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ENERGY DISTRIBUTION OF PROTONS FRQM A
TARGET BOMBARDED BY 190 MEV DEUTERONS
Warren W, Chupp, Eugene Gardner, and T. B, Taylor
Radiation Laboratory, Department of Physics
University  of California

Berkeley, California
October 29, 1947

Mostract |
Previous experimental work by Helnholz, McMillan, and Sewell

has shown that a narrow beam of high energy neutrgns is produced when

a beam of 190 Mev deuterons strikes a thin target. The mechanism for

the production of the neutrons has been discussedlby Serber, who describes

a pfocess in which the proton in the deuteron strikes the edge of a nucleus

i / in the target and is stripped off, while the neutron misses and céntinues
on its way., It is to be expected that an equal number of high énergy
protons are prodgced by stripping processes in which it is the neutron that
hits the nucleus, These high enérgy protons have been detected by (1) carbon
activation,‘and () photographic plates, Both methods give energy distri-

butions in agreement with the energy distribution predicted for protons

produced by the stripping process,
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ENDRGY DISTRfBUTION OF PROTONS FRQM A
TARGET BOMBARDED BY 190 MEV DEUTBRONS
Warren W, Chupp, Eugene Gardner, and T, Bs Taylor
Radiation Laboratory, Departmerit of Physicsv
University of California

Berkeley, California

October 29, 1947

;;, Introduction

The reutrons coming from the target of the 1840 Berkeley cyo}otrotﬁ
have been studied experimenta!'ly by Helmholz, McMillan, and Sewe112e mae
mechanism for the production of the neutrons from the deuteron beam has hes..
discussed by SerberB, who describes a process in which the proton in th=
deuteron strikes the edge of the nucleue'and is stripped off, while the
neutron misses and continues on its way. It is pointed out by Serber that
an equal number of high energy protohs are produoed at the_target by strippirg
processes in whichvit is the neutron that hits the nucleus, The object of
the present investigation was to detect these protons and to measure their
energy‘distribution. Professor L. W, Alvarez called attention to the fact
that the magnetic field of the cyclotron provides a convenient means of
separating protons of different energies, since the radii of curvature'of the
proton trajectories will be proportional to the momenta of the protons,

Two different methods were used for detecting the protons: (1) carbon
activation, and (2) photographic plates, experimentation with the two methodsr

being carried on eoncurrently, It was found that the data could be obtained

N - - - T .
W. M, Brobeck, E. O, Lawrence, et al., Phys. Rev, 7L, 449 (1947)

, .
A, C, Helmholz, Edwin M, M0M1llan, and Duane C, Sewell Phys, Rev‘
Dec, 1, 1947

3 , . . .

R, Serber, Phys, Rev, Dec, 1, 19,7
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fasterAénd more reliably by the carbon activation method, and the results from
thié“method are considered £6 be much ﬁore ébgurate than thoselfrom tﬁe photo~
graphic plate hethod) THe results %fbm thetphotogfaphic plate method will be
included, however, in order to corfoﬁoﬁgté e fifldings of the cdrbon activation
method and to give information which may be of interest in conneétion with
future applications of the photographic plate method,

2. Garbon Activation Method

It was pointed out by Professor E. M, McMillan that the reaction Clg(p,pn)cll
provides & convenicnt method of studying protons from the target, since the cross
section for this reaction is essentially constant in the range of energies from
60 Mev to at least 140 MGVA. The general arrangement of the carbon detectors in
the cyclotron is shown in Fig, 1, For each of the different radial positions
shown in the figure there were several carbon plates of dim;nsions 3 inches by
L inches by 3/16 inch, The 3/16 inch dimension was in the direction of motion of
the protons; and the plates were placed one behind another so that the proton
beam passed through several plates in succession, Enbugh plates were provided so
that the plates extended approximately 2 inches beyond the calculated range of the
protonss The carben plates were surrounded by lead plates of 1 inch thickness, and
the protons were admitted through an aperture in the lead shielding which was
1-1/2 inches high by 2 inches wide, The shiclding system was extended 10 inches
in front of the carﬁon,blocks, and at this position there was another aperture
which admitted all trajectories of horizontal angle up to ¥ 100 which could

strike the 1-1/2 inch by 2 inch opening at the carbon blocks, The horizontal
angle of a trajectory refers to the horizontal angle at which the trajectory

leaves the target, the direction of the deuteron beam being taken as zero, As
shown in Fig. 1, the protons leaving the targ?t describe an arc of 150° before
striking the detectors, Aﬁ the 150o position, thé trajectoriés at variogs hori-
zontal angles do not come” together as'nicely as they do at lSOOIpOSition.

