
tapered lead
‘collimator 86.5in. . circular .6 in,
concrete . . ' ‘
shielding : 208. 0 in. circular 12 in,
first copper _ . - -
collimator - 30.0in. - rectangular 1/2 in. x 2 in.
second copper ‘ : Co R
_collimator 34.0 in. rectangular . 5/8in. x 2-1/4 in.

C. Alignment ' ¢ ol wian Ly

: ’Fi_g'ﬁ‘re 8 shows sbn"x"eﬂ,’of. :the'.apparatus \}Vhi‘ch is employed for
‘aligning the cloud chamber with the neutron beam from the cyclotron. A
set of five crosses (1) is marked on the hdriz.o‘htél cover glass (2) of the

cloud chamber to define the direction of the neutfon beam. An auxiliarsr

-unit consisting of two sets of crost‘és;:(‘:;j)'—whfch-a-r—e—s—c-ri—bed—on—t—h-e—];.ueite
plateé (4) is attachablé_ 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'to:a platform on the magnet frame. The
magnét is. rotated, trahslated, 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 charﬁ’-
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. (1) 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
2F, ,Neérly all the data which will be presented here was taken in two
runs, each lasting two days. The time between expansions was fwo
minutes with each éxpansion yielding about four to five high ehergy pro-
_ton recoils for three pulses of neutron from the cyclotron. One picture
in ten was téken witflout the magnetic field as a check on turbulence in

.the‘ chamber.
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4. REPROJECTION AND ANALYSIS OF THE PHOTOGRAPHS

A. Reprojection of the Photographs

A double projector, Fig. 9, employing two Western Union
arc lamps, type 100, throws a pair of life-size images of the tracks
formed infhe clowd ’chamber on: a"special“coated glass plate (Eastman
‘Recordak green translucent screen) The focus of each lens in the
projector is adJusted and the film 1s moved in its holder until the
images of the five crosses on the cover glass of the cloud chamber

become normal 51ze and c01nc1dent The{ zero sett1ng for the beam’

angle B (angle of rotatlon about a vert .»axm) is made while the line

BB on the measuring: plate 11es along ‘the supenrnposed images of the
five crosses The d1p angle a (angle between the measuring plate and
a hor1zontal plane) is also zero when the me,asunng plate is in the '

pos1t10n Just descr1bed

AN A
Brrda

B.. List 6f Quant1t1es Measured for/ Each Track

-

The follow1ng quant1t1es were measured or recorded for
each. track : LT e
“ .lf, _The,sl’anjt ‘radiusf,‘_olf' ‘cur\}'ature pg (cm.), or
s - .range R (cm.) 1fthe track ends in the illu--
minated part of the chamber.
The dip angle a (degrees).
The beam angle B (degrees).
The distance Zo (in.) from the bottom of the
cover glass to the origin of the track.
5. The length L (em.)-of the chord of the track.
6. ' The:distance" Z (m ) frofn the bottom of

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 current'l (arnperes) as read on the
large. ammeter on the magnet platform (See
« ‘gection 2D); " ;
9. " ‘The magnet current I' as read on a small am-
.. meter which is. photographed. (See section 2D).
10 'The counter. number to identify a stereoscopic

pair of pictures,

A vezl‘tical"adju_s‘fment.and"tr‘an”slati'on of the measuring plate,
Fig. 9, still in a h‘orizontai poeition, is made until the ori'gin 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 .n‘ about the horizontal axis until
the two track images coincide. The sl‘a‘nt radius of curvature pg 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 perpendieular to all the arcs is

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

angle . The qﬁantity Z, is measured to make sure that the track starts
in the collimated region of the chamber. The quantities Zy,, r and I are
used in the determination of the magnetic field strength B at the center

of a track. The lengthof the chord of the track is measured so that the

" error in the measurement of pg may be determined (See Append1x Al).

C LlSt of Quant1t1es Calculated for Each Track

\

.Bpg cos a. , A o
The kinetic energy T (Mev) of the proton
.- The: angle 0 which the proton. makes with . -
+_-the direction of the neutron beam.
4. The kinetic energy T, (Mev) of the neutron -
which scattered the proton. _
5. The angle 0' which the neutron makes with
the direction of the neutron beam in the

center of mass system.
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The azimuthal angle ¢.
The correction factor (0, nb),:‘ based on the assump-
tion of azimuthal symmetry, where ag is maximum
dip angle accepted. in reading tracks.
"~ The ‘qu'antities listed above are calculated from the following

formulae:

4 2
_ 10 -

 Bpg cosa = — [»Tp (T, +1876)] " o “ (1)
cos @ =cosa cos P : R (2)

o ' Tn CC)S2 Q :
Tp = T+ 7T, sinZ 0/1876 o3

' ~ cot 0'/2 S - Co

tan ¢ = 1+ Tn/1876) 1_/2 e R (4)
- tan ¢81n B =tan a o __ ) o (5)
£(0, ag) .= A

PR | R y . S
sin~" sin ao/ 51n0

_ Slnce the formulae (1), (3) and (4) appear frequently in the
,11terature on n-p scattering the1r 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 userd extensively throughout the. .
calcﬁlations; - The iange -energy relationship for the high pressure hydrogen
gas contained in the cloud chamber is shown ‘on the nmomograph for formulae

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

'a. Lower L1m1t of 155 Mev on the Neutron Energy The slant

radius of curvature pS of a proton reco111ng from a neutron of energy T,

‘in a magnetlc f1e1d B 1s g1ven by the expre351on

¢

SRR 'pcosﬁ . o o

Ps "T+T /1876 8inZ 0 o . o
where  p = 1§0B_ [Tn(Tn + 1876)] : R ' (8)
and cos @ = cos a cos

