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ABSTRACT 

The reaction d + d- He 4 + 'TT 0 , which is forbidden by isotopic 

spin conservation, has been looked for at the Berkeley 184-inch cyclo

tron. A beam of de~uterons of 460-MeV kinetic energy was scattered 

from an extended target filled with deuterium gas at a pressure of 390 

·psi (abs) and at liquid nitrogen temperature. The differential cross 

section in the center-of-mass system at about 6 = 90 deg was 
-34 2 c. m. 

measured and an upper limit of l.5X10 em /sr was obtained. The 

data are consistent with no 'TT 0 production. From a comparison of this 

upper limit with the theoretical prediction of the cross section for this 

reaction if isotopic spin need not be conserved, we conclude that iso

topic spin is at least 99.6% conserved in strong interactions. 

The reaction d + d- He 
4 + y was also looked for and an upper 

limit for the differential cross section in the center-of-mass system 

/' 6 - 3 4 2/ . 1 .,.:::::_ at~c ... _m = 5 deg of 3. 5X1 0 em sr was obta1ned. The data are . ,~--...... 

consistent with no y production. 
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I. INTRODUCTION 

In recent .years, many experiments have been performed to 

test the hypothesis of charge independence or isotopic spin conserva

tion in strong interactions, 1 In all cases the experiments tend to con

firm the theory, with varying degrees of accuracy, the best of which 

being the order of 6 to 10%. 1 The method by which these experiments 

test the conservation law has some inherent limitations which inhibit 

its sensitivity in verifying the theory. Specifically; the experiments 

attempt to verify relations between the cross sections of a number of 

processes predicted by the conservation law by measuring each of the 

requisite cross sections, with the error in each measurement contri

buting to the total error of the result; the discrepancy between the 

experimental and theoretical values of the particular relation investi

gated is then expressed as the difference of two nearly equal numbers 

(each of the order of unity), with the result that the discrepancy is 

dominated by the error in the exp~riinental va1u.e which is the percentage 

error of a large number {unity). To illustrate, consider the following 

example, which describes one of the more direct tests of the theory in 

this category. 

For the reactions 

p + d-+- H
3 + + 

1T, (1) 

and 
3 

p + d ....... He + 1T 
0 

, (2) 

the hypothesis of isotopic spin* conservation predicts the relation 

= 2~ (3) 

* Henceforth, isotopic spin is referred to as !-spin. 
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2 
The Chicago g;roup measured the eros s section for Reactions 1 and 2 

and found for the ratio 

The possible,nonconservation of I-spin is then expressed as the dif

ference between the theoretical and experimental ratios, divided by the 

theoretical ratio; that is, 

probabilityofnonconservation = 1- 0.96±0.13 =(4±13)%, 
(4) 

so that I- spin conservation is not violated within an accuracy of 13o/o. 

From these numbers it is seen that the accuracy of this method of 

determining possible deviations from the theory is limited by the accu

racy with which the various cross sections can be measured. An addi

tional limitation of this method arises from the different charge states 

of the nuclei and mesons in the reactions to be measured. The resulting 

electromagnetic perturbation effects cause the ratio of the cross sections ,, 
as predicted in Eq. {3) to be slightly different than 2, This correction 

can be calculated to within the experimental accuracy. This type of cor

rection is required in all the experiments that attempt to verify the con

servation law by~he method of]measuring relations between cross 

sections of a number of reactions. The uncertainty in the calculation of 

this perturbation effect, then, together with the inaccuracy of the meas

urements, tends to limit the accuracy of this method in verifying the 

theory. 

A more direct and sensitive test of I-spin conservation is to in

vestigate the single reaction 

4 
d + d ·-+ He + 1To. (5) 

This reaction, which is a strong interaction, is forbidden by I-spin 

conservation because it requires a change in I- spin of + 1 since the I- spin 

... v 
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of each of the heavy particles is zero whereas that of the ordinary TT
0 

(member of the charge multiplet TT +, TT 0 , TT -) is one, Thus, a meas

urement of the cross section of reaction (5) would indicate directly any 

possible deviations from I-spin conservation, From this cross section, 

one can determine, quantitatively, the degree of nonconservation of 

I- spin by comparing it with the theoretical value of the eros s section 
3 

that was computed under the assumption that I-spin need not be con

served; that is, the ratio of the two cross sections gives an upper limit 

for the probability of nonconservation of I-spin, Unlike the method de

scribed above, this method is not particularly sensitive to the exper

imental accuracy, since the error on the limit of nonconservation ex

pressed in this way is the percentage error of a very small number. 

To illustrate this point, suppose that the ratio of the experimental to 

the theoretical eros s section is 10 -Z and that the error in the meas

urement of the experimental eros s section is SOo/o, Then, 

the probability of nonconservation ofi -spin= 0. 0 1±0. SOXO. 01 = ( 1. 0± 0, 5 )o/o. 
( 6) 

Thus, the effect of the large experimental error in this case is not as 

significant as in the method described above in determining the possible 

violation of the conservation law by this method. 

Then, to test the validity of the hypothesis of I-spin conservation 

by a direct method, an experiment was performed at the Berkeley 184-

indl cyclotron to investigate Reaction (5)" Vvith the same setup, the 

:t·eacti.on 

d d f~ 4 + -+ ie + 'i (7) 

was also looked for. 
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II. EXPERIMENTAL METHOD 

A. General Description 

vVe studied the 'IT 
0 reaction (Reaction 5) by looking for a-particles 

produced from a.gas deuterium target bombarded by a beam of deuterons 

of 460 MeV kinetic energy (lab) from the Berkeley 184-inch cyclotron. 

The design of the experimental setup was determined by the following 

factors: 

(a) The 'IT
0 reaction if it exists, has a very small cross section; pre

vious investigations of this reaction have obtained upper limits for the 
. -32 2 4 -32 2 

total cross section of 7 X 10 em at 460 MeV, and 2Xl0 em at 

400 MeV. 
5 ~ince these are only upper limits, the experiment must be 

designed to measure a cross sectiop.much smaller than these limits. 

(b) The kinematics of the 'IT 0 reaction, 4 
d + d - He + 'ITo, and the y 

reaction, 

4 
d + d- He + y. 

(c) Space and magnet-power limitations at the 184-inch cyclotron. 

In the measurement of such a small cross section the problem 

of background becomes very important. Since the 'ITo reaction is to be 

icientified by the detection of a-particles from the deuterium target, 

the major source of background is the production of a- particles in the 

portion of the walls of the, target situated directly in the path of the deu

terium beam. This background can be eliminated by using an extended 

target and detecting a-particles that come off at some lab angle, f3 with 

respect to the incident deuteron beam direction. A collimator can then 

be built along the f3 direction that will not 11 see 11 the portion of the target 

walls hit by the intense deuteron beam; that is, any a-particle produced 

at the walls of the target by the primary deuteron beam cannot get 

through the alpha- beam collimator. This is illustrated in Fig, 1. 



200 400 

D+ D- He4 + rr 0 

D+D-He
4 +7 

Region of experiment .----... 
r ·, 

\ 
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' \ i 
~ 
I 
~ 
I 
1600 

MU-22451 

Fig. 2. Angle vs. rmmenturn of He 4 in the lab. Points are 
plotted in 10-deg intervals of center-of-mass angle. 
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If .6.9lab were made larger than± 0.6 deg to increase the solid angle 

for the TT
0 reaction, the momentum bite of the magnet .system would 

have to be correspondingly larger to accept the additional a-particles; 

then a-particles from the y reaction would also be accepted by the 

system. 

To optimize the search for the TT 0 reaction, then an extended 

high-pressure deuterium-gas target cooled to l!fquid nitrogen temper

ature was built; also, a magnet system was designed which selected 

positive charged particles of a certain effective momentum pjz, and 

within a momentum bite of± 6o/o, com·in·g off the· target at aJab angle of 

8. 7± 0,6 deg, and which delivered them outside the main shielding of 

the physics cave into a blockhouse of relatively low background. A 

collimator, consisting of two lead slits, was placed at the entrance of 

the magnet system to define the direction of the secondary beam and to 

exclude background from the walls of the target. A system of counters 

separated a-Particles from the other components in this secondary beam. 

The exper~t;nental arrangement is shown in Fig. 3 and details are given 

in Table I. To minimize energy loss and multiple scattering, the a~ 

particle bea'm is passed entirely through a vacuum, except for regions 

near the target and in the vicinity of the counters, 

To measure sources of background, data runs were also taken 

with hydrogen gas in the target. No alphas can come from d-p collisions 

(conservation of baryons) and since any charged particle suffers the 

same dE/ dx in the hydrogen and deuterium gas (at the same pressure 

and temperature), t,he hydrogen data were treated as background and 

subtracted from the deuterium data to yield the net He 
4 

signal from the 

d-d collisions. However, this signal is to be considered as an upper 

limit because a D
2 

-H
2 

subtraction of t}1e data does not cancel the ef

fect of all sources of background. This point is discussed more fully 

in Sec. IV -c;;. 
They reaction, (7), was also looked for at6 = 65 deg by set- ·;; 

c. m. 
ting the magnet system for momentum 1427 MeV /c and taking data runs 

with deuterium and hydrogen gas in the target. To gain additional in

formation about background, the low-momentum side of the y reaction, 

at 6 = 135 deg, was also investigated by setting the magnet system c. m. 
for momentum 1150 MeV /c. 
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Extern a I deuteron 
beam from cyclotron 

MU-22452 

Fig. 3. Plan view of physics cave and arrangement of exper
imental apparatus. 
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Table I. Magnet system and counter telescope components shown 
in Fig. 3. 

