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PRODUCTION OF H3 AND He3

IN HIGH-ENERGY DEUTERON-DEUTERON COLLISIONS

Charles S. Godfrey
Radiation Laboratory, Department of Physics
University of California, Berkeley, California
November 2, 1953

ABSTRACT
1

The differential cross section for the process d + d.—> H3 + p has
been measured at six angles éxtending from 20° to 85° in the center-of- -
mass system. Deuterons of 190 Mev from the 'Berkeley 184 -inch syﬁchro:_
cyclotron were used. .A coincidence counting system, cdnsisting of scin-
tillation counters for both particles, was einployed. Time of flight and
range of the particles were used, both in identifying the process and in
discriminating against background. The resulting cross section is highly
peaked in the forward direction. The behavior is explained qualitativélly
by a theoretical calculation based on an extension of thehstripping mecha:-
nismfirst proposed by Serber. ‘The total cross section for the reaction is
estimated to be 4.1 millibarns. :

The relative production of H3 from the above prbcess and of He3
from the process d + d — He3 + n has been measured at 30° cgnter—of-
mass. The method of detectionzr'equired that the particles traverse a
magnetic channel and a pulse-height counter telescope. The pulses were |
displayed on a fast cathode-ray -oscilloscope and recorded photographi-.
cally. A liquid-deuterium target was employed. The comparison shows
a ratio of H3 to He3 of 0.86 + 0.14. These data support the hypothesis

that charge symmetry of nuclear forces exists at high energy.

_ |



3
PRODUCTION OF H AND He3 -

IN HIGH ENERGY DEUTERON-DEUTERON COLLISIONS

Charles S. Godfrey

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

November 2, 1953

INTRODUCTION

When high-energy deuterons in the Berkeley 184-inch synchrocyclo-
tron were first allowed to strike a target, it was found that an intense cbne
of high-energy neutrons was projected in the same direction of motion as
the incident deuterons., ,Serberl proposed a "strip;;ing" mechanism to ex-
\plAa.in its formation. In this process; one nucleon of the deuteron interacts
suddenly with the target nucleus while the other nucleon is largely unaf-.
fected in its motion. It was felt that the formation of H3 and HeA3 particles:
in deuteron-deuteron collisions might be considered as a stripping process
in which the neutron or proton, of one deuteron might interact with and
!'stick to'' the other deuteron - leaving its partner to continue with essentlal—
ly the same momentum it had at the instant of stripping. A theoretlcal
:calculation by Drs. Heckrotte and Bludmanz makes it possible to predict -
the shape of the angular distribution for a pure stripping process.

" The production of H3 and He3. in deuteron-deuteron collisions has
been studied extensively by investigators .using up to 10-Mev deuter -
ons, 3, 4, ,5’ 6, 7,8 The fact that the cross sections for these particles are
essentially equal (except where Coulomb forces predominate) has been
considered as evidence that charge syrﬁmetry exists up to these energies.
The term "charge symmetry' is used herein to denote the equality of n - n
nuclear forces to p - p forces of the same angular momentum and spin
state, neglecting effects due to Coulomb forces and mass d1fferences be -
tween the particles. Many othér data have been published which confirm
‘this conclusion. - Ajzenberg and Lauritsen9 conclude from their studies of
nuclear spectroscopy that charge symmetry of nuclear forces, insofar as it

is manifested in low-lying energy states, can be regarded as an



established fact. A study of the three-body stable nu.cleilo leads to the
conclusion that the binding energies of H3 and He3 can be understood

most simply under the assumption that charge symmetry exists for the.

1S state. Further evidence of charée symmetry can be inferred from low-

11,12 which indicate that the dineutron is probably!

energy scattering data,
just unbound and that the assumption of equal scattering lengths for n -n
and p - p scattering in the 1S state is not inconsistent with these data.‘
Evidence of cvharge symmetry at high energies, where many higher
states, strong tensor forces and meson fields are éxpected to play impors-,
tant.roles, is very meager. Yet all theoretical approaches to high-energy
scattering assume its existence. The most conclusive evidence would "of
course be a comparison of high--energy p - p scattering withn - n vscat- ‘
tering. Since targets of neutrons do not exist, however, one must turn
to less direct methods. Evidence is available in a comparison of n - d '
and p - d scattering'at the same energy. The width of avaﬂable neutron

spectrums, however, and the differences.of experimental technique.reqﬁired

to perform the experiments, make a direct comparison of results difficult.

A comparison of the results of Stern13 for d - p scattering and those of ‘
Péwelll4 and Youtz15 for n - d scattering shows discrepancies in shape-anld

absolute value that make any conclusion suspect. Barkas and Wilson = have

"examined the ratio for the production of TI'+ and 7~ mesons at 90° when carbon

is bombarded with 390-Mev alpha particles. The mesons, however, are
relatively low in energy and are appreciably affected by the Coulomb bar-
rier. They conclude that the data are not inconsistent with the assur;lption
of charge symmetry. A direct comparison.of the production of H3 and He?’
in 190-Mev deuteron-deuteron collisions can be made. The assumption - |
of chai‘ge symmetry would require that these two cross sections be equal.
This expériment was designed to measure the absolute differential
cross section for the process d + 4 - H3 + p over as wide a rahge of
angles as possible using 190-Mev deuterons. The data obtained could then
be compared with those expectéd of a stripping procesvs., Secondly, it
was proposed to compare at one production angle .the relative yields of
H3 and He3. ‘These data could serve as an argument for or against the

assumption of charge symmetry at high energy.



GENERAL EXPERIMENTAL METHOD

Differential Cross Section for d + d — H° + p

Sinee the external deuteron beam is essentially mo.noenergetic,
the kinematics of the above process can be calculated uniquely for any
scattering angle by applying the laws of conservation of energy and
mornentum. This calculation was carried out relativistically as .outlinedg,
in Appendix B of reference 17. The results are summarized in Fig L.
In theory one has only to place detectors at the proper correlated angles
corresponding to any de51red scatter1ng angle and count the 51mu1taneous
creations of a H3 and a proton by means of a coincidence circuit, Know-
ing the geometry involved, the particle flux, and the number of target ‘
parti.cles,7 one can calculate the cross section by the well-known formula.
Note that the calculation of kinematics has been carried out only for the
range 0° to 90° center-of-mass. Since the colliding deuterons are indis-
tiln'gnishable, the cross section must be symmetric about 90° center-of-
rnass. It isznecessary to measure the scattering only from 0° to 90°
* obtain the complete differential cross section.

- . The high background in the Berkeley ''cave' has been one of the
major difficulties to be overcome for any low-cross-section experiment,
'Recently_, time.-of-dflight techniques have been used successfully.in the
cave to reduce the effect of this background. 17 The range of energies
and angles shown in Fig. 1 seemed quite suitable for the application of
similar methods in the above process. Since the time of f11ght of the
tritons over an eleven-foot path (the usable length of the cave) from target
to detector was of the order of 30 m1111m1croseconds, it was necessary to
use a coincidence circuit considerably faster than this. The circuit used
had a resolving time of about 3 millimicroseconds.