R "The derivation of (7) and (8) which follows from (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°

86 2 cos {3"

Ps = 1+0.1083 sin2 p | . (7")
and for a = 50°
86.2 cos B

Ps = 1.049 + 0.034 sinZ B (7*)

" Unless the slant radius of a track is greater than the values indicated by
formulae (7') and (7'') the track is rejected from further consideration.
b. ‘Acceptable Region of the Cloud Chamber. 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
2.3in. x 6.7 in. The region selected for run No. 1 is smaller than it

is for rim_ No. 2 because of presence of the greater 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 Angle L1m1tat10n On account of the relatlvely small

height of the active volume of the cloud chamber tracks dipping steeply
in the chamber become shorter w1th 1ncreas1ng d1p angle. For example,
the length of a proton ‘track hav1ng a d1p angle of f1fty 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 df the track, in the deter-
mination of the energy of the neutron associated with it. Accordingly,
only tracks with dip angles less than f1fty degrees were measured and
the remaining tracks were accounted for by applying the we1ght1ng factor
(0, a, = 50°), based on the assumption of az1mutha1 symmetry, to each
track measured. ' . L ‘

d. Scatter Angle Limitation. Consider the situation in which

‘a proton is s’c‘attered'through a large e'nou'gh’ angle 0 so that its energy

‘ TI", may be determlned through a measurement on its range R'in the gas.

Table 3 shows how R varies with the energy T '6f the incident’ neutron
for @ = 859,  In addition there are tabulated values for the neutron angle

Q' in the center of mass system.

TABLE 3

T, (Mev) 0 ' Tp(Mev) R{cm)
155 . 85° 9.40 o9 L4
200 859 . 9.3° 1,37 Co2.2

300 0 850 - 9;00 ©oL96 40

'.,\._551nce it was, felt that tracks w1th R $1.4 cm.. m1ght be overlooked tracks

for Wthh 0, 85° were re_]ected in the results of this paper, even though
a few were measured for deflection angles up to 86° to make sure that

no tracks were missed.
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5. RESULTS AND CONCLUSIONS

_For the neutron spectrum 1435 tracks were selected from the
angular group (094 0'< 85° and 0° {a 250) for which the energy
measurements are best \ Tne results are ‘'shown in Table 4. The omis-
sion of tracks with dip angles greater than 25° is accounted for by
‘jmultlplymg each track measured by the correctlon factor £(0, .y = 259)
(See equation (6) ). Also, a correct1on is made on the da:ta for the '
4var1at1on3 of the cross sect1on with energy. A constant cross section of
37.08 mllllbarm correspondmg to the value for 290 Mev was used for those
neutrons wh1ch fall into energ1es above 350 Mev, since they presumably
vappear there ‘through errors in measurements Figure 16 g1ves ‘a histo-
gram of the data along w1th statlstmal error for each 20 Mev group of
. neutrons. In F1g 11 the errors in measurement have been unfolded
(See Appendlx A 3.) from the hlstogram (2) to give the true spectrum
(3) The peak of the spectrum from the 1- 3/4 in. thick 11th1um-=deuter1de
'_target occurs at 307 Mev. Curve (1), which 1s normahzed to ccmtaln the
" same number of neutrons as curve {3), represents the neutron spectrum

| ‘of Ball11 and Hess from a 1/2 in. thick 11th1um-deuter1de target The

' "agreement is excellent since one expects a shghtly greatér 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.
Theangular distribution data, consisting of 2057 tracks which
lie in a restricted angle and energy range (T, > 200 Mev, 0° { a £ 40°,
and 10° £ @' < 180°), 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 (0, G, = 409°) to take into account the tracks (a > 40°) which
are not included in the distribution. The average cross section o-(Of',' 0'2)
in mb/steradian for any angular interval 0! < 0' Q) is determined from
the fraction AN(QY, 0! )/N of the total number of tracks in the interval,
from the solid angle factor Aw(0], QZ =2 mw|cos Qi - cos 9'2 for the
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TABLE 4.

Distribution in Energy of the Incident Neutrons

(0°¢ 0 < 850, 09§ ag 259

Number of Weighted R " No-
Mev Tracks. - Number - o(mb) -~ - 37.08
160-180 55 ~ 9Ls 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
260-280 200 '352.0 37.87  344.7
280-300 263 424. 4 37.08 d24.4
300-320 237 379. 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 U 16.6
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spectrum (3) for the 1-3/4 in. thick Li D target.
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"TABLE 5

| 'An'gul_-ar Distriﬁution of .Neutr‘o"ns' in Center of Mas'é }Sy:.s‘tem

| Angle .

10-20

20-30
. 30-40

40-50
50-60
60-70
70-80

90-100

110-120

120-130
130-140 SR
118

140-150
150-160

160-170

170-180

(0° < a £ 40°, T _ 200 Mev)

Number of - .b

Tracks

© First Run

26
42

50

70
.66
70,

63

18

104

e
90 .

114

98
81
36

- Number
_for

" Both Runs -

37
e
86

102
- lot
98
loz
112
16

166

163
170

179
193
165
139
66

We‘ighiv;e.d‘
Number
82
121.
181.

. 205.
~200.
173,
6L
155,
125,
166.
163.
170.
179,
193,
165.
139,
66.