Item 

Bending magnets 

Designated 
symbol 

Strong-focusing 

Magnetic quadrupoles 

Counter telescope 

R 

Absorber 

Description 

Low-powered H magnet with 7 -in. 

gap, 29 X 36-in. rectangular pole 

tips, 21 deg bend. 

High-powered C magnet with 3. 5-in. 

gap, 6X26-in. rectangular pole tips, 

15-deg bend. 

High-powered H magnet with 8 -in. 

gap, l8X36-in. rectangular pole tips, 

50-deg bend. 

8-in.-a.perture, three -element 

(16-·32-16-in.) quadrupole focusing 

magnet, operatedDGD(divergent<o:q."'. --........ ,~--
" ,.·, . ...... . 

vergent-<iivc.er gent)in horizontal plane. 

8-in. aperture, three-element 

{16-32-16-in.} quadrupole focusing 

magnet, operated CDC (convergent

divergent-convergent) in horizontal 

plane. 

Plastic scintillator, 6.5X6.5X0.020 

in. , located 261-in. and 190 in. , re

spectively, upstream from final 

image position. 

Plastic scintillator, 4X4X0.020in., 

located at final image position. 

Plastic scintillator, 4X4X0.063 in., 

located 8 in. upstream from final 

image. 

CH
2

, located 5 in. downstream from .. 

final image. 

Plastic scintillator, 6. 5X6. 5XO. 020 in. 

located 12 in, downstream from final 

image. 

... 
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B, Deuteron Beam 

The requirements for the external 460-MeV deuteron beam 

were that it be parallel in the horizontal plane at the D 2 target and 

small in cross-sectional size, More specifically, the beam had to 

be sufficiently narrow in the horizontal plane so that the difference 

in a-particle path length in deuterium between alphas produced at 

either boundary of the deuteron beam was smali- -small enough for 

.the momentum difference of these alphas at the target exit due to 

their variation in energy loss as a result of their path difference to 

be smaller than the momentum bite of the alpha-selecting magnet 

system. With reference to Fig, 4, this condition may be stated as 

follows: The difference in a-particle path length in deuterium, MN, 

must be sufficiently small so that alphas of the same momentum pro

duced at points M, Y, and N have a .6P/P at the target exit (point 3), 

which is smaller than the .6P/P of the alpha-selecting magnet system, 

An additional requirement is that the position and the direction of the 

deuteron beam at the target must be accurately determined, 

A plan view of the Berkeley 184-inch synchrocyclotron and the 

regenerated-deuteron-beam orbit is shown in Fig. 5. The beam was 

collimated at the entrance of the steering magnet and focused by an 

8-in, -aperture two-element strong-focusing quadrupole magnet to 

provide a spot 1/2 in, wide and L 5 in, high at the D 2 target, This 

was the smallest beam spot that could be achieved with no appreciable 

loss of beam intensity, The parallel condition of the beam was checked 

by exposingx;:.ray films placed along the deuteron beam line between the 

physics cave snout and the n
2 

target, The exposures indicated that 

there were no intermediate optical image points between the focusing 

quadrupole and the n
2 

target, Since the bending magnet, M 1, provides 

no focusing action in the horizontal plane, the angular spread of the 

deuteron beam at the target is determined from the width of the beam 

at the quadrupole and at the target, and from the distance between these 
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0.5" 

( Not to scale ) 

Fig. 4. Configuration of deuteron and alpha beams at D
2 target (horizontal plane). 

MU-27286 



-13-
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0 5 10 15 20FT 
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MUB-372-B 

Fig. 5. Plan view of deuteron orbit from 184-inch synchro
cyclotron. 
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two points. From x-ray film exposures at the quadrupole, taken before 

the experiment, 
8 

the width of the beam at this magnet was determined 

to be 2/3 in. in the horizontal plane. Since the target was located 300 

in. downstream from the quadrupole, the angular spread of deuteron 

beam at the target was smaller than± 0.14 deg in the horizontal plane. 

As this was much smaller than the .6..e subtended by the secondary 

alpha- beam collimator, the parallelism requirement of the deuteron 

beam was satisfied. 

For the beam spot size and the amount of deuterium in the tar

get described, alphas produced with the same momentum at points M, 

Y, N (Fig. 4) had, at the target exit, . a momentum difference between 

them of C:::.P/P = L3o/o. Since the momentum bite of the magnet system 

was approximately ± 6%, the requirements for the deuteron beam were 

achieved. The position and direction of the deuteron beam were checked 

periodically. by exposing x-ray film at the entrance and exit windows of 

the tar get. The primary collimation of the deuteron beam was done 

upstream of the steering magnet rather than in the snout of the beam 
~-,f-.-- - -

pipe at the entrance to the ph.ysics cave, in order to dec;ea:se th~ back-

ground in the cave. 

At the entrance of the physics cave, the deuteron beam was 

deflected 21 deg by bending magnet M
1

, described in Table I, toward 

the D
2 

target. Bending the beam before the target allows the magnet 

system to be conveniently located with respect to the shielding of the 

cave and the walls. of the cyclotron building, and sweeps out any low

energy charged-particle background coming from the walls of the snout. 

Collimation of this background was provided by 2-in. -wide lead slits 

placed at the beam-pipe snout and at the target entrance. 

After the deuteron beam passed through the target, it was bent 

15 deg away from the 

of the C magnet M
2

. 

D2 target in order to 

alpha beam side into a beam stopper by means 

This permitted quadrupole Q
1 

to be closer to the 

increase the solid angle of the alpha- selecting 

magnet system. Since the alpha beam passes near the pole tips of M 2, 

it was necessary to shield the alpha beam from the fringe field of M 2. 

.. 
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A thick magnetic shield made of cold- rolled iron piping was built and 

attached to the side of M
2

. Details are shown in Fig. 6. Mylar win

dows 0.006 in, thickwere put on the ends of the shield so .that a vacuum 

(a few microns pressure) would be maintained inside the shield, 

C, Deuteron- Beam Monitor 

The deuteron beam incident on the D
2 

target was monitored by 

a secondary-emission chamber ~{SEM), The SEM used is identical to 

the one described by Larsen, 9 During the experiment, the SEM was 

5 ft. downstream from the eXit of M
2

, We centered it on the deuteron 

beam line by exposing x-ray film in front of and behind it. The SEM 

was calibrated against an argon-filled ionization chamber (Fig, 7) 

placed next~to the exit face of the SEM, The ion chamber had a sensi

tive area equal to that of the SEM, With the SEM set at a reasonable 

voltage (1000 v), a voltage plateau of the :ion chamber was made by 

measuring the current from the ion chamber per unit current from the 

SEMas. a function.of the ion chamber voltage, The voltage was then set 

at a value on the plateau (Figo 8}. These measurements were performed 

at a very low beam intensity, at which the response of the ion chamber 

was linear, We then measured voltage plateau of the SEM by using the 

ion chamber as a monitor (Fig, 8}o The resulting voltage plateau ill us

trates a useful feature characteristic of a SEM operated in a magnetic 

field-free region: the output current is independent of collecting voltage 

over a vv;ide range of voltage, This is a result .of the preponderance of 

low-energy electrons, which are easily collected, 

An intensity plateau of the ion <;:hamber was measured with the 

SEM as a monitor, since the SEM output is linear· as a function of beam 

intensity. With the beam intensity held at a particular level, we meas

ured the integrated current collected by each chamber by passing it into. 

a condenser and measuring the potential across the condenser with an 

electrometer circuit. The output of the electrometer was displayed on 

a recorder, This measurement was repeatecl for beam levels between 

maximum beam and 0,2o/o of the maximum, 
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Fig. 7. Argon temperature= 25 C; argon.pressure = 17.2 

psi (absolute). 
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Fig. 8. Voltage plateaus of beam monitors. The data for a 
particular chamber have been arbitrarily normalized 
since the slopes are the significant information. 
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During the calibration run, the drift current, which is the cur

rent from the chamber with the beam off, was measured and found 

negligible, The reproducibility of the SEM was checked and found to 

be within I. 3 o/o , 
To measure the amount of beam that did not pass through the 

SEM in its normal position because of multiple scattering in the target, 

the SEM current per unit ion,..chamber current was measured for the 

SEM in its normal position and at the target exit, with the ion chamber 

remaining in its normal position, From these two numbers, the amount 

of beam that passed through the n
2 

target but did not en:ter the SEM in 

its normal position was 6o/o, · Since the thickness of the SEM was much 

less than that of the target, the presence of the SEM near the target did 

not change the numbe~ of deuterons passing through the ion chamber, 

\l{ith the foregoing data, the deuteron beam. intensity into the target per 

IJ..A of SEM current was calculated to be 0,67'*= O,OlX 10
13 

particles/sec. 

The calculation is included in Appendix A, The error on this number is 

the measure of the rep~oducibility of the SEM and of the ciccuracy with 

which the temperature and pres sure of the ion chamber could be deter

mined, The normal beam intensity used during the experiment was 
10 

about L7Xl0 deuterons/sec, 

D, Alpha-Beam System 

L General Features 

The magnet system was designed to be achromatic for a momen

tum .bite of approximately ± 6o/o, The layout of the system is shown in 

Fig, 3 and a description of the component magnets is included in Table 

L The optics for the system are shown schematically in Fig, 9, Ex

cept for the presence of the two very thin time-of-flight co}lnters, T 1 
and T 2 , the beam was perfectly symmetric about the center of the field 

lens Q2 , Thus, 0
3 

and M
4 

were operated identically to 0
1 

and M3' 

respectively, 
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The final image in the system was at counters T 
3

, T 
4

, and A 
1
, 

which were located in a blockhouse whose walls consisted of a layer 

of 1-ft-thick steel inside a layer of 2-ft-thick paraffin. The back

ground in this confined area was negligible. A lead collimator was 

placed between the target and 0
1 

to fix the lab angle of the a.-particles 

at 8. 7 ± 0.6 deg and to prevent the magnet system from seeing the deu

teron beam as it passed through the windows of the target. The colli

mator consisted of two lead slits, each 0, 70 in. wide, with the up

stream slit located 22 in. away from the target center, and the second 

slit at the entrance of 0
1

, 70 in. away from the tar get center. 