As a further aid in dlscrlmlnatmg against background and provid-
ing identification, absorbers were used in front of the detectors. These
absorbers were calculated ideally to allow the desired particle to just stop
at the back of the detector. . Thus, heavily ionizing narticles would gener -

ally not get through the absorber while iightly ionizing particles would give

small pulses that could be biased out if they'provide.d accidental coincidences.
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. Fig. 1—Correlated angles and energies in the laboratory
system for the process d +d — H3 + p for scattering of the
H® from 0° to 90° center-of-mass. Incident deuteron energy
is 190 Mev.




The general experimental method consisted, therefore, in re- :

quiring a coincidence of triton and proton at the proper correlated angle,
and requiring further that the particles have the proper time of ‘flight .

and the proper range.

. Comparison of H3 and He> Production

In this ég.se it vaa,s not feasible to use coincidence methods, since

- thé neutron partner of the He3 cannot be detected with any well defined

efficiepcy., The first possibility explored was that of p.si,ng pulse-height
techniques for the single H3 or He3 with the added feature of time of

flight to discriminate against background particles having different veloci-

ties from theirs. As fij;‘s_t attempted, the single particle provided a pulse

in a detector eleven feet from the target. This pulse served as one input

to a coincidence circuit while a pulse corresponding to the beam at the

target , suita,‘ply delgyeq to give proper time Qg flight, prgvi’ded the other

input. The r.es’c?lvi'ng time fq; ppiqc.idepce could not be less than the

dul_'a.tigr} of the beam pulse, ‘in this case :approximately 10 millimicro- - =
secopdq, Since the difference in the time of flight between the desired

particle and the main flux of fast-particle background was about 10 milli-
microseconds, it can be seen that:time-qf—ﬂigh'fc techniques could not be
. very effe;;iive'in discriminating against background. On a trial of this
arrangefpent, it was found that the flux of particles hitting the detector

aﬁd making coincidence with the beam pulse was so heavy that identifi-

cation of particles by pulse-hei_ght techniques alone would be extremely

tedious, if possible at all. {

It was decided, therefore, to employ a magnetic channel and pulse

height to provide the necessary separation and identification _of the particles. .(,
In order fo provide a direct coﬁparison of H3 and He3, it was necessary to
insure the same angular resolution, the same energy resolution and the
same multiple-scattering efficiency for both Particles_, For-a given
scattering angle, both H3 and He3 will have ‘e;ssentially the same energy
(about one Mev difference due to their mass difference)_:.. _Originating in
the same target, however, and passing through identical amounts of inter-
vening windows in going from tai‘get to detector, they will have differe‘nt
scattering and energy distributions. The general scheme of attack had

three basic features:
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(1) The same magnetic channel (physically) was used for both
particles at any given scatteriﬁg angle. To detec,t:.;I-.Ie‘ _‘,V the
magnetic field:'inténéity was reduced to half that ﬁ_sed for H3.,
This procedure had the advantage of insuring identical geometry
for both particles.

(2) The average energy and the en'ergy spread of the H3 were made
equal to those of the He'3.,_ Any loss of counting efficiency due
to energy spread was thereby balanced out.

(3) Multiple scattering was made to occur as,neaf the target as
possible. No restrictive openings or slits were used bet.weeﬁ_'

the target and the entrance to’'the magnetic channel. For a

process having an isotropic cross section, the particle flux at

the entrance to the magnetic channel would simulate the light
flux from a frosted light bulb, i.e., the number of particles per
unit solid angle would be independent of the multiple scattering.
The effect of mhltiple scattering wodlld then be merely to spread
out the energy spectrum and angular distribution of the particles
enterir}g the channel. Actually the cross section did vary slowly
as a function of angle, but the geometry was such’as to make
this correction negligible. To still further minimize multiple
‘scattering eri‘ors, the H3 particles were made to pass through
enough additional absorber to make their multiple scattering
approximately equal to that of the He3o
A pulse-;height telescoﬁe behind the magnet pfo'vided pulses corres-
ponding to specific ibnization dE/dx,and total energy (E),. It may seem that
the three parameters--Hp, dE/dx,. anci E--overdetermine the separation
prc;blem° . The separation of deuterons from tritons, however, is marginal
under optimum conditions when only two parameters are used. It was felt
that wider limits on the resolutions of both the magnetic channel and the
pulse-height equipment could be allowed by the use. of all three parameters.
Pulses from the dE/dx and E detectors were used to drive a fast
double-coincidence circuit with a resolving time of 3 millimicroseconds.
The resulting output was used to trigger an oscillosco;ﬁe which then displayed
both the dE‘/dx and E pulses on its screen. A,co-ntin‘u.o.usly"»rn.o.vi_n'g.film record-

ed, these pulses for_,].qate;r -analysis, The fastresolution circuit was used to-cut




down the rate of accidéntal coincidences. In order to insure an efficiency

of 100 percent for the"‘counti'ng 'of desired pulses, the oscilloscope trigger
bias was set cqnéiderably below the level at which these pilses occurred.
This meant that many low-ehgrgy pulses'épp‘earéd on the“film, but could
be discrim;}nated against by analyzing the pulse heights.

The general experimental method for comparing'H&’and Hé3~ pro-
duction consisted in eédalizing'their ener'gy spectrums, in reducing the
effects of multiple écattering to a minimum, in requiring the particles to
traverse a magnetic channel, and in recording the pulse heights given
off by théem in going through a fh‘in detector and stopping at a:'thick de-

tector.



11.
DETAILED EXPERIMENTAL METHOD

Differential Cross Section for d + d - H3 +p

Apparatus

The experimerital arrangement for a typical s"cattéring angle is”
shown in Fig, 2. The incident 190-Mev deuterons were collimated to
a beam 2 inches in diameter. The beam was.monitored by an ionization
chamber; ion current was . integrated on a calibrated condenser and.
recorded in volts by a recording potentiometer. The calibration of the
monitor for 190-Mev deuterons was p.eljformed by Dr. W. Crandall's
group. The beam energy has been found by Stern13 to be 192 + 2 Mev.
The targets of deuterated paraffin (CDZ)n, polyethylene (CHZ)n, and carbon
(C) had diameters of 3 inches and had the same numbers of carbon atoms.
A comparison of counting rates using (CHZ)n and C was used to make sure
that no d - p process was contributing to the counting rate. The particle

'detector at the triton angle consisted of two trans-stilbene phosphors;
each phosphor was 2 in. by 4 in. and was viewed by two 1P21 photomulti-
plier tubes. The phosphor thicknesses were selected so that the expected
tritons, after haQing passed through suitable absorber, would lose 20 to
30 Mev in each phosphor. The two signals from a given phosphor were
shaped by clipping to a width of 3 millimicroseconds and were added to-
'geth_er. Trans-stilbene phosphors were used because their rise time is
of the order of millimicroseconds; thus not so much of the pulse energy is
lost by shap.ing as would be with some other commonly used phosphors.
Figure 3 shows this shaper-adder-limiter circuit together with the last
dynode of the photomultiplier. ' .