O © OO0 0O 0 0O WYL YN O OV N

| mb per
Steradian
:A3.83 +

'3.48 +

3.81 %
3.50 +

:2_96 +

2.31 %

2.02 =

1.89 =
1.51 =
2.07 £
17

2
2.51%
3.06

. 4.06 %

4. 71 =

6.48 =
9,14 %

.63
L41
.41
.35
.29
.23
. 20
.18
.14
. 16
.17
.19
.23
.29
.37
.55
.12
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interval, and from the total’'créss section or mb, according to the formula
. O'(O' 0 ) Aw (Q' ) =% AN(Q' 0')/N In order to compare the results
of thls experlment with those of Kelly, et al 6 O"T was chosen to be 35
mb, Figure 12 .shows a h1stograr_n of the angular distribution data along
with the statistical error.s for each ten degree group of neutrons. In'Fig.
13, the experimental points of Kelly, et al“' 6 who employ a counter
'techn1que9 ‘ are compared with the cloud chamber data. The agreement

in the two sets of data is good The spec1a1 pomt (solid c1rc1e) at 1759 is
calculated from the counter data by 1ntegrat1ng under a smooth curve
drawn through it over the interval 1700 L0'g < £ 180° and then by dividing
the result obtalned by the sohd angle for the 1nterva1 Flgure 14 shows
‘the compar1s on with theory ' The d1sagreement between the exper1menta1

" data (1) and the" “curvesl0 representlng the theorles of Chrlstlan and Hart?

(2), Jastrow9 (3) and Chr1st1an and Noyes8 (4) is part1cu1ar1y strlklng for

" small neutron’ scatter angles

 Table 6 lists some angular d1str1but1on data (T ‘ 200 Mev,

- 0°9¢ a <509, 10°< 0'< 180°) wh1ch is cons1dered to be less rehable

(see Section 5 én experimental checks.) than the data Wthh has been
presented in Table 5. The data, consisting of 2189 tracks has been cor -
rected for the tracks not measured (a > 50°),_by applymg ‘the we1ght1ng
‘factor £(0, a, = 50°) to each track. The process of norma11z1ng the data

- 'to 35 mb has been d1scussed prev1ously
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Fig. 12 The hlstogram shows the angular dlstnbutlon of neutrons
in the center of mass system for. a restricted angle and
energy range (T > 200 Mev, 0%« < 40°, 10° £ 0£1809).
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Fig, ‘13" vao sets of data are displayed: here, the cloud chamber
: work ghlstogram) and the experimental points of Kelly
et al. © on the angular distribution of neutrons in the
center of mass system. The meaning of the special
point is given in the text. '
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The experimental data is compared here with the results

of calculations!0 from three theories.’» 8,9 The disagree-
ment 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° ¢ a £ 50°, T, » 200 Mev)

- Number of Weighted - -+ . mb per

_Angle ..., Tracks . Number . ..., -~ Steradian
10-20 40 S 691 193,41 %0.54
20-30 | 69 . 191 3.60 % 0. 43
30-40 97 162 359 0. 36
40.50 123 192. 1 3.47 0,31
50-60 123 177. 3 276 % 0. 25
60-70 ,, 114 , 151.0 ° - 2.13:0.20
70-80 . 130 ' 140.1  1.85%0.16
80-90 133 133.0 - 1:70 % 0. 15
90-100 119 120.0 - 1.5420.14
100-110 T 166  166.0 2.19%0.17
110-120 163 163,00 2.30+0.18

120-130 1o 17040 2.65%0.20
130-140 " 179 - 179.0 3.23%0.24
140-150 . 9193 0 . 193.0 © . 4.29 £0.31
150-160 -© - 165 - 1t . 1650 4.98 £ 0. 39
160-170 139 139. 0 6.85 % 0.58
170 - 180 66 66.0 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: () n +p—ow~ +p+p, (2)n+p—nt+n+n
‘and (3) n + p>7°®+d. No events of type (1) were observed. The one
event of type (2), in w}iich the vt 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 V
ionization and éurvéture, were observed starfing in the collirhated re-
gion of the chamber.. One of these deuterons (95 £ 29 Mev‘), making a
wide angle (51. 5°) with the direction of the neutron beam, arose from
an elastic scatter of a’uneut'ron 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—vy
+ d) since its angle (9.5 % 0. 59) exceeds the maximum angle of 7° re-
quired by the enei’getics of the tylﬁe (3) reaction. The four remaining
deuterons (ehergi‘es 117-226 Mev, angles 2.0°-3, 4% satisfy the ener-
getics of either the type (3) reaction o_Ar the energetics of the radiative
capture process. (It is quite improbable that any of the deuterons which
lie in a cone of aperture 10° 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 angle for elastic scattering.) An
estimate of the radiative capture cross s_ecfion for 300 Mev neutrons
~on protons yields 1.0 x10-29 cmz_. (This resuit is obtained by applying
the method of detailed balancing!4 to the data by Gilbert!5 on the photo-
disintegration of the deuteron at high energies.) The cross section for
the four deutérons can be estimated from the known cross section for
eldastic n-p scattering and from the number of protons which were
measured to give neutron energies, say, greater than 270 Mev. The
result is (8 + 4) x 10-29 ¢m2. Since this cross section is at least
fo’u:r. times as large as the estimated radiative éapture cross section,
we conclude that some of these déute,rons, if not all of them, were
,_acc'ompanied by neutral mesons. Figs. 16 and 17 show photographs

of deuterons starting in the gas of the chamber.
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Fig. 15

Cloud chamber picture. An example of the reaction
n + - -+ R

p=7m"+n+n. Then meson, 4 Mev, starts at
the center of the circle A and makes ohe complete
revolution in the chamber before leaving it.
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ZN- 816

v »

Fig. 16 Cloud chamber picture. The deuteron which starts at
the center of the c1rc1e A probably is a product of the

reactionn + p = n° + d.



Fig.

