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Abstract: A measurement of the differential cross section for the reaction np — 7%d has been
made at the Lawrence Radiation Laboratory 184-inch cyclotron. A neutron beam with
kinetic energies up to 720 MeV was incident on a liquid hydrogen target. The angle and
momentum of the deuterons were measured using an analyzing magnet and wire spark
chambers with a magnetostrictive readout. Deuterons were separated from protons by
time-of-flight. The photons from the decaying 7° were not detected. The neutron energy
was calculated from the measured deuteron angle and momentum.

Out of 5 X 10° events recorded, 1.1 X 10° events were the desired n°d reaction.
The cross sections were compared to those for the reaction n#¥d — pp as a test of iso-
topic spin invariance in strong interactions. The symmetry ot the cross sections about
90° was also investigated, and an upper limit of about 1% was placed on the real part of
the ratio of isospin-violating to isospin-conserving amplitudes.

1. INTRODUCTION

In this report we describe an experimental study of the reaction np - 70d and its
significance as a test of isotopic spin invariance in strong interactions. These data
were obtained in conjunction with an experiment whose primary objective was to
test time reversal invariance in the photodisintegration of the deuteron by measur-
ing cross sections for the reaction np - vd [1]; but, with little extra effort, about
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5 X 10° events were recorded to obtain cross sections for np —~ 70d from threshold
to 720 MeV incident neutron energy. The experiments were carried out at the Law-
rence Radiation Laboratory (LRL) 184-inch cyclotron.

The cross section for 70d production is about 100 times larger than that for yd
production. To discriminate between these two reactions in the yd experiment the
deuteron angle and momentum were measured using spark chambers and a magnetic
spectrometer, and also the gamma angle was measured using shower chambers. The
gamma chamber array also detected gammas coming from the decaying 70 from the
70d reaction. In the data analysis the two reactions could be separated using kine-
matics to distinguish yd production from 79d production. It would have been pos-
sible to obtain the 70d cross section simply by using the enormous number of
events rejected in the yyd experiment. This was not done because the gamma cham-
bers were not necessary for the 70d cross section determination. Inclusion of the
gamma chambers would have made the data analysis much more difficult. The cal-
culation of the solid angle of the detectors would have required an accurate and ex-
tensive Monte Carlo calculation. We would also have needed a detailed knowledge
of the efficiency of the gamma detector down to about 50 MeV.

It was much easier to obtain the dn0 cross section by making separate runs where
the gamma chambers were not used, and the event was recorded when only a deu-
teron was detected. The total event rate in this mode was as high as five events per
second and was limited only by the recovery time of the spark chambers. The total
running time to obtain the 70d data was about four days. With the simple trigger
logic used, about half the events were protons coming from elastic and inelastic col-
lisions rather than deuterons. For particles of the same momentum, the time-of-
flight information (recorded with a time-to-height system) was used to separate the
deuterons from the faster moving protons.

As pointed out by Yang in 1952 isotopic spin invariance requires that the cross
section for the reaction np = 70d must be half of that for pp - 7*d, ie.,

a(ppomtd) _ (1
o(np~>nYd)

This can be shown by expressing the initial and final states as eigenstates of total
isospin

o(pp—~td) _ K1,1iS11,1)(2 )
o(np-m0d)  [1/4/2(1,01811,00+1/5/2(1,01S10,02

where S is the scattering matrix. If isospin is conserved the second term in the de-
nominator must vanish. Strong forces are independent of the third component of
isospin, so

(L1ISI1,1) = <1,0i8|1,0) ,
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and the amplitudes in the numerator and denominator cancel leaving a factor of two.
“There are three consequences of isospin invariance which we specifically investi-
gate:

(1) Bur angular distributions should be symmetric about 90° as are those for
pp > ntd, (because of the identity of the two protons in the initial state). Thus we
check for an asymmetry of our angular distributions about 90°. This test does not
require knowledge of the results of other NN = 7%d experiments.