However, the 1500 position is sufficiently close

by, v, Chupp and E. M. Mciillan, Phys. Rev, Nov. 1, 1947



UCRL~2
Page 6

to the 180° position so that the spread in energics at the detectoprs is only
about ¢ 9 per cent for 21l energics undér éonsidofatioh. The magnetic field
of the 184n cyclotron is about 5 per coht smaller at a radius of 80 inches than
at the center, In order to find the effebt.ph the pro%on trajectories of this
change in magnetic field, several trajectories werc plotted graphically. The
cffect of the variation in magnetic field was found to be much smaller than

the + 9 per cent energy spread mentioned above,

The activity in the carbon detcctors is a resultent of the effects of
protons, deutoroﬁs, and neutrons. The deuterons come from the vicinity of the
target, where they are~sgattered from the edge of the dec, They can pass through
varying thicknesses of copper in the dee depending on their angle of ineidence
cnd hence can appear at the detectors a£ any momentum position. At any given
detector position the deutcrons have the same momentum as the protons and hence
have half the énergY. The method of scparating the effects of the protons,
deuterons, and neutrons was to measure the activities of three plates at each
detector position,  One plate, at or near the position where the beam first
strikes the stack of plates, measured the total effect of the protons plué
the deuterons plus the neutrons, Another plate, placed beyond the end of the
deﬁtefon range but not so far along that the protons had ene?gies less than
60 Mev, measured the effect of the protons plus the neutrons. Still another
plate, placed wel% beyond the range of the protons, mecasured the effect of
the neutrons only.

With the detectors in place in the cyclotron; a copper targect of
thickness 1/16 inch was bombarded with l90'Mev deuterons for about 20 minutes.
The carbon plates were then removed from the vacuum .chamber, and activities
werc measured, The activitics were all correcteﬁ té some one arbitrarily
chosep time after bombardment., FHach plate was counted at least five times to
check the decay curve, Two runs were made, the sccond run to obtein points

approximately midway between those of the first. The first run showed that
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there were many deuterons present; large numbers of deuterons at the detectors
are objectionable because of stripping of the dguterons in the detectors, with
a consequent increase in the neutron background, The deuterons were largely
removed from the region of the detectors during the second run by inserting

a C-shaped defining slot in the dee 900 Mahead" of the target, The open end
of the slot was directed toward the ion source and the horizontal arms defined
the deuteron beam to a 3 inch vert@cal height, Thié gave a 1 inch clearance
from the top and bottom of the dee, The removal o? these deutefons did not
change the observed proton distribution noticeably,

The results of the activity measurements are given in Table I. The
activities in this table do nqt give directly the numbers of protons in the
various‘momentum intervals because tbe detectors, being of fixed‘height, do
not subtend thg same vertical angles, It can be shown that the number of
protons striking an area A at the detector is proportiog@l’to A/L, where L
is the length of t?e trg?ectory from target to ?etector. If Rp is the radius
of the proton path, then, for the 150° position,

L=§ﬁ%. » ,
Thus, in order to find the numbers of protons in the various momentum intervals,
it isnnecessary to multiply the observed activities by the proton trajectory
radil, The produéts of the observed activities and the radii have been
plotted in Fig, 2, The data from the two runs have been normalized to fit
on a smooth curve, Corrections for target loss have been applied.to the
calculated distribution curves, as will be explained in Section 4.

In order to be able to comparc the experimental points of Fig. 2 with
the calculated curve, we mea;ured the proton energy at one detector position
by means of the proton range. At_the position used for the measurement, the

proton trajectory radius was 37-1/l inches and the energy was Tound to be

88 Mev, From the radius and the energy, it is possible to calculate the
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v Total ’ Proton Activity First run only
Activity Activity Activity | Activity multiplied data
Position radius E due to due to d, pand{ due to by radius and miltiplied by
inches Mev p+n n n P normalized 10.94 to correlate
‘with second run
2 30. 57.2 2300 | 250 12300 2050 .212 .200
.+ 212 31.75 6.1 1220 h 1290 1146 .282
3 33.5 70.5 5300 158 5300 5142 <595 . 560
31/2 35.25 78.7 2800 53 3000 2717 751
4 37. 87.0 7600 122 7800 178 .955 .90
4 1/2 38.75 9504 3380 | 49 3520 3331 ©1.00
5 40.5 104, 5000 107 5200 1893 .683 643
51/2 L2.25 113, 1400 L6 1700 1354 443
6 Lk 123 1625 115 2700 1510 230 217
6 1/2 L5.75 133. 490 L6 870 LLL, .157
7 47.5 151, 710 73 5200 637 . .105 099
8 51.0 165. 305 95 7300 210 037 035
9 5.5 188, 273 150 15500 123 1,023 .022
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effective magnetic field, The value found in this way was 14.62 kilogauss,

which corresponds very closely to the average of the magnetic field at the .