To minimize energy loss and multiple scattering, the a.-particle 

beam is passed entirely through a vacuum except for regions near the 

target and the counters. The vacuum system consisted of 0.25-in-thick, 

7 -in. -L d. aluminum pipes in the quadrupoles and a 0. 5-in. -thick alu

minum box, 17 in. wide X 35 in. long X 7 in. high, in the gap of M
3 

and 

M4. 

The large angle of bend in M
3 

and M
4 

, 50 deg was necessary 

so that the experimental setup would be conveniently positioned with 

respect to the shielding walls of the physics cave and the exterior walls 

of the cyclotron building, An advantage of having a large bend is that 

it reduces the background at the final counters; however, a bend of 50 

deg causes sufficiently large dispersion in M
3 

and M
4 

to reduce the 

phase space of the magnet system for the extreme momenta tiP/P = ± tf/o. 
Were it not for the space lim;itation at the 184-inch cyclotron, an angle 

of bend of about 38 deg would have been preferable, as it would have 

given a larger magnet-system phase space. 

2. Beam Optics in Horizontal Plane 

In this plane, 0
1 

was operated to image the target onto the 

center pf 0
2

• Since the width of the alpha beam was narrow because 

of the collimator in front of 0
1

, only a small part of the effective por

, izontal aperture of o
1 

was illuminated with a.-particles; consequently, 

0 1 was operated with DCD polarity (Divergent-Convergent-Divergent) 

in this plane, and therefore CDC in the vertical plane. If the pblarity 
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of 0
1 

were reversed, the effective aperture in the vertical plane 

would be decreased although the aperture in the horizontal plane would 

still be determined by the collimator, so that the solid angle sub

tended at the target by 0
1 

and the slit system would be reduced. 

·The bending magnet M
3 

was oriented so that the angles between 

·the beam center line and the entrance and exit faces of M
3 

were equal. 

Under these conditions, M
3 

provided no focusing action in the horizontal 

plane. 

The purpose of the field lens 0
2

, was to recombine the different 

particle momenta dispersed by M
3

. This recombination was accom.

plished by having 0
2 

image the center of M
3 
(i.e., the center of the dis

persian) onto the center of M
4

. Because of the large dispersion in the 

. bending magnets,. 0
2 

was operated with CDC polarity in the horizontal 

plane. 

To define the momentum bite of the system, a brass slit, 4 in. 

wide, was placed at the center of o
2

, the point of symmetry in the 

system; this point is the first image position of the target for the cen-
, .. 

tral momentum rays in the horizontal plane. The slits were placed 

here to provide a sharply defined (nearly rectangular) momentum 

spectrum. 
10 

The final image of the system in both planes was formed 

at the last counters, which were at a distance from o
3 

equal to that 

of the target from o
1

• 

The salient feature o'f the horizontal-plane optics for a system 

operated in this way was that the energy focus of the system coincided 

with the horizontal focus10 • ll, 12 (i.e., the focus in the horizontal plane 

for central momentum particles). This condition minimizes final 

horizontal image size. A complete analysis of this feature is given by 
10 K. L. Brown. 

3. Beam Optics in Vertical Plane 

We determined the optics in this plane primarily from solid

angle considerations. As in the horizontal plane, the optics of the 

system are symmetric about the center of o
2

. Ordinarily, for a 

system of this type, 0
1 

should be operated in such a way that the com

bined effect of 0
1 

and M
3 

would be to image the ta.r get onto the entrance 
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principal plane of Ozi making the optics in the vertical plane 

independent of the operating conditions of the field lens. For purposes 

of optical brightness, the field lens 0
2 

should image the exit principal 

plane of 0
1 

onto the entrance principal plane of Q
3

, 

The optics of our system deviated from the preceding conditions 
>:c 

in order to increase the phase space of the J;llagnet system. Because 

of the large angle of bend in M
3 

(and M
4

), M
3 

acts like a very strong 

converging lens (short positive focal length); thus 'for the targetto be imaged 

onto the Q
2 

principal plane, o
1 

would have to be diverging in the vertical 

plane. As a result, the first optical stop would occur at M
3

. To make 

the first optical stop occur in o
1

, with a resultant increase in solid 

angle, we operated Q
1 

as a converging lens to image the target onto the 

center of M
3

. The field lens, o
2

, was then operated to image the center 

of M
3 

onto the center of M
4

, The optical properties of 0
3 

were the 

same' as those of 0
1

• 

* The concept of phase space to describe the transmission of a m.agnet 

system is discussed more fully by Devlin.
13 

Briefly, if a coordinate 

system is defined with its origin at the source of particles (i.e,, at the 

target) and the z-axis along the direction of the central ray, then we can 

consider two phase spaces, namely, in the horizontal and vertical 

planes (zx and zy planes), The position of a particle in phase space 

is given by its displacement (x or y) from the central r.a:y in the hor

izontal or vertical plane, and by its slope (dx/dz or dy/dz) with re

spect to the central ray in that plane, The phase space of the magnet 

system is then the four -dimensional volume J J Jjdx dy d(dx/ dz) 

d(dy/dz) subtended at the target by the limiting optical stops propagated 

back through the system to the target. The number of partiCles trans

mitted by the magnet system is then proportional to this volume in 

phase space, 
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4. Transmission of Magnet System and Beam Tu,ne -Up. 

The currents and focusing properties .for the bending magnets 

were carefully determined by the wire:..orbit method. The currents 

in the quadrupoles were determined before the experiment by an IBM 
. 14 . . 

650 computer progr~m (Tripole). f'or a particular momentum, a 

given position of the object, and a desired position of the image with 

.·respect to the quadrupole, the Tripole program calculated the neces

sary magnetic -field gradient (hence, the current) for each element of 

the lens. The predicted current values from Tripole were checked 

experimentally by the wire-orbit method. The matrices which describe 

the focusing action of bending magnets M
3 

and M
4 

were obtained from 
15 12 . 

Cross's equations and from Penner. The effective length of each 

magnet .was determined from the wire-orbit data. The validity of 

Cross's equations was checked by comparing the focusing properties of 

M
3 

and M
4

, · !3-S calculated by these equations, with the wire-orbit data. 

The discrepancy between the calculated and ·measured values was less 

than 10%. 

The transmission of the magnet system as a function of AP/P 

was determined analytically by tracing a large number of rays through 

the system by means of matrix equations. Each quadrupole element was 

subdivided into four pa~ts, with each part described by the appropriate 

matrix. 16 • 17 . More than 100 rays of different momenta, coming from 

all parts of the target and at various. angles, were traced through the 

magnet system by mea~s of a matrix multiplication COJ?puter program. 

This was done for both the hori~ontal and vertical planes. From. these 

ray tra.ces, the size of the momentum-defining slits needed at the 

center of Q
2 

was determined to be 4 in. wide. A graph of the trans:.. 

mission versus ~P/P for the resulting system is shown in Fig. 10, 

with the transmission for the central momentum normalized to unity. 

Transmission in this context is defined as the ratio of the number of 

rays from the target that a;re transmitted through the whole magnet 

system into the final counters to the number of rays from the target 

that ,are· a:cc.epteQ. by the collimator. The transmission, then, is 

directly proportional to the magnet-system phase space. The spectrum 
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is not symmetric about the central momentum because of the chro

matic aberration of the quadrupoles. The width and shape of the 

transmission curve were limited by the size of the momentum-defin

ing slits and the dispersion in M
3 

and M
4

. For a smaller angle of 

bend in M
3 

and M
4

, the shape of the momentum spectrum would be 

more nearly rectangular, 

From the ray trace, the effective vertical aperture at the en

trance of 0
1 

was determined to be 3.1 in. Thus, the total effective 

aperture at the entrance of. a
1 

( 70 in. from the target center) is 

0. 70 in. X 3.10 in. The size of the .final image was also obtained from 

the ray trace. Since this is a qu~ntity which can be easily meas~red 

experimentally, the final image sizes for various collimators in front 

of Q
1 

were also calculated. A comparison of the calculated values 

with those obtained experimentally for the corresponding coll:j.mator 

configuration' would indicate the validity of the calculated momentum 

spectrum for the system. (For this particular magnet system, the 

only place that the properties 'of the 'beam cah ''be properfyr'studied is 

at the final image position; therefore, the most accurate information 

about the beam will be derived from the profiles at this point). 