. ZN=515

J:'{‘

17 Cloud chamber p1cture. The deuteron which starts at
the center of the circle A’ probably is a product of the
reactionn + p = w0 + d.
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7. EXPERIMEN'__I‘AL :C'_HECKS AND DISQUSSION OF ERRORS

-, Generally, the highest energy p._roton rracks are clearly visi-
ble everywhere in the illuminated region of the chamber. Howe.ver, some
. sections of film, taken at times when adjus,_tment.s'x were being rnade to
.determine the best qperating cqnditiens for the chamber, e»xhijbitr high
energy tracks which are faint near the cover glass. Accordingly, a rule
. was adopted to reject pictures unless they cpntair_red highenergy tracks
clearly visible up te‘:a distance 1/4 1n 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 whlch it starts
before it is accepted. . A portion of the data, already measured by the
writer, was selected a\rrd measured independently by a second observer
- who followed tﬁe same limits. -.He four.xtd‘.‘t_;hat the writer had missed two
tracks in.a hundred .mea_sgred. The two sefs of measurements were re-
producibile to + 1.5% in the dip_angle and to :!: 0. v5° in the beam angle. In
: ‘ac.ldition, calculations on the sagitta of eaeh track s‘howed that the sagittae
- were reproduc1ble to £ 0.005.cm. A stereoscop1c viewer, recently de -
_,veloped ‘with, magnlflcatlon and illumination characteristics superlor to
those of the reprojection apparatus, provided the author with a rapid
and a psychologically different method of scanning the f11m Another
. section of film was sc anned with the viewer; misses were observed and
then were measured on the reprojection apparatus. F1ve .acceptable
- tracks.in 250 were found which previously had been overloocked. Of the

seven tracks in 350 which had been overlooked, four had dip angles in

. the range 40? < .a £.50°. .On the basis of this samphng procedure, as

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

{a < 50° » T, 2200 Mev), it is estimated that a total of 44 + 17 tracks

have been overlooked.wjj;h 25 £ 9 tracks lying in the interval 40°< 0 & 50°.
. In particular, for the range of angles 40°< 0 509, 45°< ¢¢ 1359, and
225°¢ ¢ £ 3159 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 récoil protons with two-pronged
oxygen stars (where the recoil nucleus is ‘a tiny blob at the origin of the
star) has been 1nvest1gated Ford!® {in connectmn with his cloud chamber
work on the d1s1ntegratlon of oxygen by 300 Mev neutrons) read a portion
of the writer's film. He estimated that apprommately 120 oxygen stars
were present in the data Furthermore he states, from exper1ence with
" "his own data, that twelve of these stars should have two prongs This
result is not 1ncons1stent w1th the result obtalned by the wr1ter, so it is
concluded that no confus1on arises from the presence of oxygen in the
chamber. o

‘ | Although the accuracy of the repro_]ectlon apparatus has been
checked prev1ous1y an additional check on it was made in the fOllOWlng
- way. F1g 18 shows a ‘double - scatter1ng event in the gas of the cloud
chamber. ‘A neutron collides with a proton and the proton moves on to
collide with another proton. Several pictures containing .events' of this
‘iype have been found. One of these (not the one shown in F1g 18) was
‘measured to determine the angles of the three protons . The calculat1on,
based on thése measurements, of the angle between the scaftered protons
leads to a value which agrees, within the previously stated errors of
measurements, with a value predicted from the study of the relativistic
k1nemat1cs of the situation. | o o

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

1nvest1gat1on of the radius of curvature Py arising from turbulence in the
tracks lying near the horizontal plane was made by measunng 92 tracks
" contained in these pictures on a precision travelhng microscope. The
curvatures were measured by plottmg the track on a scale enlarged in
‘the direction of the sagitta so that it could be measured more accurately.
The distribution in curvatures C; = l/pt is Gaussian with the standard
deviation C; = (33m)-!. It is assumed that this result can be applied
to an error analysis of tracks whose lengths are greater than 8 cm. and
whose dip angles do not exceed 25°. For shorter tracks we assume, on -~

the basis of the most turbulent tracks measured in the above group, a
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s 1 i

Flg 18 Cloud chamber p1cture. A neutron collides with a proton
‘at the ‘centér of circle A, The proton moves on and collides
..-.with @ second proton at:the center of the circle B.  This
double -scatter event can be used to check the accuracy of

.-

" the repro_pectxon apparatub.
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standard deviation Ci = (23 m) -1, Steeper dipping tracks in the ranges

of dip angle 30° < a £ 40° and 40°< 4 € 50° were found to possess tur-
bulence curvatures up to Cy = % (4 m) -1 and Ci =(1.2 m) -l from measure-
ments on the no-field pictures in theu_rep”rojvect-ion 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.) o

The distribution of tracks in azimuthal angle for a € 500 is

shown iﬁ Fig., 20. Tracks which fall into the excluded region (a ) 50°)

are not measured but may be accounted for by applying the correction
factor f(@, a, = 500) 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 subsvtantiateb the éssumption of azi-
muthal symmetry except for those numbers which lie in‘s"qﬁares 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 ¢ 50°.
A first set of squares is defined by the range of azimuthal angles 45°¢< ¢
<& 135%-and 225° £ ¢ & 3159. - They-contain 27+ 30 +.18-+ 19 =.94 tracks.