The particle detector at the proton angle consisted of one trans-
stilbene phosphor 1-1/2 in. by 3 in. and was viewed by two 1P21 photo-
multipli"er tubes. The phosphor thickness was selected sO that the ex-
pected protons, after suitable absorber would lose about 20 Mev. The sig-

" nals frorm-.the two, photomultipliers were shaped and added as above ahd.de-
layed by the length of coaxial cable calculated to match the éxpected tri-
ton .signal time of arrival at the coincidence circuit., The two triton
signals and the delayed proton signal were fed into a germanium diode
triple-coincidence circuit having a resolution .tirne of about 3 millimicro-

seconds with these pulses. Figure 4 is a schematic diagram of the
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coincidence circuit. The IN38 germanium diode inpﬁt‘s were used in-
stead of tubes to increase the circuit éensitivity and eliminate the
neces.sity for amplifiers between the detectors and the coincidence cir-
cuit. The two parallel IN56 diodes and assocliaied components are due
| to Garwin. They inc_re'a.sxe the di“scri‘mination'ratio by clamping the
oﬁtput voltage excepf when all three input diodes are simul‘tanéously
cut off. |
The IN54A diode in the grid of the output tube was introduced to in-
¢rease further the discrimmination of thé. circuit. A typical ratio of'triple-to
double-coincidence output pulse heights is around "25. . The output
signal of the coincidence circuit was amplified and recorded on two scal-
ing counters with different bias settings. A This p‘rocedure provided a
check that one was operating on a bias plateau. The efficienéy of similar
counting equipment has been measured to be very nearly 100 percent.
A more detailed account of the electronic equipment is being publishéd
by Dr. Richard Madey, who was the leader in its development. .
Method |
During the first run on the cyclotron, it was necessary to make
sure that the process d +d - H3 + p was really being observed. The
identification consisted in (1) moving the triton counter horizontally and
vertically out of its proper position, (2) changing the delay of the proton
pulse from the proper calculated value, and (3) adding just enough ab-
sorber in front of the detectors to stop the expected particles. In each
case the net counting rate should vanish. ' .
The first step during a run was to make sure the detectors were
operating on a voltage plateau. The net counting rate was plotted as a
~ function of detector voltage and a voltage was chosen which lay on a flat
portion of the curve. Next the net counting rate was measured as a '
function of beam intensity to make sure fhat the contribution of accident-
al coincidences was negligible. The differential cross éeqtion for the
various scattering angles was then measured. In order to illustrate the
detaile'd use of the time-of-flight technique and to show how it discrimi-
nates against background, a specific ‘example is used:
For tritons scattering at a c‘enter-of—mass angle of 600, the cor-
related laboratory angles are 21. 5° for the triton and 84.2° for the

proton. The geometry is shown in Fig, 2. Suppose a time origin is taken
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when a pulse of deuterons passes through the target. These pulses have
an approximate half-width of 10 millimicroseconds and are spaced 100
miilimicroseconds apart. The triton-proton pair is crea:ted simultaneous-
ly, but any background pairs that might lead to accidental coincidences
are created separately, spaced at most by the dimensions of the envelope
of the beam pulse. The triton velocity is 0. 30 ¢ (c is the velocity of light),
and the triton arrives at its counter in 38 millimicroseéonds. The pro-
ton velocity is 0. 31 ¢ and the proton arrives dt its counter in 5 millimicro-
‘$econds. Since the deuterons in the beam are bunched, they produce
background, such as elastically scattered deuterons or inelastically scat-
tered deuterons and protons that are also bunched. Each bunch tends to
have a characteristic velocity. Protons characteristic of p - p scafter-
ing, for example, have a velocity of about 0.40 c. Over the 11 feet from
target to detectors, the probability envelopes of the tritons and these pro-
tons are separated by about 11 millimicrosecon.ds;‘ since the resolving
time of the coincidence unit is about 3 millimicroseconds, it is apparent
that background from p - p scattering does 'not interfere with the count-
ing of real events.

The time sequence is illustrated in Fig. 5. Delaying the proton
sighal by 33 millimicroseconds places the real triton-proton counts in
coincidence. The locations in time of several possible sources of back-
ground are shown. Since the proton detector is close to the target, the
proton-detector background is well separated from the triton-detector
background, and possible accidental coincidences are reduced.

At this same scattering éngle the absorbers used were such that
any background particle had to traverse the equivalent of 5 g/c,;rn2 of
aluminum before entering the back triton detector. This absorber stops
protons of 70 Mev or less. - Figure 5 shows that protons of this energy
and greater are in the fast- background category and are discriminated
against by time of flight.

The success of the over-all method in discriminating against
background can be seen from the fact that a CDZ-to-C ratio of about 7:1
was obtained at most angles without using unreasonably low beam intensi-

ties.
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Comparison of H3 and He3 Production

Beam

The experimental arrangement for comparison of H3 and He3 is >
shown schematically in Fig. 6 and a photograph of the cave with this '
apparatus in place is shown in Fig. 7. The incident deuterons were col- : .
limated to é. beam 1 inch in diameter and monitored with an ionization .
chamber as previously described.

Target

. In order to keep background counts at a minimum, a liquid-deu-
terium target was used. This system will be described in a separate ‘
paper by its designer, Mr. Roscoe Byrnes. Essentially it consists of a
heat-exchange condenser. Liquid hydr‘égen is allowed to evaporate
through arcopper coil in thermal contact with another coil containing deu-
terium gas. Since the boiling point of deuterium is nearly 3. 5°Kelvin
higher than that of hydrogen at one atmosphere pressure, the deuterium
is condensed and collects as a liquid in the target.

The actual target used l;xad a volume: of deuterium 1-1/2 inches in
diameter and approximately 1/2 inch thick. " The windows were 2-mil
stainless steel. In a reservoir feeding the target were two level-sensing
indicators to show when the target was empty or full. Thesé'consisted of
cylindrical condensers having a capacity approximately 10 micromicro- -
farads for an air gap. When the gap was filled with liquid deuterium, the
capacitance increased by about,3 ppf. This change was readily measured
by a standard Q-meter. Blank runs were obtained by closing off one side
of the deuterium target. The evaporation from the surface of 'fﬁé'liquid
built up enough pressure to force the liquid deuterium up out of the tar-
get into a reservoir. This operation required only about two minutes -
to perform. The blank runs, therefoxey, were not truly blank since deu-
terium gas at approximately 21°K remains in the target. Since this ex- .
periment was a comparison of two cross sections, no error was intro-
duced by this residual gas.