The beam tune-up was accomplished by scattering an a-particle 

beam from the cyclotron into the magnet system by means of a copper 

degrader. placed .at the .target position. A portion of the copper de

grader was in the form of 45 deg wedges so that the momentum dis

tribution of this degraded beam was flat over a region large compared 

with the momentum bite of the magnet system. For the first part of 

the tuning operation, counters T 
1 

and T 
2 

were removed and vacuum 

piping inserted in their place; thus, the entire path through the system 

was in vacuum except for regions in the vicinity of the degrader and 

the slits in front of 0
1

. The counting rate and beam profiles in the 

horizontal and vertical planes at the final image position were me as

ured by means of the two 4X4-in. scintillation counters, T 
3 

and T 4: 

and a movable 0. 5 in. -diam scintillator counter, for various currents 

in the quadrupoles. The currents were varied in such a way as to ... 
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affect the optical properties in only one plane at a time. Optimum 

transmission was achieved for the calculated current settings in all 

the quadrupoles. The beam profiles at the final image position 

were then measured for various collimator configurations in front 

of o
1

. In each case the measurements agreed very well with the 

predictions from the ray traces; specifically, the measured and pre

dicted values of the full-width-at-half-maximum of the profiles agreed 

to within l Oo/o • 

Counters T 
1 

and T 
2 

were placed into the system in their 

normal positions (Fig. 3}o The currents in M
4 

and Q
3 

were then 

adjusted slightly to compensate for the small energy loss of the 

alphas in these counters and in the windows of the vacuum system in 

their vicinity. Beam profiles were then measured again. From 

these profiles, the effect of the multiple scattering in T 
1 

and T 2 
on the transmission of the beam could be determined because the 

4X4-in. counters T 
3 

and T 
4

, at the final image represent the 

limiting optical stops for the system beyond the field lens; that is, 

by the extrapolation of the tails of the profiles to zero, the fraction 

of the beam scattered out of the system as a result of the presence 

of T 
1 

and T 
2 

is given by the fraction of the total area under the 

profiles outside the 4X4-in. counters. Because T 
1 

and T 
2 

were 

very thin and were located near optical image points, their presence 

did not appreciably affect the transmission of particles through the 

system, Under the operating conditions for data-taking runs (Sec, 

III), the fraction of the beam that did not traverse the entire counter 

telescope because of multiple scattering in T 
1 

and T 
2 

was deter

mined to be approximately 3% and 10% for magnet-system momenta 

of 1060 MeV/c and 872 MeV/c, respectively. 
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E. High-Pressure Gas Target 

A schematic diagram of the target is shown in Fig. 1 L The 

target consists of an aluminum cylinder of 0. 5 in. -thick walls~ 6 in. 

i. d., and 31.5 in. long, with aluminum domes, 1/32 in. thick and 

3 in. in radius, weldedto it at either end. The aluminum domes 

were made as thin as possible {consistent with safety requirements) 

to minimize the amount of material in the deuteron beam and to min

imize the energy loss and multiple scattering of the secondary alpha 

beam in leaving the target. The gas in the target was cooled to liquid 

nitrogen temperature, 77°K, by circulating liquid nitrogen through 

tubing attached to the outside of the cylinder walls. The temperature 

of the target was rrr_easured by means. of six thermocouples (copper

constantan) placed about the target. The whole arrangement, target 

vessel and cooling coils, was enclosed in a vacuum. The pressure 

of the. n
2 

and H
2 

gas in the target was normally 390 psi (abs ), which 

was the designed.pressure limit of the target. _ ':fhe density of the D 2 
gas under these conditions was 0.0170 gj em 

3
. For the me.asurement 

of they reaction, (7), at e .. = 135 deg, the target pressure was 
c. m. 

reduced to 350 psi (abs) in order to reduce the energy loss of the 

alphas coming from this reaction, which was considerable because 

of their lower momentum. The target pressure was measured to 

within an accuracy of 1. 5o/o by two Bourdon-type gauges connected 

in the gas entry-and-exit lines. The gas -handling system was designed 

so that when the target was emptied of deuterium, the gas was recovered 

and stored in a reservoir for later use. The hydrogen was allowed to 

.escape to the atmosphere. 

The geometries of the deuteron and alpha beams at the target 

are shown in Fig. 4. If we refer to this diagram, it is seen that ray B-1 

has a longer path length in deuterium than ray C-5. To correct for this 

longer path, a wedge of Mylar was placed at the entrance ofthe first 

slit. The wedge varied in thickness from 0 g/cm
2 

at point I to 0,204 
2 gj em at p<Jint J. With this arrangement, a-particles of the same 
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momentum and angle produced at points B, Y, and C will still be 

equal in momentum at Q
1 

because they will have suffered the same 

energy loss. For the target pressure of 390 psi {abs), the path length 

in D
2 

of the central ray is 0.810 g/ ern 
2

. 

F. Counter Telescope 

l. Description of the Telescope 

The dimensions of the scintillators and their positions relative 

to the final image position are given in Table I. The counters were 

made very thin in order to minimize the energy loss and multiple 

scattering of the a-particles .as they passed through. Details of the 

construction of T 
3 

and T 
4 

counters are shown in Fig. 12. Counters 

T 
1

, TZ' and A
1 

are similar in construction to T
3 

and T 
4 

-,-the only 

difference being in the size of the scintillator and aluminum foil housing. 

The R counter was also of the same type as T 
3 

and T 
4 

but consisted 

of two phototubes 180 deg apart. The scintillators were suspended 

fr~orn-..a:n~,AJ.~ac,.J!:am~ .by_:rogCl._ns. of,.fine~c~<>pper~·wire, and:enclosed in a 

1. 5 mil-thick aluminum foil housing. All the scintillators, except 

that of the R counter, had one smooth surface and one rough surface. 

The R counter scintillc;i.to~r had both sides rough. The purpose of the 

rough surface was to reduce internal reflection of the light in the scin

tillator by acting as a diffuse surface. The light from the scintillators 

was reflected onto the photomultipliers by the aluminum foil, as shown 

in Fig. 12. This method of light collection was considered preferable 

to the usual method, which uses lucite light pipes, because of the thin

ness of the scintillators. For such thin scintillators it was felt that 

(a) more light could be collected, and (b) the light collection would be 

less position-sensitive, with the former method than with the latter, 

Each of the counters used was tested for uniformity of response over 

its entire area by means of a beta source. The variation in pulse 

height as a function of the beta source position was less than 10%, 
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The purpose of the counter telescope was to separate a.

particles from other particles with the same P/z selected by the 

magriet system. Time of flight between T 
1

, T 
2

, and T 
4 

fixed the 

velocity and therefore the ratio of mass to charge of the particles. 

Deuterons were then the only contamination remaining. The thickness 

of the polyethylene absorber (CH
2

) between T
4 

and A
1 

allowed a.-par

ticles to be counted in T 
4 

but not in A 
1

, whereas deuterons of this 

P/z had sufficient range to be counted in AI" Alpha particles were 

then selected by the coincidence T 
1 

T 
2 

T 
4 

A 
1

, Additional identification 

of alphas was obtained by means of dE/dx. The pulses from T
3 

and T 4 
were fed into pulse-height discriminators which were set to count 

pulses above a given pulse-height only, The levels of these discrim

inators were adjusted to fire on a.-particle pulses with:::: lOOo/o effi

ciency. The outputs of these discrim'inators were fed into a coincidence 

circuit whose output was then placed in slow coincidence with the fast 

coincidence T 
1 

T 
2 

T 
4 

A 
1

, The output of the slow -coincidence circuit 

was used to trigger a four -gun oscilloscope on which the pulses from 

.eachindividual counter were displayed. Each time the oscilloscope was 

triggered, a photograph of the scope display was taken, The infor

mation recorded on the film then provided a check of the electronics. 

Additional dE/dx information was to have been obtained from pulse

height analysis of the R counter; however, during the actual data runs, 

the singles counting rate (primarily deuterons) in that counter was 

found to be too high for the pulse-height analyzer and therefore the 

counter was not used. The telescope had, however, already been cal

ibrated with this counter in place, so it was left in its normal position 

as part of tre absorber arrangement. The counter was removed when 

the magnet system was set to look for the y reaction (7), at 6 = 135 c. m. 
deg because of the small range of the alphas, The dE/dx information 

obtained from lower -level discrimination of counters T 
3 

and T 4 was 

sufficient,·. since the resolution of these counters was good enough that 

lower-level discrimination of their pulse heights provided very efficient 

identification of alphas. (See Sect. II. F.2). 
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By means of time-of-flight, the contamination in the beam was 

also measured,· Various fast coincidences between T 
1

, T 
2

, T 
3

, and 

T
4 

counted protons, deuterons, and He 3 , The numbers of protons 

and He 3 in the beam were about So/o and 30o/othat of the deuterons, 

A simplified block diagram of the electronics is shown in Fig. 

13, Except for the slow-coincidence circuit, all the components are 

more or less stock items· at the Lawrence Radiation Laboratory and 

are described in the LRL Counting Handbook, 
18 

The fast coincidence 

circuits were of the type described by WenzeL 
18

• 19 Because of the 

large momentum bite of the a-particles, long clipping lines were used 

to make the resolving time of these circuits about 18Xl0- 9 sec, The 

slow-coincidence circuit was designed to take output pulses from the 

10 Me pulse discriminators, 18 and provided an output pulse capable 

of driving a scaler, 

2. Calibration of the Counter Telescope 

The telescope v,ras calibrated with an a-particle beam from the 
\ 

cyclotron, The beam was scattered into the magnet system by a copper 

degrader placed at the target position, With the voltage on each counter 

adjusted to give pulses of about 2 volts into the cdincidence circuits, the 

counters were timed into coincidence, With the counters thus timed, 

the coincidence rates were measured as a function of the voltages ap

plied to the counters; then, the v;oltages were set at a value about 100 V 

greater than the lower edge of the plateau of the resulting curves, The 

time delays of the counters were adjusted to account for these changes 

in voltage, Next, the input levels of the 10 Me discriminators that 

take the output of the fast coincidence circuits were adjusted by meas

uring the coincidence output rates as a function of discriminator level; 

the input levels were set at a value safely on the plateau of the curve, 

The input levels of the 10 Me lower-level discriminators on counters 

T 
3 

and T 
4 

were determined by measuring the a-beam singles counting 

rate in T 
3 

and T 
4 

as a function of the respective discriminator level, 

and setting the level on the plateau of the curve, Finally, the amount 
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of CH
2 