The energy measurements on this group of tracks are relatively poor be-
cause of the presence of thé‘comparatively large turbulence in this region
~of the chamber. Consider the remaining squares which contain 26 + 42

+ 36 + 48 Z152 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 éeﬁcie'ncy

58 so we conclude that the estimate of the errors is good.
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Let us consider a third group of squares (30°4 0 < 40°,
459 ¢ él35°}, 2259 £ ¢ & 3159), 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°.
appear to be in doubt,. they are. excluded from the data. Figure 21 shows
the azimuthal distribution for a & 40°. Although it still contains portions
of the track-deficient squares the total number of tracks in the vertical
column is only d1m1n1shed now by about twelve percent It is to be com-
pared with the ad_]acent group wh1ch dlsplays a def101ency of five percent.
Figures 22 shows ‘an ax1mutha1 d1agram in whose squares are
entered the quant1t1es p(300), q, .and (p2 +.q )1/2, which have been obtained
by applymg an averag1ng process to each square (See Appendix A 2.). They
represent respectwely, the energy-dependent error, the angle -dependent
error and the total error in the measurement of the energy of a 300 Mev |

neutron (See Append1x A 4 ).
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. PERCENT ERROR IN MEASURING THE ENERGY
: OF A 300 MEV NEUTRON ‘
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Errors in the measurements of 2 monoenergetic neutron
beam of energy E' = 300 Mev. The percentage errors

p(300); q and (p2 + qz)1 ¢ which are written in any square
are based on the Gaussian errors in measurement on the

‘tracks contained in the square. Some squares are vacant;

the non-Gaussian errors for them are calculated in Appendix
A-5, '
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- "APPENDIX A

1. Der1vat1on of the Formula for the Error in. the Energy of a Neutron

An approx1mate expre531on3 for the fractlonal standard error
in the energy of a neutron.may be obtalned by d1fferent1at1ng the non-
relativistic formula for the neutron _ener_gy B

T . o Does i
n ZMCZ _ ,’?95':(3

to yield

ST'II': ) {(ﬁBB_)Z +(§%§); r-(.tan (5 8&3) :, 2

H

(The symbols have already been defined in the text. ) The net fractmnal
" ‘error (Sps/ps)N in the curvature of the proton ‘track associated with the

- neutron depends on (1) the d1p angle error Sa, on(2) the uncerta1nty
(Sps/ps)M wh1ch appears 1n 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
"turbiilerice radius of curvatute pt' Slnce the slant radius Ps is re1a1:ed3
to Py the radius of the track if it is measured in a ‘horizontal plane,

by the expression pH = ps 2 a one can deduce the error express1on

B o 1/2
( lv [(2 tanaSa)z (SPS : +(Ps/Pt) ] / .

If we assume that the problem of measuring pg for a track is a matter
of measuring a sagitta t for a chord of length L, then for a sag1t_ta‘error

5t =% 0.005 cm. the matching error is

(sps)_ _ Bpst _ 008,
Ps)m —S—Lz e
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By employing the non-relativistic forms of equations (7) and (8) in the

text

and p = A (1876 T 2

‘we can p\i’t_ the matching error in the form

_— . [Ps - 0'. 04 pcosp -
S W A

The various errors are collected together to gi:v'e"_vth‘e total fractional

error

. ) ‘ B ‘ S, 5 1/2
8Tn  _ ¢B e 2 i aea2 , [0:04p cos P p cos B
T z[(a-g-) + (2 fan .avS a)v + (tarx ﬁSp) + ( 12 ’ + ( o

in the neutron energy. 'We now define the functions

- o /o, 04 2 12 1/2
Fp, L, p.?) =2 cos pl:<—LT) + (—5t—) :l

._ - 12 : ‘
and G(B, a, B) = 2|:(-8§) +(2 tan ‘qSuL)’2 + (tan [3'56)2]

1/2
and calculate the curvature p for a magnetic field strength B = 21, 700

gauss. The result is
' B L 1/2
p :» 66.54 (T )

Finally, the formula for the frac,tioxfxal error in the :meésuremenf of the
neutron energy is | : I | .
s'r - (p2 F2 + G,.7_)1/2_

n

where p"isv the :'bniljr'vaii'iab'lé which dépends on the neutron energy.
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‘Energy Resolution of the :Cloud.Chamber - oY e Dy

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. s ’
Consider a beam ef rﬁehoenergetic neutrons of energy E'
which enters the cloud c;hamber and produces recoil protons:in the gas.
If the neutron associated with the ith track has the fractional standard
error in energy -o; and the ith track has the weighting factor f (See
Appendix B.), then the spectrum wh1ch results from the measurements

on T f; = N weighted tracks is characterlzed by a standard error o.

. 2 1/2
oo [FH%)
N

holds true for Gaussian errors.

. 1 P
N The follow1ng expression

Since the final result of Appendix A 1 gives
 2.1/2
o= (62 FF + G2

we can calculate ‘s from

. Nol = 202 a2y L2 | ~2
©ONoZ=Z g (pf FY 4G = p? (B f F) 4 (T4 G-
: Let us define quantities a and by by the equations . .

a = (66.54)2 (T £, 'Ff)/Nw |
. |
b= (>i: £2GH)/N

| Tbey ‘al':"e' coﬁstaﬁt:s of the clbﬁ& ‘c.bafnber“fbr ‘the eiﬁerfmeht béiﬁg per-

formed. Slnce p(E') = 66 54 (E')l/2 we may express o in the form
T G(EBY) = (aE' + b)Y/ 2.

The quantltles a and b may be determlned by calculat1ng 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. Operatlon of Unfolding Errors of Measurement from the Exper1menta1
- "Neutron Spectrum :

Let K(E E') be the exper1menta1 error functlon, normahzed
to unity, whlch removes a neutron from its correct position in an energy
1nterva1 dE"* about-E" to the observed interval dE about E. If {(E') is the
true spectrum and F(E) is the observed spectrum, then the number of
neutrons which are observed in any interval E] L EL E2 is glven by

E E!