An analysis of the deuterium by Dr. Amos Newton, using a mass- .
spectrograph method, disclosed a composition of : 98. 6% DZ’ 0.54% HD,

0.84% He, and no detectable quantities of N O2 or CO2° Since. the He

27
does not condense at liquid-hydrogen temperature, it does not contaminate
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Fig. 7— Photograph of experimental arrangement for comparing production of
H® and He® in deuteron-deuteron collisions.
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the liquid phase. The hydrogen cannot contribute H3 and He3 of the
proper energy aﬁd angle. ‘

The target was surrounded by a heat shield-at liquid-nitrogen
temperature. In the.fore—and_—aft direction this had a thickness of 1-mil
aluminum. The beam entered and left the target vacuum chamber through

5-mil stainless steel windows. ' ‘
| - Magnet ‘

The magnet used was a pair-spectrometer magﬁet' readily capable,
with a 3—1/2-inc1'; gap, of providing 14 kilogauss over a path length of 30
inches. The magnetic field current was set at the f)roper value by using
wire orbit techniques (described later). This field current was determined
by reading a poté'ntiometer across a standard shunt wired in series with
the field current. The potentiometer reading was checked periodically
during a run. Whenevér ‘thé magnetic field was increased, ‘the field
was taken to saturation and then down to the proper value. This preéaut_io,r;
ensured that one was always on the same hysteresis curve. »

- Path of Particles

The H3 and He3 particles traversed the following path after their
creation in the target (see Fig. 6): (a) a thickness of liquid deuterium
ranging from 0 to 1/2 in., (b) a 2-mil stainless steel window, (c) a l-mil
aluminum window, (d) a 5-mil stainless steel window, (e) an energyl de-
grader {for the H3 only), which is described later, (f) a vertical slit 1/4
. in. wide and 1-1/2 in. high made with aluminum blocks 1 in. thick, (g)
a magnetic field of approximately 14 kilogauss for the H3 and approxi-
mately 7 kilogauss for the He3,(1{1).a:1 1/2-in. vertical slit made with
aluminum blocks 1 in. thick, (i) a 5-mil stainless steel window, (j)'a
-3/4-in. vertical slit made with lead bricks, (k)a 2'-in, ~-diameter hole
in a 3/4-in. brass plate, (1) the detectors. The entire path was con-
fined in 4-inch-diameter br‘ass pipes which were evacuated to a pres-
sure of at most 100 microns. '

The location of these various elements was determined by using
the well-known current-carrying wire to trace the orbit of the particle.

The method is based on the formula

_ F
P =K
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where P is the relativistic momentum of the charged particle whose; or -

bit is to be determined, K is a constant whose numerical value -d,epends upon
the units and the charge on the particles, F is the tension in the wire, I is
the current in the wire. If the above formula is fulfi](led, the orbit-taken

up by the wire in any magnetic field corresponds to a'trajectory, of the
‘particle, Since the momentum (F). of the H3 and He3 for any given scatter-
ing angle is determined, one has only to pick anf érbitrary tension (F) and
calculate the required current (I) from the above formula.

The procedure used was as follows: A wire was strung down the -,
channel from the center of the target to the center of the detector. Tension
was provided by a 500-gram weight strung over a pulley. The calculated
current (I) for a H3 of proper energy was applied through the wire. The.
magnetic field was adjusted so that the wire passed down the centers of the
brass pipes. The.collimating slits were all put in position so that the wire
bisected them. The magnetic-field potentiometer reading was recorded.
Next the calculated current (I) for a He3 of proper energy was applied to
the wire. The magnetic field was then adjusted so that the wire again bi- '
sected the channel and collimating slits. The magnetic-field potentiometer
reading was recorded. Thus a single physical channel was defined, which
.could be adjusted to accept either H3 or He3 of the proper energy by chang-
ingthe magnetic field. The possible products of a deuteron-deuteron col-

lision that would be accepted by the channel are listed in Table I. -

TABLE 1

Mean Energy of Deuteron-Deuteron Collision Products
With Same Hp (Mev)

Desired 3 3
Particle Protons Deuterons H He
3
H 400 230 159 600

He 115 - 60 40 159
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The energy degrader is shown in 'Fig, 8. It was placed in
position as shown in Fig. 6 for H3 and removed for He3. It had a dual
fu\nction} ohe to provide the' same spread in energy of the H3 as for the
H;e3, the other to provide the same multiple scattering for both H3 and
He3., It was essential that the energy distributions of the two particles
be identical, unless one could guarantee detecting all- particles which
passed through the first collimating slit. Even if the particles passing
through the first slit were perfectly collimated, they would be spre’aa
out horizontally across tHe face of the detector if they were not mono-
energetic. If this distribution function were wider than the detectors,
then the number of particles going vthrou‘gh_ the detector would depend
upon the energy spread. Since,I‘-Ie?"hadj aﬁ‘eherg'y‘of 163 + 6 Mev after
leaving the target, the actual horizontal distribﬁtion function at the de-
tectors was determined much moré'by the finite size of the target and
'colzlimating slits than by the energy spread. Eve.n without the degrader,
therefore, the errors due to the different energy spreads would have been
small, » '

The principle of the degrader is obvious :frorn Fig, 8. Particles
go through different thicknesses of absorber and suffer various energy |
losses. Ideally, if the grooves were very close together, the energy
losses would be quite random horizontally. Since the horizontal dis-
tance across the deg’rader to go from maximum attenuation to minimum
attvenuation is only 1/16 inch, it was felt that the random ideal was ap -

proached. The depth of the grooves was calculated to equalize the H3

~

energy spread to that of the He3. The i'esidual thickness of the degrader
was calculated to equalize the multiple scattering of the mean H3 to that
of the He3., Fortﬁitously this also served to drop the mean energy of
the H3 to a'value equal to that of He3

- The exact value of the magnetic field was later checked during
the run by varying the magn'e.tic field of the magnet over a range of
.values close to the calibrated value, and plotting the counting rate. A
ma.gnetic field was used corresponding to the peak of the counting rate.
The value of the field thus determined was found to lie very close to the

expected value.
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Fig. 8—Energy degrader for H®.




25 .

Detectors
A schematic represehtation of a typical detector is shown in Fig. 9.
A liquid cell 2-7/8 inches in diameter was viewed by three photomultiplier
tubes. The pulses of two 1P21 tubes were added and used to drive a coin-
cidence circuit. A single 5819 was connected to the cell by a lucite light
pipe. These pipes were of the adiabatic taper. type discussed by Garwin,1
except for the largest counter, whose area in the direction of viewing was
’much larger than the 5819 photoéathode area. In this case the pipe tapered
in toward the photocathode in both d1men51ons . The coupling between the
5819 and the light p1pe was made with a comrnerc1al hard-setting trans-
parent plastic. A mirror was used on the 51de of the cell opposite the
5819 to provide a more symmetrical 11ght d1str1but10n., The liquid phosphor
employed was one developed by Kallman 20 ‘0.3 percent p- terphenyl and
0.001% diphenylhexatriene (by We1ght) dlssolved in phenylcyclohexane
All photomultiplier tubes were magnetically shielded.
Three pulse-height detectors were employed whose thicknesses
were 0.2 inches, 0.6 inches and 2.4 inchés, The first detector serve_d
to measure dE/dx of the He3, The second detéctor served to measure .
- . both E of the He_3 and dE/dx of the H3. 'fI‘he third detector served to
measure the E of the H3, The fourth detector was merely a liquid cell
viewed by'dne 1P21 tubé. Since the desired pe;.rticles did not have suf-
ficierit energy to get into this: de‘tec,tor'l,j“any.p’a‘;i'tic.le‘.'rhaking'ai. pulsein this
detector could be discarded. The energy losses calculated for the four

"detectors are listed in Table II. Calculations were based on Aron's

data. el .
| TABLEIl
Energy Loss (Mev)
Particle Initial . st 2nd 3rd 4th \
Energy (Mev) Detector Detector, Detector Detector
)