absorber was determined by measuring the coincidence rate 

T 
1 

T 2 T 
4 

A 
1 

as a function of absorber thickness, The absorber curves 

obtained with the magnet system set for a·-particle momenta of 1060 

MeV/c and 872 MeV/c are shown in Fig, 14. The absorber thicknesses 

used in the data-taking runs are shown there, These curves are consis

tent with the calculated momentum spectrum transmitted by the magnet 

system (Fig, 10), 

A meaaure of the telescope efficiency was obtained from a com

parison of the telescope counting rate with the a. -particle singles counting 

rate in T 
3 

and T 
4

. With a low-intensity a-beam from the cyclotron 

(about 0, 2o/o of maximum) the singles counting rate in T 
3 

and T 4 was 

measured with their lower-level discriminators set at a low firing level, 

Their counting rates were the same within statistics, The counting rate 

of the a 4=>article telescope was then measured with all its components 

set at their plateaued values, The ratio of the latter to the former 

counting rates was 96± So/o, The error on this number is a measure of 

the counting rate statistics and the uncertainty in the absolute effi

ciencies of the T 
3 

and T 
4 

counters, This number is a lower limit on 

the telescope efficiency because any background in the blockhouse sur

rounding T 
3 

and T 
4 

would have made the singles counting rate in these 

counters higher than the true a-beam counting rate, 

With the use of a deuteron beam from the cyclotron, the various 

counters were also timed into fast coincidence circuits to measure 

protons, deuterons, and He 3 by time of flight, 

During the experiment, the eros s section for deuterons on car-

bon, 

2 12 4 . 
d a/ dS1dp(d + C -+ He + res1due), 

was also measured by using the CH
2 

-H
2 

subtraction technique, The 

result is 0,38Xl0- 30 cm
2
/sr-MeV/c for a-particles of 1060 MeV/c 

lab momentum and lab angle of 8, 7 deg, Using the CH2 target, we 
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could show that the electronics did not saturate even though"the pro

duction cross section for a-particles arid the background of deuterons 

were larger than with the deuterium target in place, The counting 

rate was measured as a function of beam intensity; a least-squares 

fit of data .showed that the electr-:onics was linear to within ± So/o, 

The efficiency of the telescope for the data-run conditions was taken 

to be equal to the product of the efficiency measured at low aJpha- beam 

intensity and the linearity factor determined with the CH2 _target, The 

result is 

efficiency = (96 ± 7, 2) o/o , 

During the data runs, consistency checks .of the a-counter tel

escope system were made periodically with an a -particle beam from 

the cyclotron degraded at the gas target, 
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III. COLLECTION OF DATA 

We looked for the rr 0 reaction (5) by taking a series of data 

runs; the tar get gas was cycled between deuterimn and hydrogen at a 

pressure of 3:90 psi(al:>s) and the magnet system was set at the cor

responding a-particle momentum of 1060 MeV /c. Alphas having this 

m.omentum at the magnet system had a momentum of 1275 MeV /c at 

the tar get center. The range of these alphas in D
2 

at the target 

center was 2.31 g/cm
2

. For this momentum setting, the a-:particle

selecting magnet system was sensitive to the production of a neutral 

particle with a mass of 120 to 155 MeV. 

To investigate the y reaction, (7), at 0..· = 65 deg for the c.m. 
same target pressure (390psia), the magnet system would have to be 

set for an a-momentum o.E 1274 MeV/c. Alphas havingthi·s momentum 

at the magnet system had a momentum of 1427 MeV/ c at the target 

c-enter. Th-e' range of the-se'~alphas in n2 a::t--th-e· target center was 3.43 
2 

g/ crri . However, because of magnet power-supply limitations at the 

184-inch. cyclotron, the maximum a-mon1entum the system could accept 

was 1150 MeV/ c. Therefore, to look for the y reaction with this ex

perimental setup, it was necessary to degrade the alphas to a momen

tum .:::; 1150 MeV /c. Thus, L03 g/cm2 of CH
2 

was placed in the beam 

at the entrance of the collimator to degrade the alphas to a momentum 

of 1060 MeV/ c. With this magnet momentum and the same target pres

sure setting as above, a series of data runs was taken with the target 

gas cycled between deuterium and hydrogen. For this setup, the system 

was sensitive to the production of a neutral particle of mass 0 to 110 

MeV. 

Additional information about the y reaction and about background 

was obtained by setting the system to look for the latter reaction at 

6c. m. = 135 deg. With the degrader removed, the target pressure 

reduced to 350 psi (abs ), and the magnet system set correspondingly at 

872-MeV /c alpha m.omentum, data runs were taken with deuterium and 

then hydrogen in the target. The reason for the reduced target pressure 



-39-

was to reduce the energy loss of the alphas since the range of these 

alphas at the target center is only L 55 gj em 
2 

in D
2

, For purposes 

of normalization at this magnet momentum, the measurements for 

the 1r
0 reaction described above were repeated with 0,525 g/cm

2 

CH2 added at the entrance of the magnet-system collimator to degrade 

the alphas to 872 MeV/ c, For these measurements and for those of 

the 'Y reaction at e = 135 deg, the R counter was removed from 
Com"' 

the system because of the small range of the alphas, 

To investigate the effect of possible a-particle contamination 

of the incident deuteron beam, we scattered an a-beam (from the 

cyclotron) off the target, and measured the a-particle counting rate 

in our system under the same conditions in which the 1r 
0 reaction 

and the 'Y reaction at 8 = 65 deg were measured, In both cases, 
c,m, 

the a-d inelastic scattering yielded L48± 0,03 times as many a-

particle counts as did a-p scattering, Thus, alpha contamination of 

the deuteron beam from the cyclotron or from deuteron interactions 

upstream from the target would provide a net positive difference in 

a -particle yield between the deuterium and hydrogen targets, 

Possible alpha background produced from deuteron interactions 

in the tar get window was investigated by placing 0, 090 -in, Al at the 

target entrance and taking a short data run with D
2 

gas i·1 the target 

and with the system set for the J> reaction, The a-particle counting 

rate showed an increase of about lOo/o over the rate with the additional 

Al foil removed; however, the errors are large, 
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IV" DATA ANALYSIS AND RESULTS 

A. Electronics Data and Oscilloscope Film Analysis 

The electronics data are presented in Table II. The indicated 

errors are statistical. 

As a check of these data, the photographs of the oscilloscope 

display were analyzed. From these pictures the pulse-height distri

bution of each counter output and the timing between the counters 

could be measured. To calibrate the scope display, an alpha beam 

from the cyclotron was scattered into the magnet system and scope 

pictures were taken with the scope triggered by the alpha-telescope 

electronics (Fig. 13 ). Then, with a deuteron beam, calibration pic

tures of deuteron, He 3 , and proton events were taken by triggering 

the scope with the output of the time-of-flight coincidence circuits 
3 for d, He and p, respectively, The timing between pulses from the 

T l ana T3 counters is proportional to the 'hori'zontal distance between 

them. Histograms of the timing between these counters for the various 

calibration runs are shown in Fig. 15; from this it is seen that the 

scope display provides very good timing separation between He 
4

, He
3 

and p A scan of the pictures of the actual data, for the magnet 

system set at 1060 MeV/c alpha momentum, shows that all the events 

have a timing that corresponds to that of alphas or deuterons {these 

particles have the same velocity for a given magnetic rigidity); more

over, no pulses from the anticounter, A
1

, are seen. Thus, all the 

events have the timing and range of alphas, 

However, an analysis of the pulse heights of the counters shows 

that only a small fraction of these events are, in fact, a-particles. 

The pulse -height distribution of each counter, obtained from the os

cilloscope pictures, is shown in Fig. 16(a). The distributions obtained 

with the system set to look at the iTo or y reactions and using the D 2 
or H

2 
target are very nearly the same; as a result the data of all the 



Case 

.. 4 . 
d + d- He + · -rP · 

4 
d + d -He + y 

Tar get empty 
background 

4 .. 
d + d- He + rr 0 

4 
d + d- He + y 

Table IL Electronics data. Counts per 10 13 deuterons incident on tar get. 

Magnet 
mon1.en,£um, 
. P(He ) 

(MeV/c) 

1060 

1060 

1060 

872 

872 

4 
P(He ) at 
target 
center 

(MeV /c) 

1275 

1427 

1140 

1275 

1150 

·Alpha counts from target 

62.2±1.69 45.0± 1.41 

67.2±2.11 47'.8±1.82 

32. 7±2. 14 

21.6±1. 75 12.3±1.13 

25.2±1.41 
b 

14. 5±0.85 
b 

a Deuteron counts from target 

63XI0
3 

44Xl0 3 

62Xl0
3 

44Xl0 3 

a 
Counter telescope was not plateaued for counting deuterons; therefore numbers should be considered only as 

indicative. 

b Counting rate corrected for reduced target pressures; that is, counting rate normalized to target pressure 

of 390 psi (abs ). 
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Fig. l6{a). Pulse height spectra determined from oscilloscope 
film for magnet- system momentum P{He 4 ) = 1060 MeV/ c. 
Spectrum of T counter output is based on a scan of only a 
few events ( 166): spectra of the other counter outputs are 
based on a scan of approximately one -third of all the data. 
Arrows indicate media~s of the calibration pulse height 
spectra for d 1 s and He 1 s obtained with d and He 4 beams, 
respectively, from the cyclotron. 
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settings have been combined. Except for the T counter, the pulse-
1 

height data are based on a scan of approximately one -third of all the 

events. The pulse -height spectrum for counter T 
1 

shows that it was 

"sagging" badly; this was because it was located in a region of high 

background. For purposes of time -of-flight coincidences, however, 

T 
1 

was shown to be counting alphas efficiently. The distributions for 

T 
3 

and T 
4 

each show a single broad peak, the center of which is at a 

slightly lower pulse height than that of the calibrated alpha distribution. 