K(E, E') f (E') dE' dE
! .

| I G
NEL By = g FE)GE= g
where the ‘trué spectrum extends over the range E! & E! éE'Z - Let us
approximate the integral over E' by a sum over small but finite intervals
8E'. If $n(E') = {(E')$E" is the number of neutrons which lie in any finite

interval SE' of the true spectrum, we may write, approximately
, . fEZ .
N(E,, E,) == on(E') K(E, E') dE
Bylchoosing the interval Elé ‘ ‘< EZ to be small we may replace N(E;, EZ)-

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

»measured spectrum L

: fE + S—EZ— o .
F(E) _E' i’sl!j‘.?.)_ eE K(E, EE

. The errors in measurements on the neutron spectrum are Gaussian so

the error function has the form

B (E - EN? .
L P - TA[)_
CKE,EY)Y="T"775, e .
| (2 “)1/2 A

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 A(E') = E' ¢(E'). A
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' calcul'ati'on‘(The'-rn'eth'of‘d'is outhnedln Ap"pe‘ndix'A 2. ) cf'the’ errors in
measurement on 159 tracks of the type used for the neutron spectrum

lead to the emp1r1ca1 formula '

A(E") = E" (0 00241 E' + 0. 223) /

The express1on for F(E) 1s now
, sE

E+ % - (®-EWZ

_ Sn(E!) ( , 1 T 2A%
CFE =2 —E- .. 8 @Y%a ¢ dE
. H - —z— . .

If we make a change of variable t = (E E' /A and set tt = (E +1/2 SE E')/A,
'=(E-1/2 8E-E')/A, and R
A

1(t+ t7) —1/(2«)1/2 5; e % at
we get the expre’ssiaon

Sn(E'i

FE) = 2, g Ith )

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

I(t*, t~) was constructed in the followiug way: (1) energy intervals SE' =
10 Mev and 6E = 20 Mev were chosen; (2) tt and t~ were calculated from’ B
the.values. of E and E' at the mldpmnts of these intervals; (3) flnally, -
tables of the probablhty 1ntegra1 were consulted to obtain I{tt, t-). For
the purpose of calculation f(E* ) was assumed to satlsfy the condltlons
‘f(E' £160 Mev) = f(E' > 340 Mev) = 0. " The spectrum F(E) was calculated
by assuming values for f(E') unt11 a choice of f(E') lead to values of F(E)
which agreed with the experlmental spectrum This choice of f(E') gives

the unfolded spectrum (curve (3) in. Flg 11).
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4. Loss of Neutrons through Lower Ene)y Boundar Ys Assummg Gaussmn
Errors of Measurement. 4 ,

Consider. the ‘_neutror__is whichpare associated with tracks that
fall into the azimuthal and scatter angle intervals ¢ £ ¢ <€ ¢, and
01\< 0< Q‘Z'

Mev) are thrown into energies bielzow 200 Mev by. errors in measurement

A certain number of these neutrons (true energies above 200

and will appear missing from the azimuthal distribution (See F1g 20.).
Th1s number can be estimated from the formula
N(Eq, 2) =Z Sn(E') ' K(E, E') dE
E! E
1

which was der1ved in Appendix A 3, if we set El = 0 and 'EZ = 200 Mev.
The error function K(E, E') is
) (E - E.|)2

,, 1
K(E, E’m ©

where A(E‘) '-_' E! (aE* +’b)1_:/;2.:- The constants a and b for tracks lying in
the intervals ¢1 VAN TS ¢, and Ols < 02 may be evaluated by employing the
procedure of calculatmn outhned in Appendlx A 2 to these tracks:. Now
let us 1ntroduce the percent errors p(E') =100 (aE‘)l/2 and q =100 bl./2
the expressmn for A The result 1s A(E') =10-2 B! [pz (E") + qZ]l/Z

we know a and b we can calculate p(300)= 1100(3002)1/2 and g = 100b1/2.
Flnally, A’'may be written A(E') =102 E'[p2(300)E'/300 +4q ]1/2 Fig.
2 glves p(300), q, and. (p2 + q2)1/2 for groups of tracks in the angular
drstr,1but10,n. For example, p(300) = 16. 5 percentand q = 2.5 percent for
"0‘0 <0< 10° " The standard error in' Mev for this angular group is then
A(E') =10- -2 E' (0 908 E' + 6. 3)1/2 If we take ‘the neutron spectrum to
be the unfolded spectrum of F1g 11 then after followmg the procedure
outlined in Appendlx A 3 we find that 4. 8 percent of the tracks in the
1nterva1 0° 0 10° are expected to be mlsmng as a result of the errors

in measurement
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5. Loss of Neutrons. through ‘Lower Energy Boundary, Assumlng Non-
" Gaussian Errors of Measurement -

' To estirnate the number of néutrons above 200 Mev which are
thrown into energies below 200 Mev from turbulence in the tracks we shall
-~ procede as follows. We ‘ha’ve'as’.s’uin‘ed previously, Ap'pe'nd‘ix“Agl that the
error in the measurement of the radius of curvature pg of a track which is
caused by turbulénce is * Ps/Pt’ where pt is the radius of curvature arising
from turbulence. We will proceed to show that'this assumpt1on is not

~ valid unless pt >> pg- Let us consider the cases

11,1

ot  Ps Pt
nd SR U

p=. Ps Pt'

where p and p~ are the radii of curvature measured The fractlonal

errors in the measurement of ps are

PT-Pg _  “Ps _ _(Ps) __(ps) ) (Ps) ) .
. : Ps' ; ps+ pt' . ‘ Py ] - Pt ' vpt )

P oPs o _TPe =+'(Ps\ - (pSA + (ﬁs_)

. Py Pg - Pt -~ Pt / Pt } A\Pg o :

If Pt >> Pe the er-ror is = (p /pt) ‘chéyér,' if p, is ,coﬁparaole to pg

' vth1s result 1s certalnly not valid. ,

, Let C, = l/pt be the curvature in a track Wh1ch arlses from
turbulenCe Also, let P(Ct)dC represent the probablhty that a track