'H 159 5 16 126 -

‘3
He 159 23 114 - . -
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A 2-inch brass collimator was used just ahead of the second
detector. (See Fig. 6) This collimatc;r served to define the sensitive
counting area, and its size was picked so that the probability of a par-
ticle's scattering out of the final counter would be negligible. The
calculations on scattering were based on data of Millburn and Schec:ter,22

Electronics

A block diagram of the electronics is shown in Fig. 10. Double
coincidences were made either between the first and second detector
(for He3) or between the second and third detector (for H3), The pulse-
shaping and coincidence units were similar to those preyioﬁsly described.
Amplified outputs from the coincidehce unit were used to trigger the sweep
of the oscilloscope and to drive a 'sca.lero The use of separate photo multi-
pliers to provide coincidence pulses and ,pulseu-heig‘ht pqlses\.:was consid-
eréd advantageous, so that optimum voltages could be used on each and so
that a fast coincidence could be made. As previously noted, the resolving
time of the coincidence unit was about three fﬁillirﬁicrc‘)sec(mdsa The .
success of this circuit in eliminating accidentals can be seen from the
facf that plugging the magnetic channel whén running at full beam intensity
reduced the coincidence counts essentially to zero.l _

The pulse-height signals themselves were delayed with respect to
each other in order to separate them on the oscilloscope screen, were
added in a res‘istive adder, and then fed into a Tekfronix model 517
‘oscilloscope. A regulated power supply was used to furnish power to all

components of the circuit.

Photographic Apparatus ' , )
The osciﬁbscdpe face was c;ui)led.to a General R‘adid'35—mm
oscilloscope camera by a hood furnished with a peephole. The film was
moved continuously at a very slow rate of speed, since the counting ra.te.
w:als only of the order of 5 to 10 counts per minute, The film used was
Eastman Linagraph Pan. With a sweep speed of 50 millimicroseconds
per cm. and an aperture ofi/»l. 5, the oscilloscope intensit};;could be -
used at well below its maximum setting to give a very fine line. Several

_ saxﬁple traces are shown in Fig. 18.  Sample strips were developed

periodically during a run to check the performance of the equipment.
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Experirhental Procedure

The first step in conducting a run was to line the target up in the-
beam. This was done with the help of X-ray film e»xpose.d behind the -
target. C o C

The next step -was to cali"brate the detectors. The detector
telescope was placed directly in the deuteron beam. The biéam‘its‘elf
was reduced to several counts per seécond. By means of absorber placed
in front of the detectors, it was possible to.get monoenergetic deuterons
of known energy. Using Aron's da’ca.'21 to calculate the energy losses of
these deuterons and the desired H3 in the detectors, it was possible to
set the voltages of the 5819 photomultipliers at a level that would give
about 1 cm. deflection on the oscilloscope for H3. The oscilloscope
amplifier became nonlinear at deflections over' 1 centimeter. The 1P21
photomultiplier voltage settings for H3 coincidences and He3 cointidepce's_
were then determined by using deuterons whose energy losses most close-
ly simulated those of the desired particles. The pulses from the E
detector were made roughly equal to those of the dE/dx dete(;tor by
actually looking at the inputs to the coincidence unit. Since the deuterons
used had energy losses less than those expected of the desired particles,
and since the oscilloscope trigger was set at a considerably lower bias
than was necessary to detect these deuterons, 100 percent efficiency for
detecting the H3 and I-ie3 was insured. In this experiment, a counting
plateau is not necessary or desirable. The bias can be set low and the
pulse-height analysis can discard the low-energy pulses,

Next the detector telescope was placed back in position at the far
end of the channel. The coincidence inputs and the magnetic field were
set for He3. The target was filled with liquid deuterium. Since the He3
particles were readily distinguishable from other particles on the oscil-
loscope screen, it was possible to adjust the 5819 voltages to give ap-
proximately 1 cm. deflection for both the dE/dx and E detectors. The
magnetic field was then changed slightly to maximize the counting rate
as outlined previously. The camera was turned on and allowed to record
the pulses for a certain number of integrated volts on the beam monitor.
A similar record was made with a blank target.

To switch to H3, the inputs to the coincidence unit were changed

from the first and second detectors to the second and third detectors. The
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energy degrader was put in place and the magnetic field set. fqr_ 1-13‘° The
magnetic field was then. adjusted to maximize the cdunting i‘ate. It was
not possible to distinguish the H3 visually on the .oscilloscope screen, and
it was necessary to use the scaler counts to determine the peak. Since -
the majority of the scaler counts were H3., the peak was determined with
_sufficient accuracy. The camera was again turned on and allowed to
record.pulses, using first a liquid-deuterium and then a blank target.
Finally, without changing the voltages or relative positions .of the
. detectors, the detector telescope was placed back in the beam and a
photographic record was taken of pulses from deuterons ranging from 110
Mev up to.155 Mev, obtained by placing various absorbers in front of the
detectors. These data later served to give the resolution of the detectors
and to provide a calibration for deuterons that might have to be distin-. .

guished from H3-. _ ' : o
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RESULTS OF THE EXPERIMENT

Differential Cross Séction fo.r d+d - H3 +p

Identification Data

The first step in identifying the process was to make sure there
were no accidental counts, and to make sure the process being obse‘rved
came from deuteron-deuteron collisions. If so, the net counting rate
should not change with variations in beam intensity. The result of vary-
ing the_. deuteron-beam intensity for one scattering angle is given in
Table III.

TABLE IIT

Rela:tive Beam Inteusity CD2 - C Difference Rate CD2 to C Ratio

5 10. 4 £ 0.9 3.5: 1

1 10,5+ 1.1 _ 11.5: 1

Although the background counting rate from carbon went up with in-
creasing beam intensity, the net counting rate r‘emained the same.

To show that the deuteron-deuteron process being observed was
actually that postulated, the angles, time-of-flight delay, and absorbers
were next changed. This identification was made at the scattering angle
of 45° center-of-mass. ‘

The angular correlation was tested by moving the triton detectors
horizontally away from the calculated position. The results, plotted in
Fig. 11, show that the difference rate essentially disappeared in moving
approximately twice the width of the detectors. The coplanarity of the
process was tested by raising the triton detectors. The results, plotted
in Fig. 11, show that the difference rate disappe‘ared in moving twice

the height of the detectors.
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The time-of-flight correlation was tested by changing the delay
of the proton signal into the coincidence circuit. The results are
plotted in Fig. 12. The difference rate disappeared on increasing or
déc-reasing the proper delay by approximately twice the resolving time
of the coincidence unit. As the delay was decreased, however, the car-
bon background began to increase. This illustrates how effective the
time of flight was in discriminating against this background.

Next the absorbers were cha‘mged to test the range correlation.
The absorbers in front of the detectors were increased to that amount
necessary to just stop the most energetic postulated particle before enter -
ing the last detector. The results are plotted for the triton and proton
detectors, respectively, in Figs.l 13 and 14. In both cases the net count-
ing rate disappeared. Figure 13 shows also the effect. of removing the
absorbers in front of the triton detectors. Although the carbon back-
ground increased,. the net counting rate remained the sarﬁe.

The above tests were considered adequate evidence that the process
being observed was indeed the d + d —~ H3 + p.