The low pulse-height edges of the distributions for these two counters 

correspond to the lower -level discriminator cutoff. The T 2 counter 

pulse -height spectrum has two well separated peaks; the higher pulse

height peak position coincides with that of the alpha calibrahon peak, 

and the lower peak with the calibrated deuteron spectrum. In Fig. 

16(b), pulse-height spectra ofT l' T 
3

, and T 
4 

counters are plotted for 

the events in which the T 
2 

pulse height occurs in the higher peak and 

lower peak, respectively. From these graphs, it is seen that the pulse

height spectra in the counters are correlated. For the events in which 

the T 
2 

pulse height corresponds to that of al-phas, the output of counters 

T
3 

and T
4 

also corresponds to that for alphas; however, for those 

events which have a deuteron pulse height in T 
2

, the pulse -height dis

tributions for T 
3 

and T 
4 

are peaked about a pulse height lower than for 

alphas. This information, together with the fact that the timing for all 

the events is the same (within the resolution of the coincidence circuits), 

indicates that most of the events which the electronics recorded as 

alphas were really deuterons; these deuterons had somehow been con

verted near the final counters to particles which produced a large 

pulse height in T 
3 

and T 
4 

and which had sufficiently low range to be 

absorbed before reaching the anti counter A 
1

, The only material in 
J. 

the bean1 upstream from and near the final counters was the R counter 

and the 0.0 10-in. -thick :Mylar window of the vacuum system. 

From the calibration pulse height data and from the formula of 
20 Gooding and Pugh, we calculated the pulse height as a function of energy 

loss in the counters. With this information, the kinetic energy required 

of various particles to give the pulse height of the lower peak in T 
3 

was 

calculated; the results are listed in Table III. 
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Pulse height (em) 
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Fig. 16(b). Correlated pulse height spectra of data in Fig. 16(a). 
Cross hatched histogram is the spectrum for events in which 
the T pulse height occurs in higher peak (i.e., 
T 2 p. i. ~ 1.0 em., cf. Fig. 16(a)). Clear histogram is the 
spectrum for events in which the T 

2 
pulse height occurs in 

the lower peak (i.e., T 2 p. h.~ 0. 9 c. m., cf. Fig. 16(a)). 
Arrows indicate ~edians of the calibration pulse height spec
tra for d's and He 1 s. 
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Table III. Calculated kinetic energie's for various particles 
corresponding to pulse heights from counter 

Particle Kinetic energy 
(MeV) 

T3. 

Velocity 

(13 = vIc) 

Range in CH
2 

(g/cm2 ) 

(a) Kinetic energies corresponding to median pulse height of lower 

peak. 

He
4 

240 0.34 2.83 

He 3 
177 0.34 2.05 

H3 33 0.159 0.39 

d 24 0.159 0,30 

p 11.5 0.159 0.14 

-('b) Maximum kinetic energ1es- accepted of lower-Ievel·dis·c-iimiria:tor 

on T
3

. 

45 

30 

15 

0.177 

0.177 

0.177 

0.68 

0.45 

0.23 

Remarks: Incoming deuteron beam has kinetic energy of 7 2 MeV 

(13 = 0. 27) at R counter, Thickness of CH
2 

absorber in front of 
2 

counter A
1 

= 0.876 g/cm . 
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From the numbers in Table III, it is seen that, on the basis 

of energy conservation and range, the lower pulse height peak in T 
3 

and T 
4 

cannot be caused by He 
4 

or He 3 particles coming from a deu

teron-carbon reaction in the R counter and Mylar vacuum window; 
3 the effect may be due, however, to H , inelastic deuterons, or pro-

tons produced in the deuteron-carbon reaction. The experiments of 

Schechter et al,
21 

and Milburn et aL 
22 

on d-C
12 

scattering at 190 

MeV and 160 MeV, respectively, indicate that protons produced from 

deuteron stripping would be the dominant contribution, From the 

data in Table II and the oscilloscope film results, the cross section 

of a d-C 12 reaction (in the R counter and Mylar vacuum window) to 

produce these singly charged particles of f3 ~ 0.177 inthe solid angle 

s~btended by T 
3 

and T 
4 

counters, was calculated and the result is 

~~n ~,.6)2::::: 90 mb; that is, a cross section of this magnitude would 

account for all the counts in the lower pulse -height peak in T 3 and ~~· 

This cross section is consistent with the results of Schechter et aL~ 
extrapolated to a deuteron kinetic energy of 72 MeV. 

From an analysis of the kinematics of d-p elastic scattering, 

it can be concluded that protons or deuterons from the elastic scatter

ing of deuterons with the hydrogen in the R counter scintillator and the 

Mylar window cannot contribute to the above effect; that is, in the lab 

angle interval subtended by the T 
3 

and T 
4 

counters, the elastically 

scattered protons or deuterons do not have the kinetic energies required 

to give the observed pulse-height spectra in T 
3 

and T 
4

. 

To determine the number of true alpha counts for the data runs 

with the magnet system set for 1060-MeV/c alphas, we scanned every 

event on the oscilloscope film and recorded the number of events for 

which the T 
2 

counter pulse height corresponded to that of alphas. The 

results are shown in Table IV. 
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Table IV. Oscilloscope film data·. True alpha counts per 10 
13 

deuterons incident on target. 
l 

Magnet 4 P(He )at 
a momentum target Alpha counts from target ~. 

Case P(He4 ) center D2 Hz Empty 
(MeV/c) (MeV/c) 

4 
d+d-+He + rr 0 1060 1275 12. 7±0. 77 9.1±0.65 

4 
d+d-+He + 'I 1060 1427 15.5±1.10 10.5±0.82 

Target empty 
1060 1140 '9.6±1.16 background 

4 d+d-+ He + rrQ 872 1275 8.1±1.07 4.4±0. 59 
4 d+d__,;.He +y 872 1150 9.3±0.82 

b 
5.3±0. 53 

b 

a Errors are statisticaL 

be · · df d d ountlng rate correcte or re uce target pressure. 
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The pulse-height spectra from T 
2

, T 
3

, and T 
4 

with the mag

net system set for 872-MeV/c alphas are shown in Fig, 17, As 1n 

the 1060 MeV/ c cases, the spectra show that most of the events 

recorded as alphas by the ele.ctronics are really products from deu

teron-carbon reactions. In this case, however, the reaction occurred 

only in· the Mylar vacuum window, since the· R counter had been re

moved for the data runs at this magnet marne ntum setting. The num

bers of true alpha counts, as determined from the film scan, are 

included in Table IV. 

B. Acceptance of the Magnet System 

To calculate the cross sections for the 1r 0 andy reactions the 

acceptance of the system must first be determined, In this context, 

the acceptance is defined as follows: 

. Acceptance (8) 

where .0. steff = effective solid angle in the center -of-mass system 
c,m. 

subtended by. the collimator and magnet system {this quantity is a 

function of the configuration of the magnet-system collimator, the 

momentum bite o£ the magnet system, and the kinematics of a par

ticular reaction), 

teff = effective thickness of the target seen by the 

magnet-system collimator, in em, 

M = probability of the a-particle being ac-

cepted by the magnet-system collimator as a 

result of multiple scattering in the target. 

_ The acceptance is evaluated by means of a numerical integra

. tion, which is 'described in detail in Appendix B. The results are 

shown in Table V. 
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Fig. 17. Pulse height spectra determined from oscilloscope 
film for magnet-system momentum P{He 4 ) = 872 MeV /c. 
Spectra include approximately one-half of all the data. The 
pulse heights of the various counters are correlated. Arrows 
ind~cate medians of the calibration pulse height for d's and 
He 1 s. 
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Table V. Acceptance of the magnet system. 

Reaction 
Magnet momentum, PXHe 

4
) 

1060 MeV/c 872 MeV/c 

d + d -+ He 
4 + 1T 

0 

(about e = 90 deg) 
c. m. 

0. 790 sr-cm 0.280 sr-cm 

4 
d + d-+ He + y 

(about 6 = 65 deg) 
c.m. 

0.468 sr-cm 

4 
d + d-+ He + y 

(about 6 = 13 5 de g) 
c.m. 

0.293 sr-cm 
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C. Calculation of the Cross Sections and Results 

Because the conservation of baryon number forbids the pro-. '. ' 

duction of a-particles from d-p collisions, the hydrogen data are treated 

as background and subtracted from the qeuterium data to yield the net 

He
4 

signal from d-d collisions, However, this signal is to be con

sidered as an upper limit for the following reasons. 

L Any a-particle contamination of the deuteron beam from the 

cyclotron or from deuteron interactions upstream from the target would 

provide a net positive yield. As mentioned in Sec. III, this possibility 

was investigated by measuring the a-particle yield into the counter tel

escope for the case of an a.- beam from the c;yclotron incident on the 

deuterium and hydrogen targets. The a.-d inelastic scattering yielded 

1.48±0.03 times as many alpha counts as did a,-p scatt~ring. 

Z. From the data in Table II, it is seen that.more inelastic 

deuterons scatter into the system from the deuterium target than from 

the hydrogen target. Thus, it is conceivable that if some of the deu

terons interacted at the target walls to produce alphas, a net positive 

yield of alphas would result from a Dz -Hz substraction of the data. 

3. The increase in alpha counting rate obtained when ;o,.090-in. 

Al was placed in the beam at the target entrance- -although not conclu

sive because of the large errors- -is consistent with the alpha counting 

rate obtained from the DZ -Hz subtraction of the data for the 1r
0 and y 

reactions. This would indicate that the production of alphas from d-Al 

interactions at the target window and their subsequent scattering in the 

target gas (reason 1 ), may account for the net positive yield of alphas 

obtained from a DZ -Hz subtraction of the data. Further background 

analysis is discussed in the following paragraphs. 