' will 11e in an 1nterva1 dC about C L The probab111ty is normahzed to

unity by settlng f P(Ct)dCt = 1. The measured curvature C 1s re-

lated to the true curvature C' by C = C' + Ct" Suppose f(C') represents

the distribution function for the curvatures of a group of tracks which



-67-

are to be, measured On account of the presence of turbulence f(C") w111

»be measured as F(C) ‘where

S F(C) = P(C - CNf(C"dC'.
‘ f(C') is assumed to be zZero outsuie of the 1nterva1 Ci < C' \< C'

The number of neutrons w1th energ1es in the range El' E'< E'2
which are thrown 1nto energ1es El‘ E E by errors in curvature measure-
ments corresponds to the number of tracks in the curvature, spectrum of
extent C’l £ C K C'2 which appeat in the 1nterval,C1\< cX C2° The number

is given by

| fcz [cz fc;‘-
N(Cp, C,)= Cl F(G)dC =c1 & Ple-cng(cnderde.

1

, Now let us study two groups of tracks The first group to be
con51dered (300 0¢ 4()0 45°< ¢< 135° 225° £ 6K& 315°) lie in squares
(See F1g 20.) wh1ch are symmetncally located about the excluded regions
- but removed one square from them ‘ Let us deﬁne a representatlve track
in this group by spec1fy1ng its angles a. 35 and [‘3 = 0° A second group
" to be considered (40°< 0 & 50°, 45°< 6 < 1359, 2250 < ¢ £ 3159) lie in
squares ad_]acent to the excluded reg1ons Let us deflne a representative
“track in this group by statmg 1ts angles a= 45° and B = 0° ~ The slant

radius of curvature p for any track is g1ven by the expression

e P C_;S B 1)
Pg = n .2
o ,‘1'+ 1876 °
. 104 ©o1/2 |
where P 3E [ T (T, +.1876)A] - ‘ (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
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CE' = Tn-'.. ‘From the:point of View of making error calculafions on these
tracks, even a different choice of B other than-the one wé have employed
(as long as B is not too large) will not appreciably affect the results. If
we assume that-B =21, .790,g_a;ussz we .can calculate C' = l/p‘S for, say,

a = 45% and B = 0°. The curvature spectrumf(C"), Fig. 19, is constructed
from the unfolded energy spectrumf(’E'), F1g 11. The values of Ci and
C' that correspond to the values E! = 200 Mev and E' = 340 Mev are

17

Ci = 0. 01064 cm. -1 and C' O 00818 cm., '1. The number of mlss1ng

' tracks for e1ther group of tracks mentloned 1s then

.. 0.01064 ... |
dc j £(C")P(C-C")dC"
‘0.01064  0.00818

(o]

Fig. 19 shows the form assumed for.P(Ct). Since - P(Ct)dct = 1 we have
AB =1, ' : : @ |
Con31der the f1rst group of tracks mentioned above. No
| tracks in this group were ever observed to curve the wrong way in the
magnetlc field so we assume that pt 120 cm. However ~measurements
(Luc1te template method on tracks 1n no- f1e1d p1ctures) on the turbulence
for this’ group of tracks dlsclose values of pt up to 120 cm., although some
of these tracks appear perfectly stralght We assume B = 1/120 cm. -1
- for th1s group _ - ‘
| . ‘ Con51der the second group of tracks mentloned above No
' tracks in this group possessed a turbulence curvature pt\ 400 cm. so
we assume B = 1/ 400 cm, -1 for this group
The results of the calculations show that 10 percent of the
‘ tracks in the first group are lost. through errors in measurement of the
neutron energy while the correspondlng figure for the second group is

36 percent. - . .
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APPENDIXB. . . ., ... .-

1, Denvatmn of Equatlons (Z) (5) and (6) which Appear in the 'I‘ext

Equat1 ons

| ees .0’=Lces.q., c_:‘o_:s‘_ﬁ_ e (2)

and " 7 tan ¢ 8in P = tana, e (5)

-may be derlved from a cons1derat1on of F1g 23 The hne OP represents

the tangent toa track wh1ch starts at the or1g1n 0 The.lrne 0OQ represents

Fig. 23

cosO-%%— %%— %%——cosa’cosﬁ

tana-%g— %g—— -(2—1%—=tan¢sinﬁ

Now we will derive the equation for the weighting factor

£0, ag) = _;'/.2 — (6)
. sin” (sin a o/s‘i'n 0)

First we must derive the equation

sin @ = sin O sin ¢
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by considering Fig. 23"of.1éé'.m01;e?'i"

“sin.g = %5— gg %—%: sin dSlzsin‘ o -

A'plot of the equation sin a = sin @ sin ¢ is given for the case
a = 40° in Fig. 24. If"onl‘y tracks for which a < a = 40° are measured,
then the remaining tracks lie in the excluded region bounded by the curve.
Now consider any limitihg dip angle a - Let NM(O) be the number of
tracks measured outside the excluded reg1on for a small band of 0.
' Assumeé azimuthal symmetry The total number of tracks NT(Q) (including
those in the excluded region) is glven by f(@ a )N where (0, a ) is a
weighting factor to be determlned. By co_ns1der1ng Fig. 24 once more we

can easily show

£0, a )= NT _ A4 +4B A+B n/2

N ‘_’4A A sin-1 (sinAa..o/‘_sin 8)

It is also evident frqm"fhé" diagran:i that f(0 < d'o’ ao) =1. The max1mum
value for the correction factor occursfor @ = 90° and has the value

o j :
£(90°, uo) =w/(2 ao).
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Fig. 24 A plot of the equat1on sin 0 sin¢ = sin 40° is g1ven.