Angular Distribution Data

Data for an angular distribution were taken at six laboratory
angles chosen to cover as nearly as possible the center-of-mass scatter-
. o o : . . :
ing range of 0 to 90°, These uncorrected data are summarized in

TablellV..

TABLE IV

Triton Differeﬁc;é of ' : :
CoM Angle CDZ and C Rates ' Ratio of CD, to C Rates

20° - : 7.69 % 0.85 2.3: 1

30 6.88 £ 0.76 5.3: 1

45 10.31 + 0. 65 7.4: 1

60 5.23.+ 0:36 5.3:1

75 24.7 x£2.9 7.5: 1

85 10.9 £1.0 12.0: 1
This difference rate is the counting rate, R, that 'ap;;ears in the cross-
section formula on page 38. '
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The apparent high counting rates for the last two readings are due to
the use of a monitor for these data with a calibration differing by a factor
of ten from that used for the other data. |

Three corrections were applied to the original difference-counting
rate. The first was for absorption of protons in passing through the
aluminum absorber. This correction was calculated from the absorption
cross sections measured by Kirschbaum. 23 The correction was only
seven percent in the worst case.’

The second correction was for absorption of the tritons in the
aluminum absorbers or in the first stilbene crystal. It is not possible -
to make a rigorous correction for this effect. The following attack was
employed to give an estimate of the correction: W. Crandall‘24 has
measured the total inelastic cross section of high-eﬁergy He3 particies
for various elements. Assuming that the probability of a nuclear event at
high énergy is the same for a.-H3 as for a He3, it is possible to calculate
the attenuation of the tritons in going through the absorber. The majority
of the inelastic events, however, constitute stripping processes in which,
approximately two -thirds of the time, a fast deuteron continues in the
forward direction. Since these deuterbns, in general, still produce pulses
in the triton detector, only about one-third of the inelastic events;a?fe lost.
Since the inelastic attenuation in the worst case was 21 perce.nt, the
maximum correction is around 7 percent. '

The third correction was that for small-angle scattering losses.
These losses were minimized by having the protdn detector subtend a
considerably larger solid angle than the triton detector. Under these
conditions, the \;vorst correptioﬁ amounted to 8 percent. The method of
calculation is outlined in the Appendix.

The correction factors are summarized in Table V.

TABLE V
Proton Triton
Triton CoM Angle Absorption . - Absorption ‘Scattering Total
-20° 1.00 1.07 1.07 1.14
30 1.00 1.06 1.03 1.09
45 1.00 1.05 1.08 1.13
60 ) 1.01 1.03 1.07 1.11
75 1.04 1.02 1.08 1.15
85 1.07 1.01 1.08 1.17
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The center-of-mass differential cross .section is obtained from '

the relation

do _ R C
N7 A Q

ds N
(e}

The numerator is the product of the original difference rate, R, and the
total correction factor, C. Nb is the deuteron beam flux in deuterons per
integrated beam unit; it is calculated from the ion-chamber calibration
factor and the capacitance of the integrating condenser.’ Nt is the target
particle density in deuterons per square centimeter; it depends on the
weight, area and composition of the target and the angle made by the
target with respect to the beam. Theterm A Qo is the center-of-mass
solid angle subtended by the triton detector; it is calculated from the -
laboratory solid angle by means of the calculated relativistic transfor -
mation. The final results are given in Table VI and plotted in Flg 15.~

Figure 16 shows the same data on a semi- 1og plot.

e

TABLE VI
. do _ :
_Triton CoM Angle dQ, (Millibarns/steradian)
- 20° 1.54 £ 0.17
30 0.905 = 0.100
- 45 0.258 % 0.016
60 0.0871 = 0,0060
75 0.0486 + 0,0057
85 0.0317 £ 0.0029
: 2

Itis interesting to note that the cross section seems to fall off expo-
nentially for scattering angles .up to 60°. This behavior is referred to
later. ) _'

The errors shown are the statistical deviations related to the
number of counts constituting the original data. The errors in Nb’ N
and A Qo have been neglected as far as relative angular-distribution
data.are concerned, since they are the same for each angle and affect

only the total absolute cross-section, The error in Nb is estimated to

bVt 6 ,
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be several percent; in Nt about 1 or 2 pefcent; and in A QO around

5 percent. The corrections to the data are relatively small, but if it
is assumed that they could contribute an error of 5 percent, one can
estimate that the absolute results have an uncertainty of about 15 per-
cent, ‘By drawing a smooth curve through the data of Fig. 16 one
estimates the integrated total cross section to be 4.1 millibarns.

. Conclusions

An understanding of the mechanism for the production of tritons
in the reactiond + d— He3 + p can be facilitated by invoking the law of
detailed balance and considering instead the inverse process p+H3—>d+d, o
One now postﬁlates that there is a sudden interaction between the proton
and one of the H nuclei, and further that the momenta of the other two
H3 nuclei are essentially unaffected by the interaction. . Two cases are
of interest: one where the two interacting nuclei end up in the same
deuteron, the other where they end up in different deuterons. Momen-
tum diagrams for these two interactions are shown in Fig. 17. Both
these processes have been observed in the proton bombardment of
nuclei. The first situation is identical to the pickup mechanism pro-
posed by Chew and ~C'}oldberger2'5 to éxplain the presence of fast deu-
terons in the forward directioﬁ_when’fnat'ter is bombardeéd with high-
energy protons or neutrons. The second situation might be called an
indirect pickup, since it consists of a proton's scattering in a nucleus
and then finding a pickup partner of momentum consistent with the for-
mation of a deuteron. This indirect pickup process could contribute’
to the scattering process ‘at wide angles where the pure pickup cross
section would be riegligib].eo W. Hess is measuring the indirect pick-.
up cross section for various elements using 360-Mev protons. Pre-
liminary resul;cs26 indicate that most of the deuterons observed at 40°
laboratory system for p - d scattering are a result of indirect pickup
rather than pure pickup.

" Inthe P+ ‘H3 — d + d process, one would expect a corhparati.vely
low cross section, since the momenta must be favorable to the formation
of two deuterons instead of just one. In the pure pickup interaction,
for example, not only must the two interacting particles for m a deuter-

on, but also the two remaining H3 nuclei must be left in a state corre-

sponding to that of a deuteron.
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Fig. 17—Diagram showing typical laboratory momenta of particles

before and after collision in the p + H —d+d process: (a) for pure .
pickup interaction, (b) for indirect pickup interaction resulting in

same external momenta.



43.

Using the Born approximation, Drs. Bludman and Heckrotte
set up the integrals for the matrix elements of the cross sections for
the two interactions postulated above. The pure pickup cross section
was readily solved in terms of the momentum distributions of the
deuteron and the triton. Assuming the Hulthén wave function for the

‘deuteron and the wave function proposed by Messiah for the triton, the
distribution of the d+ d -~ H + p cross section was calculated. It was
found to behave exponentially in the forward direction in a manner
similar to the experimental data. The slope of the theoretical curve;
however, 'wa.s greater than that of the experimental curve. The theo-
retical cross section became negligible at wide angles.