-To get a firm upper limit for the 1r 0 reaction, we consider only 
4 . 

the data obtained with magnet momentum set at P(He ) = 1060 MeV/c 

and assume that the alpha counts in Table IV for the Dz tar get minus 

those from the HZ target were caused entirely by the 1r
0 reaction, 

The cross section is then calculated from ·the formillp. 

n 



where 
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N = Nl .. p t r(.6.0eff ) (t eff) (M)l E. (1-X) . d~m' l c. m. dO 
(9) 

N = number of net alpha counts per 10 13 incident deuterons, 
' 13 

N.= 10 deuterons, 
1 3 . '. 21 '· 3 

pt= density of target in atoms/em = 5,06XIO atoms/em , 

[ 
· eff eff J . .6.0 (t )(M) =acceptance by system; 1n sr-cn1., 

c.m. 

E = efficiency of counter telescope = (96±7. 2)o/o, 

X = fraction of the alpha signal that did not pass through the 

entire telescope because of multiple scattering in T 
1 

and 

T 
2 

counters = 0.03 for magnet system momentum of 

P(He 
4

) = 1060 MeV/ c, 

From the foregoing we obtain, for the reaction d+d-+He 
4 

+rr 0 at 

about 90 deg (c. m. ), 

(d~ -34 2 dn = (0.97±0.27)Xl0 em /sr. 
c. m. 

(1 O) 

Because this is to be considered as an upper limit, we increase the 

value by two standard deviations and quote the limit as 

~dO"~ - 3 4 2/ dn < l.SX 10 em sr, 
c. m . 

(II) 

. To get an upper limit on the degree of nonconservation of isotopic spin 

in strong interactions, this value is compared with the theoretical pre

diction for .the cross section3 which was computed with the assumption 

that isotopic spin need not be conserved. The theoretical value is 

~dO"\ theoret _34 2 
~ri)c. m. = (380±50)X 10 em /sr. (12) 
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The ratio of Eq. (10) .to Eq. (12), increased by two standard deviations, 

equals 0. 004; that is, 

probability of nonconservation of isotopic spin< 0.4o/o, (13) 

or, alternatively, isotopic spin in strong interactions is at least 99.6% 

conserved. 

With ·the same procedure outlined above, the upper limit for the 
4 

c. m. differential cross section for the reaction d+d-He +)' at 

e = 65 deg was calculated; the value is 
c.m. 

( 14) 

This value is a two-standard-deviation limit, the standard 

d . . t. . b . 0 6 1 I 0. - 3 4 2/ F h. t . ev1a 1on e1ng . X em sr. rom t 1s, one can ge an upper 

limit for the tota-l cross section for the y reaction. For this reaction, 

the electric· dipole transition is forbidden and the most probable transi

tion is the electric quadrupole transition, to_,.. 1s, 5• 23 which would 

make the angular distribution of the form sin
2 e cos

2e 5 
c. m. c. m. 

For this angular distribution, the uppe.r limit for tl?-e total eros s section 

is 

4 -33 2 
at(d + d-+ He + y) < 4.0Xl0 em . ( 15) 

To determine whether or not the eros s sections for these re

actions ar~ nonzero, a n
2

-H
2 

subtraction of the data at one momentum 

for either reaction is not sufficient (for reasons mentioned above). 

From the data obtained at magnet-system momentum of P{He 
4

) "" 872 

MeV/c, togeth~r with the 1060-MeV/c data, the effect of the possible 

sources of background can be determined and the true cross sections 

calculated. This background analysis is described in Appendix C. 



-55-

The set of equations described there includes. the possible background 

terms which do not cancel out in a D
2 

-H
2 

subtraction of the data. From 

these equations the true · a-particle signals for the TT 0 .and '{ reactions 

were derived; the results are 

(a) For d+d- He 
4 

+TT 0 (about e = 90 de g), 
c. m. 

@~ - (-3.4±3.1) X I0- 34 cm2 /sr; \)c. m. -
(16) 

and 

4 
(b) For d+d-+ He + "Y ( 6 = 65 de g), 

c. m. 

~a~ -34 2/ dn = ( l. 4± l. 3) X 10 em . s r. 
c.m. 

(17) 

The results are consistent with zero cross sections for both 

reactions. We find, thereio.r.e, no evidence of the nonconservation of 

isotopic spin. 

To determine more accur.ately whether or not the cross sections 

for these reactions are really nonzero, one needs more accurate infor

mation about the background than could be obtained with the setup used 

in this experiment. Ideally, the most direct and accurate way to inves

tigate the background would have been to measure the a-particle counting 

rate in the counter telescope as a function of the magnet-system momen

tum as it was varied in a region .from just below to just above that mo

mentum corresponding to the reaction being investigated; this should be 

done with both the deuterium and hydrogen targets. Such a procedure 

could not be followed here because the large mo:rnentum bite of the magnet 

system was comparable to the separation in momentum between alphas 

from the TT 0 and '{ reactions in this lab angle interval (Fig. 2); that is, if 

the magnet-system momentum had been set at a value just below or 

above that for the rP reaction (5), the magnet system could have ac

cepted alphas from the '{ reaction {7), and vice versa. Additionally, for 

Reaction (7), at magnet momenta lower than that for Reaction (7) 
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at 6 = 135 deg, multiple" SCattering and absorption :effed:became 
c.m. 

severe because of the low, energy ~of the alphas; thus the background 

in this region could not be. measured effectively. Also,. for the region 

of momenta above that corresponding to e .• = 65 deg, the back-
c.m. 

ground could not be studied because the magnet currents required were 

unattainable because of power-supply limitations. Under the circum

stances, then, information about background could be derived only by 

the more indirect method described in Appendix C. 
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V. : qONCL US!ONS 

From the results ofthe experiment we draw the following con

clusions: 

1. -• Isotopic spin is· at least 99.6% conserved in ·strong inter-

'actions. 

2. We find no evidence of nonconservation of isotopic spin in 

strong interactions. This also means that no evidence was found for 
·-.. ·. ·. . . . . . . 4. . 
the existence of the reaction d + d- He + 1r0 °, where the 1r 0 ° is a 

. 24 .· . . . 
neutral meson of zero isotopic spin with a rest mass in the interval 

120 to 155 MeV .. If the 1r 0° exists,. then this reaction, which is a strong 

intera~tion, wo~ld not be forbidden by isotopic spin conservation and 

therefore should have .been detected. For a 1r0 ° . of the same mass as 

. that of the ordina:ry . 1T0 ' we find d crtm I dQ (d + d- He 4 + 1T() 
0

) < 1. 5><10- 34 

' . 2 ~' . . . . 
crri /sr at e ::::: 90. deg . 

. · .... c. m. .. . 

3. The upper limit of the cross section for the reaction . 4 . . . 
d + d- He + '(. is of the SC).me order of magnitude as that for the 

. 4 
reaction d + d -+ He + 1r0 • 
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APPEN:QICES 

A. SEM Calibration Calculation 

The multiplication factor of the ion chamb~r (I. C. ) for a deu

teron beam is calculated from the expression
25 

where 

and 

M = t (- dE/dx), 
I. c. w 

(A-1) 

MI. C. = ion ch~mber multiplication factor = number of 

ion pairs created per incident deuteron particle, 

t = amount of argon gas (g/cm
2

), 

w =specific ionization of argon= 25,5 eV/ion pair, 

-dE/ dx = energy loss of deuterons in argon, (fi;V / g/ em 
2

). 

· 26 -3 I 2 I 6 For our case, t = (9. 71± 0. 08) X l 0 g em , and (-dE dx) = 2. 94Xl0 
2 

eV/g/cm . 

Substituting these values into (A-1), we get 

. MI. C. = (l.l20±0.009)XI0
3 

ion pairs per incident deuteron. 

(A-2) 

Then, the number of incident deuterons per f.LC of ion-chamber inte

grated current, Nd' is given by 

N = 10-6 X l 
d e ~M~--

1. C. 

where e = electron charge in Coulombs. 

Therefore, 

10 
Nd = (0. 557±0.004)X 10 . 

(A-3) 

(A-4) 
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From the beam intensify: measurements in the region where the ion 

chamber response is linear with intensity, we obtain 

SEM current 
I. C. ·current. 

= (8.86±0.16)Xl0-
4

. (A-5) 

The multiplication factor for the SEM, MSEM' is de.fined as the 

number of secondaries created-in the SEMper incident deuteron, and 

is determined from (A-4} and (A-5): 

Therefore, 

MSEM =(integrated SEM current/1-LC of I. C. current) X~ X~d 
= 0, 990±0,015 secondaries per p~imary deuteron, 

(A-6) 

. . 1 I0- 6 
Number of deuterons/sec per flA SEM current =~X-. -

-·-sEM e 

(A-7) 

and the beam intensity at the target is equal to this number increased 

by 6o/oto correct -for beam loss between the target and the SEM; that isp 

beam intensity at target per flA SEM current 

= (0.67±0.0l)X 10
13 

deuterons/sec. (A-8) 
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B. Calculation of the MagnetMSystem Acceptance 

Because the magnet system collimator views an extended target 

and not a point source, the acceptance by the system, as defined in 

Sec. IV. B., was evaluated by means of a numerical integration of the 

following expression, 

·Acceptance =(((M(e , <1> · , x) T(6 )sin6 d8 ~ dx, 
))) c.m. c.m. c.m. c.m. c.m. c.m. 

(B-1) 

where e 
c.m. 