The curve encloses the excluded region and contains
those tracks whose dip angles are greater than 40°.
The d1agram 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, ST,

——p = A aor cos ©
I + Tp71876 1+ T:‘n/187_6 _

.Consider the following two type"fdr;rn"slé’of nomographs (1) f(u) + £,(v)

= £5(w) (three parallel scales) and (2) f(u) = _,fz‘(v)f3(w) (two parallel
scales and a slanting scale) where the scales are to be labeled in terms
of u, v and w and fl’ fz and f are functions of these variables. The dis -

16

cussion now will be presented in outline form only and the equatlons

employed will be hsted without derivation.

Type 1 Let fl,(g) = 1eg cos_z'.Qf.

20 in. * Fig, 26

o .
80 - 100

_____ Loy
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25 Nomograph for calculation of the neutron energ'y.
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The scale equations (See Fig. 26 for definitions.) are

X,(0) = m, [ £(0°) - £ (9)]

KT = m, | 0T - £,0000)]

i

X,(Tp) = m, [f3(1jp) - f3(100)]

and the two scale factors mli and m, are determined by setting X1(800_) .

=_X2(350) = 20 in., while the remaining scale factor fn3 is calculated

from the equation . '

 mm,

‘ m1+m2 .

Let the width of the nomograph be a + b =14 in.,. then the scale spacings -—

a and b are calculated according to the formula a/b = ml/mz. - The results

of the calculations are o
m, =13.152, m

, =40.621, m, =9.935 a=3.424in,

and b = 10. 576 in,
Type 2 Let  4(T) = Tor w78
. ‘ T '
e m .. TIp |
. fZ(Tp) . Tp718’76

where u=T ,v=T_, w=20

- The scale equations (See Fig,. 27 for definitions.) for T, and T’p are

X,(T,) = my [£(T,) - £(150)]

X)T) = my [ £,(T)) - £,(0)]
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The location of the slanting scale for 0 is determined by specifying the

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

| " &+ myf, (150)
‘ v By s -25_0..41—-a -——— -—"“;9—(20 o~ T
T, Tp
) X, (T )
XI(T )
_ﬂ___..-,__. _1_501 ' o oL 15

By takmg a= X (550) 2 X (5) = 10 in. and 1ett1ng c = 7 in. the scale
factors ~m,; and m, z and the spac1ng b.are calculated to be m = 0.03391,
= 2:;002 and b = 2. 241 in. The scale for 0 is labeled in one degree -
steps by calculatmg values of T and Tp and then drawmg straight lines
across the nomograph through these values to 1ntersect the O scale.
In each nomograph the scales for T_ are also labeled with
values of B-p- cos a or range R so that Tp need not be calculated in

app1y1ng the nomographs to the experimental data obtained for this paper.

evaluate the kinetic energy T for a proton, providing its magnetic rigidity
is.kaov&n,

®

Figure 28 shows two superimposed scales from which one may
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Circular Nomographs

Figure 29 shows a sketch ef a (:1rcu1ar17 nomograph whlch

will be used presently to represent an equat1on of the form "W = UV

F1g 29

A circle of radius A = OD DO' has been described about the point D
The 11ne AC 1ntersects the dxameter OO' at the point B. One can derlve
" an expre531on for S= OB in terms of the radlus A and the central angles
9 and 0 The result is

V_S _

2A
1+ tan»-;l "t‘an%L ‘

We wish to:construct a ciréular nomograph for the equation

tan¢sm(3—tana ‘ R (5)

_which appears in.the text.. Let 0, = 2 ¢ and 0, = 180. - 2 a, then the
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following equation s

o
1t

= tan ¢
= tan (90 -a)
'HW=1/s1nﬁ , | : :
g Zhsmp | | | ,
hold true.

F1gure 30 shows the. c1rcu1ar nomograph which was employed
for the calculation of the ‘azimuthal angle ¢. The uniform scales for a
and ¢ appear on the circle while the d1ameter contams the non-uniform
scale in B obtained by evaluating S(p).

The radius of the life-size nomo-
graph was seven inché_‘s,g : ,

We wish to construct a circular nomograph for the equation

B t,_-_:w- o ‘ cot 0'./_2 o e — e e A P
an =3 1/ 2 4

which appears in  the text. I_._..etyol = 20 and 0, = 0!, then the following
equatmns hold true v

3
4
—
+
ol 5 S
[ 2
-
~
o

Figure 31 shows the cifc-uia”r nomograph which was émployed for the
calculation of the neutron angle in the center of mass system. The

aniform scales for 0 and 9' appear on the circle while the d1ameter K

contains the non-uniform scale in Tﬁ obtained by calculating S(Tn).

The radius of the life-size nomograph was seven inches.
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AZIMUTHAL “ANGLE -#

NOMOGRAPH FOR
GOMPUTING ‘AZIMUTHAL ANGLE

TANY SINB = TAN &

_E.

QUADRANT _TAB
o .40 5P\ Q|1]|2[3{4
3 IR s o s
L

CONVERSION SCALES FOR
Q¢2,34 WHERE
Q= QUADRANT NUMBER |

My-4765

~ . piP ANGLE & .

30 This nomograph may be employed to determine the
azimuthal’ ¢ angle from the d1p angle o, and the beam-

angleﬁ R _
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N-P SCATTERING ANGLE
: TRANSFORMATIONS

Fig. 31

' TAN @ cOTeE/B
e _un,,/la'rs)l,

°\ _
. -

~

. EXAMPLE:. ENERGY OF NEUTRON Ty» 350 MEV
“. i . PROTON ANGLE IN LAB. S, =65°
"NEUTRON. ANGLE' IN cnusd-ms-

ThlS no:nograph may be used to determme the neutron
_angle in the center of mass system from the proton
angle in the laboratory system 25 a functzon of the
energy of the incident neutron.

™