center of the cyclotron and the magnetic ficld at 80 inches from the center,

3« Photographic Plate lethod

5,6

When photographic plates were used as detectpr33 the numbers of
protons in the various momentum intervals were found by counting individual
tracks in the developed plates. The plates available at the time the
experiments were done were not sensitive enough to record the high energy
portions of the tracks, a@d it was nccessary to slow the protons down and theg
count the low encrgy ends, We used Ilford Nucléar,Resoarch pléte§7, type B.l.
These plates show recognizable tracks for low energy protons (e.g, 20 Mev), but
for protons of energics of the order of 100 Mev the number of developed grains
per unit length of track is so‘small that the tracks gét lost in the general
background of developed grains, The method of slowing the pfotoné down to

a velocity such that they make recognizable tracks was to allow fhe proton
beam to strike the edge of a "sandwich" as shown in Fig, 3, The sandwich is
made up of two photographic platcs placed emulsion to emulsion, with addition-
al glass plates placed above and bclow, The photographic plates are wrapped
in black paper, as shown in the figure, The dimension of the plates in the
dircction of the proton becam is greater than the range of the protons, so

that the protons slow down aﬁd stop in the sandwich, It is assumed that

protons scattcered out of the emulsion are compensatcd for by others scattered

in, This is only approximately true, since some protons make nuclcar

5M. lie Shapiro, Rov, liod, Phys, 13, 58 (1941)
6 .

C, ¥, Powell and G, P, 8% Occhialini, Nuclear Physics in Photograph§
(Clarendon Press, Oxford, 1947)

v ¥ v

7 ) : .
Powell, Occhialini, Livescy, and Chilton, J. Sci. Instr, 23, 102 (1946)
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collisions in whicb they lose so much cnergy that thoy are effectively
lost from the beam, The number of protons lost in this way wogld be expected
to depend on thg range, and hence on the energy of the protons,

Platcs to be studied under the microscope werce given an exposure
in the cyclotron of about a half a mingte, and on those plates only a faint
darkening was visible to the naked eye, In one of the early experiments,
a set of plates was given a much heavier exposure in order to_produce a more
pronoﬁnced darkening, One of these plates is shown in Fig. L. The dark
streak on the plate is about one'inch wide, corresponding to a one inch slit
through which the protons paséed, The strecak extends for about one and one half
inches from the edge of the plate and ends inva heavily darkened region at the
position where the protons slow down and stop, At about a 9uarter of an inch
from the edge of the plate there is an additional darkening, qttributed to
deuterons which were scattered from the dee but not broken up.

.Tho slit system used with the photographic platc method is shown
in Fig, 5. ‘The first slits, and also the second slits, were ono‘half inch
wide, and the two sets werc about 12 inches apart, The photographic plates
were arranged in sandwiches as previously deseribed, The shio}ding and slit
system was made of copper, shown by the shaded arcas of Fig, 5. The plates

were set at a height such that all of them received protons which left the

target at an angle of 2-1/2° down from the median plane, The photographic
plates, with their shielding and slit system, were p}aced in the cyclotron in
approximately the same posit%on as that shown in Fig, 1 for the detectors in
the carbon activation method,

The low energy ends of the tracks are recognized under the microscope _
by their close grain spacing, which makes the tracks appcar ncarly continuous,

A portion of a field of view in the rcgion of the low energy onds is shown

in Fig. 6. The count was made hy moving the field of view slong the tracks
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(i.e., from left to right in Fig, 6) and adding up the number of low cnergy
ends which stop in the emulsion, The numbers of tracks counted are shown