This test is sensitive to the requirement that total isospin is conserved; namely
{1,0}510,0) = 0 in eq. (2). If this amplitude were not zero, it would give rise to odd
powers of cos @ in the angular distribution, whereas the allowed (1,0(S|1,0) transi-
tion gives rise only to even powers of cos.

(2) The shape of the angular distribution for np - 70d should be the same as that
for pp = a*d. Thus we fit our angular distributions to the function

0(0) x4 +cos? 8% +Bcost 0™,

and compare the values of A and B with those for pp =+ n*d from other experiments.
This check depends on the relation

(1,11811,1> = {1,0(511,0} ,

and is therefore sensitive to a violation of the invariance of the strong interaction
with respect to /5.

(3) The total cross section for our experiment should be one-half that for pp
n*d at all energies. We have made this check, but it is not very accurate.

These three checks could show violations due to the electromagnetic interaction,
but we know of no theoretical work done to calculate the size and nature of the
EM violation in this reaction. Furthermore the EM violation would be expected to
be small since there are no Coulomb forces in either the initial or final states of the
reaction np - n9d and the EM mass differences are small relative to the incident
energy. We have not seen a violation in this experiment even at the 1% level, so the
size of the EM violation is still unknown.

Tests of isospin violation in other types of experiments are often more difficult
because the EM corrections are considerably larger, typically ranging from 2 to 10%.
The investigation of bound states to test isospin is difficult because of the large
Coulomb corrections which are necessary.

Isospin invariance requires that the total cross section the scattering of a 7~ off of
a deuteron should be the same as that for a #*. The total cross sections have been
measured to be equal within about 1% [2,3] over a large energy range. However this
method only checks invariance with respect to the /3 component; it does not check
conservation of total isospin.

A number of experiments have been done involving pions and light nuclei. The
reaction
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dd - He4#0

is forbidden because of isospin invariance. (The deuteron and He# have zero isospin
whereas the pion has isospin one.) An upper limit for the cross section has been
measured by Poirier and Pripstein [4]. Greider [5] calculated from these results
that isospin is conserved to at least 6.5%.

Isospin invariance requires that the cross section for

pd - 7tH3 | pd > n0He3
should have the ratio

o(H3) _
o(He3)

2.

These reactions were measured by Crewe et al. [6] at 450 MeV, and by Hartig et al.
{7] at 591 MeV respectively. This test involves a rather large and uncertain EM
correction of about 6% since there is a large difference between the wave functions
of H3 and He3.

2. EXPERIMENTAL 4PPARATUS

A floor plan of the experiment is shown in fig. 1. A beryllium target 10.0 cm long
and 1.3 cm square inside the cyclotron served as an internal target to create neu-
trons. The neutrons that came off at approximately zero degrees with respect to
the bombarding protons passed through collimators totaling 4.2 m of steel in length.
The defining aperture was 3.8 ¢cm in diameter 5 m from the target. Charged particles
formed in the internal target were swept away from the collimator by the magnetic
field of the cyclotron. Most of the gamma rays in the beam were eliminated by a
lead vy converter 5 cm thick.

Charged particles created in the collimator were removed by a sweeping magnet
downstream of the last collimator. The neutrons passed through a liquid hydrogen
target and then through beam monitor counters. The beam at the hydrogen target
had a diameter of approximately 5 cm and an intensity ~4 X 10® neutrons/sec.

The duty cycle of the cyclotron was about 50%.

The deuterons were detected by a coincidence between counters D and D,.
The time delay of the pulses from Dy and D, was carefully adjusted to accept all
deuterons in the desired momentum range and reject as many of the faster moving
protons as possible. The orbits were recorded by using four spark chambers with a
magnetostrictive readout system. The analyzing magnet was mounted on a swivel
mount and tracks so that its position would easily be changed.

An on-line PDP-5 computer and magnetic tape unit was used to continuously
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monitor the experiment and record the digitized spark coordinate readings, beam
monitor counters, and time of flight between D; and D,.