Unfortunately, the integral for the indirect pickup interaction-
was too difficult to solve without an undue expénditure of time. One
concludes that the pure pickup (or strifibing) mechanism can explain
qualitatively the shape of the cross section for scattering angles up to
about 45° CoM, but 'thafc su'bstantial contributions must be made by
othef processes. ' -

Comparison of H3 and H‘_e3 Production

Reduction of Data

Final data were read from the developed film by projecti"ngA in
a Recordak Microfilm viewer having a magniﬁca'tion factor of about 19.
’The camera rediuced the pulse size by a factor of 4.4 on ‘the 35-mm. '
film. Therefore, the l-cm. pulses on the oscilloscope screen were
about 4.3 cm. on the screen of therRecordak. Pulse heights were es-
timated to the nearest millimeter on the screen.

Typical pulses are show'n in Fig, 18‘° The spacing between -
pulées was due to the delay introducéd as previously described. Very
little jitter was detected in either the sweep position of the pulses or
the relative spacing of the pulses. Spurious pulses not correlated in
time to the other pulses were \;éi'y seldom seen on the E;acéé. Acci-
dental coincidences were detectable for the‘I-I3 run when a pulse was
seen from the second and third detector but there was nothing on the
first, : These counts were very infrequent and the pulses were invari -

“ably small. No record was made of the pulse height of the first detector

when detecting H3, since the second detector provided a dE/dx pulse
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Fig. 18 —Film traces of typical He®, and H? and
" background pulses.
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with better resolutioh, Fast protons and deuterons that went through
the first three detectors were readily identified by noting a pulse
from the fourth detector. No record was kept of the height of the
fourth pulse; the responsible particle was merely identified as a
"pass-thrbugh" in plotting the data.

The heights of the pulses from the dE/dx and energy detectors

were recorded orally on a Sound Scriber as a pair of numbers. These

- recordings were then played back and the data were plotted. The pair

" of numbers from each pattern was plotted as a point on graph paper

with dE /dx pulse height as ordinate and energy pulse height as abscissa.
Patterns without a pass-through were plotted as dots; those with a
p‘ass-thfough as crosses.
The Analysis of Data

In Figures 19 and 20 are plotted the calculated enefgy losses of

various particles traversing the detector system. Figure 19, for ex-
ample, shows that He3'-s of various energies fall along a‘line. If the
mechanism by which the energy loss of the particle is c|onverted to
pulse height were perfectly linear, these curves would also represent

the pulse-height locus for He3-'s of various energy (assuming the scales

to be suitably chosen). Owing primarily to saturation effe_cés in the

detector for high values of specific ionization and to non-linearity 'of
the amplification system, one would not expect the actual p-ulse-'heightv
locus to have the same slope or position as the energy-loss curve. The
over-all resolution of the detecting system, moreover, as manifested
by the Landau'27 effect, the statistical fluctuation ih the number of
photoelectrons released from the photocathode, and the optical resolu-

tion of the detector, spread the expected line out into a band. The

width of this band is a direct measure of the over-all resolution.

In Figs. 19:and 20, th'érefore, the general regionsy outlined are
where pulse-height pairs were expected to fall. The energies of the
particles in these regions correspond to the en'ergies of the particles
that can come down the channel as listed in Table I.

Figure 21 shows the total data collected for He3 with liquid -
deuterium target and Fig. 22 with blank target. Figures 23 and 24 show

the co‘rresponding data for H3. The He3 data are unambiguous. The
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He3~ fall in. an island well separated from the expected slow-deuteron
and proton background. One hundred and sixty-four counts were re-
corded in 10 integrated beam volts. It should be noted that several
He3 pa.rticlés 'have the proper dE/dx, but have an energy pulse height
lying below that to be expected from the resolution of the equipment.
These are assumed to be He3 particles that suffered an inelastic event

in stopping in the energy detector. This argument is developed in the

discussion of the H3 data, where a calculation of this effect is required.

The blank-run data in Fig. 22 recorded three cpdnts in 2.5
integrated volts. ’Ihe ratio of the liquid-deuterium to blank counting
rate, therefore, is of the order of 14 : 1. It is felt that this probably
approximates the actual density ratio of liquid deuterium to gaseous
deuterium in the target. It is possible, however, thgtlHe:;'s of the
proper energy may be created in the target window material by a pick-
up mechanism in which a deuteron picks up a proton having a suitable

internal momentum.

T‘be H3‘ data inFigure 23.do-not resemble the anticipated results.

Instead of having two well-defined areas of H3 and fast deuterons, they
show that deuterons of .lower energy than those anticipated are being

......

detected. By a process of elimination, it was determined that these
With the collimation used, however, they could not come down the
channel in a direct path. ‘It was finally determined that fhey repre-
sented deuterons that had scattered off one edge of the collimating
slit at the entrance to the magnet.. A further check of the geometry
showed that deuterons might r_e;;ch the detectors by such a process
with energies down to approximately 120 Mgw},

In order to separate these deuterons from the H‘§9 the resolu-
tion of the second and third detectors for deuterons:of various energy
was first determined from the deuteron calibration data. Figures 25 '
and 26 show typical resolution functions as determined by 200 random
deuterons of 130 Mev. These resolution functions not only determine
the width of the deuteron band, but locate accurately the center of the
distribution on the dE/dx vs. energy plot for each calibration energy.

In Fig. 27 the locus of the center of these distributions is shown.
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(For the sake of illustration, there are also plotted the pulse heights of

160 random deuterons of various energies ranging from 110 Mev to 150 }
Mev.) A line was drawnparallel to this line that appeared to lie midway ‘
between the center of the deuteron distribution and the center of the triton ‘
distribution of Fig. 23. By superimposing this new separation line on the |
r.esolution plots, it was determined that from 2 to 3 percent of the deuter - ‘
ons would fall above this line. Assuming the detectors had the same |
resolution for H3 as for deuterons, this would mean approximately 2 to 3 !
percent of the H3 might fall below the line. This much was deemed satisfac- 1

tory to efféct a separation between the two. The points above the separation

beam. The blank-run data of Fig. 24 shows 4 countsin 2 volts.

line in Fig. 23 were counted and found to be 129 for 10 volts of integrated : l
Corrections

It was necessary at this point to introduce the ornly correction
factors applied to the data. As mentioned previously, the H3. and He3 can
suffer inelastic eveérnts in the detectors that affect their pulse heights. The
most comrnon évent is a stripping off of one or two particles-in a manner
similar to the familiar deuteron stripping. In the event that such a process .
oécurs before or in the dE/dx detector, the‘particle definitely is 1dst, . since
neither the dE/dx or the energy pulse is proper for a H3 or He3;' By use of
. Crandall's data to compute the attenuation of H™ and He3 prior to entering
the energy detector it was found that 7 percent of the H?’“ and 1 percent of

the He3 were lost.