in Table IL. In addition to the statistical orrors; there are also errors
arising from the fact that the observer must use his judgment in deciding
whether a track stops in the cmulsion, It was assumed that the emulsion
thicknoss was the same for all of the plates, and any variation in this
thickness will introduce an crror in the measurement, In the plates which
"Wre used, all of the tracks did not end at the position‘where the main group
of traéks ended, but a few tracks were found at a much greater distance from
the edge of the plate, Thus the observerlhad to use his judgment to decide
how much of this "tail®" to include in the count, The presence of this tail
is explained by aésuming tﬁat some of the proton trajoctories lie partly in_
the black paper or in the open space caused by the folds in the black paper,
the protons evidently pass through a short section of black paper or open
space, and then tbrough the glass part of the photographic plate, and then
into the emulsion. .(We realized after the expériments were done that we
should put the paper on the outside of the entire package instead of just
around the photographic platés), Difficulties of this nature could, of course,
be eliminated by placing in front of the sandwich a block'of copper, or other
maberial, of such thickness that most of the proton trajcctory was in the
block and only the last little bit in the sandwich, This rofingment was
not made in the runs from which the data of Table II werc taken: The real
difficalty with the photographic plate method as applicd to this pfoblem is
that it takes so much effort to count a large humbor of tracks, There is
plenty of plate arca which could be used, and more tracks wovld undcubtedly
bé counted if there werc no other method of getting the information. Since,
“however; the carbon activation method is able to gel thousands of counts by

aybtomatic methods, it was not thought to be worth -while to spend the time




Radius
(Znches)

3342
3.1
3501
36.0
36,8
37,8
38,8
39,6
505
Kok
42,3
5302

TABLE TT

Number of Counts

Run 1
228
218
24,0
322
339
252
189

90
16
L1
37

Bun 2
81
107
250

249

270
L2l
97
211
167
163
78
76
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necessary to get really good results with photographic plate Pa%e 13
method,

The photographic plate data given in Table IT have been plotted in
Fig, 7. As in the case of the carbon activation data, the observed numbers
of counts have been multiplied by the radius. Copper targetswere used in both
of the runs, the thickness being 1/16 inch for Run 1 and 1/6/ inch for Run 2,
In order that the data from the two runs could be compared with each other and
with the carbon activation data, the values from Run 2 have been adjusted on
the abscissa scale to the positions they would have had if a 1/16 inch target
had been used, In Fig, 7 the photographic plate data are compared with a
calculated energy distribution which will be discussed in the next section,
The irregularities in the plotteq points are attributed to statistical errors,
and other errors mentioned above, |

At the time that the photographic plates were placed in the tank to
study the protons coming frot thé target, additionél plates were placed in
positions to receive any negatively charged particles which might be coming
from.tbe target. Numerous straight, parallel tracks were found in thesé
plates, but subsequent experimentation showed that they were not due to
particles from the target at all but were due to neutral particles coming
from the vicinity of the center of the cyclotron, The particles causing the
tracks were later identified by L. W, Alvarez as deuterium atoms, presumably
formed by a process in which a deuteron acquires an elec@fon near the center
of the cyclotron and moves outward as a neutral particle,

Lo Calculated Momentum Distributions

The momentum distribution calculated from the transparent model of

the stripping nucleus is given by Serber (Ref, 3, equation 9) ag follows:
. ” (ME,d + pR)*
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x
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~can be found from Equation (1) by integrating over the appropriate angular
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In this equation; P(p) is the probability that a proton will have a momentum
Po + p, where po is the momentum due to the motion of the center of mass of
the deuteron and p that due to the motion within the deuteron, W is the mass
of the proton, and éfd is the binding cnergy of the deuteron, The small effect.
of the Goulomb deflection.of the deuterons and protons in passing through the
target has been heglected. The experimental results given in previous sections
apply to the protons whose trajectories lie within the limited angular ranges
admitted by the defining slits., The corresponding calculated distributions
ranges, This integration will be done fir§t for the carbon activation method,
and then for the photographic plate method,

-

In the carbon activation method, the vertical angle, ©y, at which the

2
protons must leave the target in order to be detected varies ffom 6.9°7for

the detector nearest the target to 4.30 for the detector farthest away, For
this range of angles, the momentum distribution is not vefy sensitive to small
chénges iﬂrev, and the average value of 8y is a falrly good approximation,

We introduce cartesian coordinates with the z~axis in the direction of the

deuteron's motion, the x-axis vertical, and the y-axis horizontal, In this

system, the xécomponent of the momentum is given by

2 =
(2) P ~pon

The slit system admits protons whosc trajectories lie within a hori?antal

angle + gh, where ehrx'loo, so that

3 g -
( ) ;py \ ph pO gh

The magnitude of the proton's momentum, p, is approximately equal to Py *+ pZ;

By writing p, = p - p, in Equation (1) and integrating over Py between the
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limits + ph’ we find
() P, ' .
P(py, p)dp_dp ~ ' |
x? X N TN
zbﬁyé'd + pi + (p - po)2 %zhf:d + pi * pﬁ + (p - Po)g]
1 tan"l Ph