The absolute flux of neutrons in the beam as a function of energy was deter-
mined from the np = -yd data [1]. It was obtained by assuming detailed balance
and using the total cross sections measured in yd = np experiments. The number of
vd events in a particular energy range (after accounting for efficiencies) was divided
by the cross section to obtain the relative number of neutrons. The resulting neu-
tron distribution is shown in fig. 2. There are large uncertainties in the total cross
section measurements in the yd - np experiments. This will result in an equally
large uncertainty in the neutron energy distribution.

The spatial distribution of neutrons in the beam was found by projecting the
deuteron orbits from the first two chambers back to the target midplane to find
the projected interaction point in the target. The distribution of the target interac-
tion points should be the same as the spatial distribution of the neutron beam for a
target of uniform thickness. The measured distribution was found to be a function
of radius only and is shown in fig. 3. [t is slightly smeared out by the finite target
length and Coulomb scattering of the deuterons.

The neutron beam intensity was continually monitored by three identical sets of
three monitor counters for reliability and redundancy (fig. 1). The first in each set
was an anticounter which insured that the second two counters were not counting
charged particles in the beam. A polyethylene block after the first counter created
charged particles which the second and third counters detected in coincidence. The
three sets of counters tracked to within 1% of each other during the experiment.

The liquid hydrogen was contained in a cylinder 7.5 cm in diameter and approxi-
mately 5.5 cm long with the axis of the cylinder along the incident beam direction.
The material in the beam was minimized to reduce interactions in the target walls
and Coulomb scattering. There was 0.44 g/cm? of hydrogen in the target and
0.03 g/cm? of mylar.
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Fig. 2. Neutron energy distribution in beam as  Fig. 3. Beam profile (number of neutrons/
determined from np — vd yields and detailed cm# versus radius).

balance. The uncertainty in the yd-> np total
cross sections lead to uncertainties ~+30% in
the energy distribution.
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The momentum analyzing magnet was a forty ton “C” magnet with a rectangular
pole face 91.4 by 40.6 cm and a gap 20.3 cm high. The LRL magnet group measured
the vertical component of the field at 5151 different points in a lattice of 79 X 29
X 3 points along the length, width, and vertical directions respectively. These mea-
surements were made for six different currents ranging from 980 to 2000 amps,
corresponding to central fields which range from 10.5 to 17.6 kG.

Each spark chamber consisted of four planes of closely spaced wires with one
plane in each chamber oriented along the horizontal and vertical directions and the
other two at +45°, The first two chambers had an active area of 25 cm square. The
frames were made of lucite and the “wires’” were 0.5 mm wide by 0.025 mm thick
aluminum ribbons on a mylar sheet 0.05 mm thick. Printed circuit techniques were
used to etch the grid of wires out of aluminized mylar. The third and fourth cham-
bers had an active area 45 by 55 cm. They were constructed of 0.15 mm aluminum
wires spaced 1 mm apart and glued to an epoxy-fiberglass frame. On all the cham-
bers slots were milled in the frames so that a magnetostrictive wire mounted on an
aluminum bar could be slid in to sense the location of the wire(s) which were sparked.
Wires at each end of the planes were also pulsed every time the chamber was pulsed
to provide start and stop fiducials for the readout electronics. Details of the spark
chambers and magnetostrictive readout system are given in ref. [8].

Deuterons from 70d production come from the target at lab angles from 0° to
14° with momenta from 675 to 1500 MeV/c. In order to span the deuteron angles
and momenta of interest, 9 magnet settings with different currents and positions
were used. The magnet was moved to three positions in order to cover the angular
region. The first position covered angles from 0° to 6.5°. The second covered 5.25°
to 10.0°; and the third covered 8.0° to 14.0°. For each of these positions, different
current settings were used to cover the momentum space.

Aside from the beam monitor counters, only three other counters were used in
this experiment. They were constructed of Pilot B plastic scintillator and were
located as shown in fig. 1. D; had dimensions 20 X 25 X 0.15 ¢m thick. An anti-
counter A; was used to effectively reduce the size of D, to limit the angular accep-
tance of deuterons. It was located just in front of D;. D, was 30 X 55 X 0.6 cm
thick. These counters were coupled to S6AVP photomultiplier tubes with lucite
light pipes. _

The event trigger was simply DD, A, . Pulses from D, and D, were also sent to a
module which digitized the time difference to an accuracy of +j nsec. The event
trigger enabled the readout electronics and started a 200 msec gate which turned off
the whole system to allow the spark chambers to recover. Data taking rates were
typically four events per second.