= polar scattering angle in the c. m. system (the polar 

angle here is measured in the horizontal plane); 

<1> = azimuthal angle in the c. m. system; 
c. m. 

x = position coordinate along the incident deuteron beam center 

line in the tar get; 

M( 6 . , <!> , x) = probability that an a.-particle, produced 
c. m. c. m. 

at X With angles e and cp ., , is accepted by the magnet system 
c.m. c.m. · 

collimator after multiple scattering in the tar get; and 

T = transmission of the magnet system (Sec. II. D.4} an~ is a 

function of the momentum of the a.-particles; however, since thee 
c. m. 

of an a.-particle produced in the d-d reaction is uniq1.1ely related to the 

particle's momentum by the kinematics of the reaction, the trans-

mission can be expressed as a function of e c. m. 

The term M( 6 , <!> , x) was determined in the following 
c. m. ·c. m. 

way: Because the path length of the a. -particles in the D2 gas is large, 

the effect of multiple scattering in the gas could change the spatial 

distribution of the a-particles as well as their angular distribution. The 

lateral displacement of the a.-particles in the gas as a result of multiple 

scattering, was calculated by the formula of Rossi 
27 

and found to be 
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negligible compared with the beam and collimator dimensions. The 

mean-square multiple,-scattering angles in the D
2 

gas, the Al exit 

window of the ta-r get, .a:nd. the degrader material (if any) at the tar get 

. exit were calculated by the formula of-Bethe and Ashkin, 
28 

with the 

total- mean-square angle being the ~urn of these.- (For- the TT~ reaction 

the mean square multiple scattering angle f()r the, centt:al ray was 
-6 2 144X 10 rad ). With the mean-square angle obtained, the probability 

that a-particle that orginated from (x, 6 , cj> _ ) would be multiple-
. · . . · c.m. c.m. :)

8 
scattered at the target exit into the collimator can then be calculated.'" 

Because the r. m. s. multiple-:-scatteririg angle was much smal~er than 

the angle subtended by the aperture of 0
1 

at the ~arget exit in the azimuthal 

plane, the effect of multiple scattering in this plane was negligible and only the 

effect in the horizontal plane was considered. 
. " 

The acceptance of the system was then calculated in the following 

way for a particular reaction. Fr'om a point x, along the deuteron beam 

center line in the target, a number of rays we~e drawn toward the target 

exit at lab angles corresponding approximately to every 3 deg in the c. :m • 

. syste'm about the central e of the reaction seen by the magnet systern. 
. c.m. · 

The probability, M( 6 , x) of each ray's multiple ·scattering at the 
.. _ . c.m. 

target exit into the lab angle interval subtended by the collirriator at t:hat 

point was then calculated. Finally, the momentum of each ray at the rnag-

net system .wa:s calCulated and the transmission of the' magnet s.ystern for 

that ray determined frorri Fig. 10. A graph of M(6 , x) . T(8 ) 
c.m. c.m. 

· sin6 · versus 6 · , 
c. m. c. m. 

for the rays from the point x, ·was plotted. 

The area under 'the resulting curve was equal to 

J M( ec; m., x) • T(0c. m.) sin 6 
c. m. d6 

c.m. 
(B-2) 

for a..:particles originating Jrom point x. The above calculation was 

repeated for different positions. along the incident deuteron beam line in 

the target and a graph of the expression (B-2) versus x obtained. The 

area under the curve, ·multiplied by the element or azimuthal angle 

.. 



-'63-

.6.<j> , subtended by the effective aperture of 0
1 

at the center of 
c. m. 

the. target, was then equal to the acceptance of the system for the par-

. ticular nuclear reaction considered. The results for the various cases 

in this experiment .are listed in Table V. 

was determined from the expression 

The azimuthal angle .6. q, , 
c.m. 

where 

.6."' . - .6.."' 
:i't. m. - '~'lab 

i.v = = 
r sin elab 

0.29 radians, (B-3) 

l.v = effective aperture of 0
1 

in the vertical plane= 3.1 in. , 

r = distance from 0
1 

to. the target center = 70.0 in., and 

9 = lab angle between secondary a-beam and primary 
lab 

deuteron beam = 8. 7 de g. 

C. Background Analysis 

In this analysis we consider the following sources of background: 

(a) a-particle contamination of the incident deuteron beam, (b) a-particle 

production from deuteron-A! reactions in the target walls, and (c) sources 

of background that provide the same yield of a~particles into our system 

for D 2 and H
2 

gas in the target. 

The yield of a-particles obtained at each setting of the system can 

be described by an equation that includes the contributions from the above 

sources of background as well as the signal from the reaction being in

vestigated. For purposes of clarity, we list the equations in Table VI. 

With reference to this table, then, the sig* ;r0 is just the quantity sig ;r0 

degraded from 1060 MeV/c to 872 MeV/c at the target exit so that the 

two quantities are related by the expression 

sig* Jl 
sig ;r 0 

= (C-9) 
A o ( 1 - X) 

. 1T 



Magnet 
mom4ntum 
p(He ) - MeVLc 

1060 

1060 

1060 

1060 

'872 

872 

872 

872 
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''· .. :/ 

Table VI. Equations for background analysis 

Settin 

Reaction 

d+d-He4+:rr 0 

d+d-He
4

+:rr 0 

d+d-He1+y 

d+d-He 4+ y 

d+d-'He4+:rr 0 . 

d+d-He4+:rr 0 

:·. 4 
d+d-He + y 

d~d-He4+ y 

Target 
gas 

DZ 

Hz 

DZ 

Hz 

Dz 

Hz 

Dz 

Hz . 

Corresponding equation 

sig :rr 0 + (a-d)+(d-Al)
0 

+x(P
1

) = IZ.7±0.77 
z 

(a-p)+(d-Al)H +x(P1) = 9.1±0.65 
z 

,si,g y + (a-d)+(d-Al)0 /x(Pzl= 15.5±1.10 

(a-p)+(d-AI)H +x(Pzl = 10.5±0.8Z 
z 

sig*:rr0 + [(a-d)+(d-Al)r) + x(P1)] N = 8.1±1.07 
z 

[(a-p)+(d-Al)D/ ,x(P1 J1 N = 4.4±0.59 

sig*y + [(a-d)+(d-Al)D 1 N + ,x(Pj) .~ 9.3±0.8Z 
z 

[(a-p)+(d-Al)H 1 N + x(P
3

) = 5.3±0.53 
z 

(C-1) 

(C-Z) 

(C-3) 

(C-4) 

(C-5) 

(C-6) 

(C-7) 

(C-8) 

where sig :rr0 = yield from. the ~ reaction. (d-Al)
0 

= yield from deuteron-A! interactions in the 
z 

sig*:rr0 = yield from the ~reaction under the • 

experimental conditions associated 

. with Eq; (C-5) 

target walls, for Dz target. 

(d-Al)H = yield from. deuteron-A! interactions in the 
z target· walls, for Hztarget • 

sig y = yield from the y reaction with the ,x(P) = yield from momentum-dependent sources of 

background whose effects are the·same for Dz 

and Hz targ~ts. sig*y 

(a-d) 

(a-p) 

system set for ec.m. = {>5 deg;· 

= yield from the y reaction with the 

system·· set for "tm. =· l35 cieg, N 

= yield from alpha contamination of the 

incident beam scattering in the D
2

, 

=yield from alpha contamination of the 

incident beam scatteri~g in tJ:t~: ~2 , _ 

background" normalization factor to account for 

the fact that the yield from various sources of 

background is a function of the magnet system 

settings. As used above, thiS factor normalizes 

the particular background yield obtained at mag

net momentum of 87Z MeV/c to that obtained at 

1060 MeV/c.·. 

For the above exp_ressio~s, the yiel~ is taken -~o mean ~he a-particle yield p~r 10 13 ip.cident deuterons. 
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* wher'e ATT 0 ' A 'ITO = acceptance of the system, for the Tr
0 reaction for 

magnet momenta, p(He 
4

), of 872 MeV /c ahd 1060 MeY /c; respectively 

(Table V), and 

X*, X = fraction of the alpha signal that did not pass through the 

entire counter telescope owing to multiple scattering in T 
1 

and T 2 
counters, for magnet momenta of 872 MeV/c and 1060 MeV/c,, res

pectively: X* = 10% ahd X = 3%; 

With the assumption that the angular distribution of the y reaction 

is of the form sin
2 e cos 

2 e ' 5 
the relation. between sig* '{ and 

c. m. c. m. 
sig y can be expressed as 

sig*y 
sig y 

= 
A*(l- X*) sin

2 
135° cos

2 
135° 

. 2 0 2 0 
A (1 - X) Sl n 65 cos 65 

'{ 

(C-10) 

where A*, A = acceptance of the system for the y reaction with the 
'{ '{ 

system set for 6 . = 135 deg and 65 deg, respectively (Table V), 
c. m. 

and 

X*, X = same as in expression (C-9). 

From the measurements with an alpha beam from the cyclotron 

incident on the n
2 

and H
2 

targets, we have 

(a-d) = 1.48 (a-p) . 

Additionally, the data in Table II indicate 

(d-Al)D 
2 

= 1.42 (d-Al)H 
2 

(C-11) 

(C -12) 
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Thus, we have )2 _eqp.ations a!ld 12 unknowns; .so~ving thes~ fo:r. sig rr 0 

and .. sig y, :We o,btain . 

s'ig rr o 

and 

12.5±11.5 alpha counts per 10 13 incident deut~rons, 
(C-13) 

;,· 

. sig y = 3.8± 2.8 alpha· coup.ts pyr 1013 incident deuterons. 

(C-14) 

' The differential cross sectic>ns corresponding to these counting rates 
~, : " . , . - -· 

are calculated from Eq. ·(9). The results appear in expressions ( 16) 

and ( 1 7) in the text .. 
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