HEq+ 2+ (p-p,)23/? dp, dp

WE 4+ p2 + (p - p)?

v

In this cquation, and in othcr cquations which follow, the constant factors
have been emitted because we are intercsted only in“bhe shape of the
distribution,

The momentum distribution taken over'all horizontal angles can be

found from Equation (4) by sctting Pp —>eee This gives

dp_ dp
@'Ed+p s (p-p )2 ]2

(5) P(p_,p) dp,dp ~
The momentum distributions given-by Fquations (4) (with Oy m‘lOo) and (5)
have been plotted in Fig, 2 ?orAcomparison with the experimental data from
the carbon actlvatlon method,

In the photographmc plate method, the defining slots cut out all the
protons except those lcaving the target at a very small horizontal angle,

Thus, we can set Py equal to zero in Equation (1) and get

(6) P(Px,p) dp. dp ©_dpy dp

E“€d+p s (p - p)%] 2
The vertical angle 8, has the value 2,5° for all of the photographic plates,
The distribution function given by Equation (6) is plotted in Fig., 7 for
comparison with the photographic plate data, Curves are given @, = 2,5%,

and QV = 0,
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The momentum distributiopAas calculated. from the opague model of the
nuclcus is given by Serber (Ref, 3, equaﬁion 18). The integration of this
equation is greatly simplified if we consider protons in the forward direction
only, and in this casec we get

dp .
e+ (0 - p,)% ] 5/2

(7). P(p)dp ~

This distribution is plotted in Fig. 7. Equation (7) gives a slightly more
peaked distribution~than the one calculated using a transparent model, but
the difference is smaller than the experimental errors, and it is not possible
to say which model gives the better agrcement with the oxperimental data, The
distribution function for the opaque model has not becn worked out in detail
for the carbon activation geometry; but here, too, the differencevbetw?en
the two modecls appears to be smaller than ?hé cxperimental. uncertainty.

The experimental data given in Figs. 2 and 7 have been plotted directly
as a function of radius. The observed intensities were multiplied by the
radius in order to take account of the vertical spread of the protons, (i.e.,

to reduce the results to constant dpz) and the resulting distributions were

normalized but no corrections applicd. In order to be able to plot the
calculated curvés on the same fadius scale, the energy of the protons was
measured for onc value of the radius. Since’a relationship betwecn the radius
and the encrgy was thus cstablished directly, it was not necessary to correct
for inhomogeneities in ?he magne?ic field or for radial oscillations of the

deuteron orbifs, It is, however, necessary to correct for the energy lost

in the target, and this correction haos been applied to all of the calculatéd

curves, The energy lost from lonization by 2 190 Mev deuteron in passiﬁg‘through
the 1/16 inch copper target is about 7 Mev, This loss is shared by the proton
and the neutron in the deuteron, but after the doutoron is brokcn up, the

ionization loss is all tcken by the proton, This means that the average loss
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by the protons will be about 5 Mev, The coulomb barricr cffects discussed
by Scrber account for an average cnergy goin of 3,5 Mev, and hence the
average total cnergy lost by the protons in passing through the target is
about 1.5 Mev, This target loss hos been taken account of by shifting all of
the calculated curves.toward the lower end of the radius scale by an cmount
eQuiv&lent to 1.5 Mev, _

From Figs, 2 and 7 it is secn thaﬁ the experimental diStrébUtions are
in general agreement with those calculated from the stripping process
described by Serber. The experimental data are not good cnough to germit us

to make a choice botween the transperent model and the opaque model,
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FIGURE CAPTIONS

Arrangement of apporatus used with carbon
activation method, Top: Plan view of cyclotron
showing carbon detectors in position, Niddle:
Portion of front view of cyclotron showing carbon
detectors in position just below the dee, Bottom:
Detail showing carbon detectors surrounded by lead
shielding,

Distribution measured with carbon detectors,
Ordinete gives numbers of protons in variots momentum
intervals, Crosses, Run 1; c¢ircles, Run 2, ©p = ‘
horizontal angle at which trajectory leaves the target,
The curves are calculated distributions on the basis
of o transparcnt nucleus model,

Photographic plate Ysandwich!,

Photographic plate showing dorkening coused by
protons and deutcrons,

S1it systcom usced with photographic plate method,

Low energy ends of proton tracks (3 mm apochromatic
objective lens), Beam direction is from the left,

Distribution mecasured with photogrephic plates,
Ordincte glves numbcrs of protons in verious momentum
intervels, Circles, Run 1; crosses, Run 2, 9y =
vertical angle ot which trajectory leavés the torgoet,
The curves are colculoted distributions,
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