3.DATA ANALYSIS

The first step in the data analysis was to locate the sparks in real space. Then two
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straight-line trajectories were fitted to the sparks from the chambers before and
after the bending magnet. The momentum was then determined by integrating
backwards through the magnet starting from the trajectory determined by the third
and fourth chambers. This was done by an iterative method. The data were then
binned according to angle (relative to the neutron beam), momenturm, and time-of-
flight. The proton-deuteron separation was then carried out using the momentum
and time-of-flight information.

3.1. Location of sparks

In locating the path of a particle through a four gap spark chamber, we have a re-
dundancy of information coming from the four wire planes oriented in four different
directions. This redundancy was used to remove ambiguities in multispark events
and to improve efficiency and accuracy. The information was handled in a very effi-
cient way using a series of subroutines developed by LRL programmers [9] .

Initially the spacing between the four planes in a chamber was neglected, so that
the problem reduced to that of finding the intersection of an orbit in one plane
rather than the more complicated problem of finding an orbit through four planes.
For each event there could be zero, one, or two spark locations recorded in each
plane. The first program tried all possible combinations using one wire from each
plane. For each combination it calculated a point £ = (x,p) and its “residual” r
which is a measure of the goodness of fit.

P and r were determined in the following way: each wire has the equation

Ax+By=C;, i=1,4, (3)

where A; and B; are the direction cosines of each of the four wires. In matrix nota-
tion eq. (3) becomes

MP=C “®

where

Ay By \C3
\A4 B4 C4

However, if we try to solve for P we find the system is overdetermined and has no
solution in general. Eq. (4) can be modified:
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1

2
MP—-C=r, where r= 5

r3
Fq

There exists a unique solution of eq. (5) which minimizes the sum of the squares of
the residuals 7. The solution can be written as

P=MCcC,

where Ml is the generalized inverse of M. This equation and its solution are discussed
by Rust et al. [10].

The residual r; turns out to be the perpendicular distance from point P to the
wire in plane i. If the residuals were small enough (less than § inch) the correspond-
ing wires were used in determining the orbit. If the residuals were too large, the
whole program was repeated using all possible combinations of wires from each of
three planes. If an acceptable solution still did not exist, two planes were used (in
chamber 1 only). However two plane solutions were usually rejected for other
reasons: e.g., none of the other chambers fired. In this experiment chamber one
had the largest number of two wire events. It was found that almost all of these
events were protons which were created or deflected in the frame of chamber one
and thus did not pass through it (subsect. 3.3).

After the proper set of wire combinations was found for the four chambers, the
particle orbit was calculated. The trajectory was found for the particle before it
entered the magnet from chambers 1 and 2, and after it left the magnet from
chambers 3 and 4. These were taken to be the straight lines which minimized the
sum of the squares of the perpendicular distances to each of the 8 wires in the first
(or second) pair of chambers. The solution involves solving linear equations and is
straightforward [11]. The calculated straight line trajectory is given in terms of five
parameters: three coordinates which designate a point through which the trajectory
passes, and two slopes which give the direction of the trajectories.

The accuracy of the surveyed positions of the four chambers in the spectrom-
eter was checked by collecting data with the magnet turned off. Particles would
then go straight through all chambers without bending. The measured spark loca-
tions in the chambers should be colinear if the surveying were done accurately. The
deviations were found to vary from 0.0 to 1.3 mm for the various positions. After
these corrections were added, the programs were run again to verify the colinearity
of the orbits.
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3.2. Momentum determination

After the trajectory of the particle entering and leaving the magnet was calculated,
the momentum of the particle was found from the bending in the magnet by succes-
sive approximations.