The effect of an inelastic event in the energy detector is im-
possible to predict rigorously. The most common event making up the in-

elastic cross section is the stripping of a single particle from the H3 or He .
Since the resultant deuterons, ﬁeutrons, or protons are less ioni'zing than i
the original particle, it is assuﬁxed that energy-pulse degrading takes place }
in all cases. The pulse degrading of the HS is greater than that of the v
He3, since there is a greater probability of neutrons' carrying off energy 1
with no ionization. Moteover, the brobability of an inelastic event is ap-
proximately four times as great for the H3 as for the He3, since it will go'
through four times as much matter in stopping {assuming that the inelastic

cross sections of the two are equal over the major portion of their range).
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The probability of an event in which all thé energy of a H3 or He3
would become unavailable for ionization seems quite small. It might occur
if the proton of a H3 suffered a knock-on collision with a neutron in which
charge was exchanged. .In this event the three neutrons would carry off the
energy of the H3 with little probability of further ionization. It might also
occur if the proton were stripped—from the H3 by a nucleus in such a manner
that the resultlng excited nucleus produced little or no ionization. The
poss1b111ty of an event in which a He3 would fail to produce a substantial
amount of ionization is hard to conceive.

Since the degraded He3 particles are still readily separable from the
background, it is apparent that no correction need be applied to the He3 from
this source. It is reasonable to assume, however, that a considerable ﬁum—
ber of the particles in Fig. 23 that fall in the category of deuterons are
actually H3 whose energy pulse has been: degraded sufficiently to make them
indistinguishable from deuterons. That this is a reasonable assumption can
be further argued from the fact that the scattering of deuterons off the -
collimating slit can account only for detected deuterons of énergies raﬂging
down to about 120 Mev. It is felt that a majority of the particles in Fig. 23
whose dE/dx pulse was larger than about 8.0 on the ordinate scale were
actually degraded H3.. |
A It is not necessary to make this assumption to get a roﬁgh correction
factor for this effect. It was assumed that in three-quarters of the inelastic
events, the energy of the H3 was degraded sufficiently to either lose the
count completely or to throw it into the deuteron band. Crandall's data were
used to determine this correction fa ctor. ' The correction factors are

summarized in Table VIL

TABLE VII
Attenuation before or in- Degrading before or in -
Particle dE/dx Detector _Energy Detector : Total
H> 1.07 . | 1,13 1.21
3

He 1.01 | L 1.00 1,01
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Results’
The final counting rates afe summarized in Table VIII. !
TABLE VIII
Corrected Deuterium Rate Corrected Blank Rate | Difference )
Particle (counts/volt) : ' (counts/volt) ‘ Rate
H> 15.6 1.3 2.4% 1.1 13,2+ 1.7
He> . 16.5%1.3 : L+ 1.2+20.7 15.3 1.5

The final ratio for the production of H3 to He3 at the CoM scattering .
angle of 30° is 0.86 + 0.14. The errors shown are the statistical deviations
related to the number of counts constituting the original data. . Within
statistics, therefore, the production probabilities of He3 and H3 are equal.
Although the correction factors are relatively small, they may introduce an
uncertainty of the order of 5 percent. An additional 5 percent uncertainty
is estimated.for possible differences in angular resolution and other system-
atic errors. | ‘

. Conclusions

The existence of charge symmetry would predict that fhe Ccross
sections for the production of H3 and He3 would be the same. Unfortunately
the inverse is not necessarily true. The cross sections might conceivably
be equal at some specific angle in spite -of an asymmetry in the nuclear
forces. Moreover, the matter of degree must be considered. Since the
cross sections cannot be calculated explicitly in terms of the n - n and
P - p forces, it is not possible to say how much effect an asymmetry in the
.forces would have upon the cross sect1ons The following conclusion, .
however, seems _]ust1f1ed At low energy, charge symmetry is an estab-
lished fact and the cross sections for the productmn of H3 and He3 from
deuteron-‘deuteron collisions are equal (neglecting of course Coulomb and -
mass-difference effects). The fact that the cross sections are nearly eqoal

at high energy supports the hypothesis of charge symmetry at high energy.

Lg]
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APPENDIX

Small-Angle Scattering’ Correctlon

As charged partlcles pass through matter, they undergo a large .
number of small-angle deviations owing to Coulomb interaction with cha;jges
on the nuclei. These angular deviations can be treated stetistically to give )
a probability dilst];.'i bution of angle or displaeement for the particle; the dis- |
tributions are usually gaussian in form and characterized by a rneen square
scattering angle or displacemeuto The most complete theoretical treatment
are those of Rossi and Crre1sen2'8 and Eyges. 29 ‘ '

‘ If only one of the d + d — H3 +p products were be1ng measured the'
main effect of small-angle scattering would be to spread out the energy
spectrum of the particles, since about as many particles would scatter into |
the detector as would scatter away from it, When two particles are beingA
detected, however, the probability functions must be- folded together, and
the correction can become quite large. As previously mentioned, the proton
detector in this experiment was chosen to ‘subtend a considerably large'r solid
angle than the triton detector in order to keep these corrections small. |

In the formulae shown below, the folloWing notation is used: P is
the relativistic momentum in Mev; B is the velomty of the particle in units
. of light; ES is a combination of constants equal to 21. 2 Mev. The th1ckness
of scattering matter, t, is measured in radiation lengths. For greater utility,
the mean square scattering engles or displacements are expressed in terms
of their projections on a plane containing the particle's original direction.

The path of each particle fequires three different scattering cal-
culations. The first is due to scattering in the target. In this case the
energy can be assumed constant and the mean square projected angle is .

given 'by 2
E

O
average 2P BZ

The second calculation involves the scattering in the air path between the

o

9

target and detector. Here again the energy can be assumed to be constant -
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" and the mean square projected displacement is

S B 2 3

¢ average ©6 p* [32'

The third calculation involves the scattering in the absorbers in front of

the detectors. The calculations on this effect were based on the data of
Millburn and Schecterzzu The scattering effects were negligible compared
to the other effects énd were omitted.

| The displacement due to air scattering can be expressed as an equiv-

alent mean square scattering angle at the target. It can then be compound-

ed with the first scattering angle to give a total equivalent mean scatter -
ing angle. If the angular limits of the detector are given by 6, and 6, as
seen from the target, then a function h (9) can be calculated and plotted
giving the probability that a particle directed along § before scattering
will pass through the limits of the detector after scatter,ing'o. Such functions
can be calculated for both the proton and triton in both horizontal (or
polar) and vertical (or azimuthal) directions. The horizontal plane is the
plane containing the beam axis and the centers of the two detector systems.
The net probability that both particles pass through their respective ae-

| tectors is then p‘roportional to hp (ep) . vp (ﬁp) > ht (91;) v, (¢t) where 0
is the polar angle, f is the azimuthal angle, h is the horizontal probabili-
ty and v is the vertical p‘roba.bilityo Since both ep and ét’ and ﬂp and' ﬂ’t
are correlated, the probability can be consolidated to H() - V(f). Itis
assumed at this point tha..t the cross section did not vary violently over

the face of the counter. It is then possible to integrate numerically the
probability functioﬁ over all possible angles of § and @, i.e., ‘
fH(e) ° V(¢) sin 9 d@ d¢, When this integral is divided by the total solid
angle of the.deﬁning detector, i.e., sin § d9 df, the total probability

of intercepting both particles is found, The numeriéal integration is
facilitated by noting that fH(G) - V(@) sin § dg df is equal to

/H(Q) sin § d@ - fV(ﬁ) df and that sin 9 can be assumed constant over
the counter. The small-angle scattering correction is the reciprocai of

' the interception probability.
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