The first step was to find an approximate momentum P; from the formula

. BL
P, = (correction) X ——Zq————— .
sinQg, +smag,,

(6)
This formula is exact without the correction term for a particle of charge g travers-
ing a field B in a rectangular region of length L. As shown in fig. 4, &, is the incom-
ing angle and o, is the outgoing angle. The correction is a polynomial with 81
parameters, Ciikl*

3 3 3 3
correction = IO b ci]-kls’i_ls{)_ly’(‘;_lzlo_l )
i=1j=1k=11=1

where 51 = tanay,, sg = tana,,, ¥ = zero intercept of orbit on y-axis (fig. 4), zy =
zero intercept of orbit on z-axis. '
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Fig. 4. Geometry of deuteron orbits.
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The 81 parameters were found by generating several hundred orbits of known
momentum, applying eq. (6) to each orbit, and adjusting Cjjk to minimize the total
RMS error.

Next a more accurate numerical integration was done. The approximate momen-
tum P; was used in tracing the path of the particle through the magnetic field step
by step; the orbit was bent at each step according to the direction and magnitude of
the field. The value of the vertical component of the field at each point was inter-
polated from a lattice of 5151 field measurements; the other components were
computed from div B = 0. After the calculated orbit was clear of the field, its inter-
section with the next spark chamber was computed. If this intersection point was
within 0.5 mm of the actual spark location, the calculation was close enough and
P, was within 0.2% accuracy. If the intersection point was further than 0.5 mm, a
second iteration was made. Eq. (6) was used again with sina,; determined from
the integration intersection point rather than from the actual spark location. This
value for P (P, ) gave a quantitative estimate of the difference between P and
the true momentum. A new trial momentum P, was obtained from

P, =P +AP,

where AP = P, — P ... Another integration was then done with P, to check it. In
almost all cases no more than two integrations were needed to obtain the desired
accuracy. The average computer time per event was 0.2 sec at the LRL 6600 com-
puter.

In the orbit integration process only three chambers were needed. Two were used
to find the incoming orbit, and one was used to check the intersection point of the
outgoing orbit. This was useful if one of the chambers did not fire. Also the unused
chambers provided a final systematic check of the accuracy of the spectrometer in
the following manner: The computer orbit was projected to the unused chamber,
and the deviation from the actual spark location was plotted in a histogram. These
distributions had displacements ranging from —0.6 to 1.8 mm for the nine magnet
positions. The resulting systematic errors are discussed in subsect. 4.2. The width at
half maximum varied from 5 to 6 mm. This corresponds to a spread in the momen-
tum measurement of approximately 2.0%, which agrees with the spread in momen-
tum expected from multiple Coulomb scattering in the spectrometer.

The solid angle or detection efficiency Eff(8,P) of the deuteron spectrometer
was computed for each of the 9 magnet settings. The computations involved num-
erical integrations over the surface of counter D, which controlled the angular ac-
ceptance of the deuteron, and over the surface of D,, which determined the accep-
tance of the deuteron momentum. The finite target size and the spatial distribu-
tion of the neutrons in the beam were also considered in the calculation. The inci-
dent neutron spectrum and the effects of Coulomb scattering were introduced at a
later stage of the analysis (subsect. 3.6).

For consistency in the data analysis the same criteria used in the integration were
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used to reject events. If an event fell outside the integration boundaries (*“fiducial
volume”), the event was rejected. The fiducial volume was made to be smaller than
that determined by the counters and pole faces — small enough so that no events
were lost through Coulomb scattering or through an inaccuracy in the solid angle
calculation. In the course of the data analysis histograms and scatter plots were
made to compare computed orbits with actual orbits to make sure the fiducial
volume was small enough, but no smaller than necessary.

3.3. Data processing and binning

In the first step of the data reduction the raw data tape from the PDP-5 on-line
computer was processed on the LRL Control Data 6600 computer. The magneto-
strictive scaler readings were translated into spatial coordinates. The spark locations
and orbits were found and orbit integrations through the magnet performed to ob-
tain the momentum. The orbits, momenta, time of flight, monitor counters, and
other data for the half million events were recorded on fifty reduced data tapes.

Next the reduced data tapes were run to set and check the fiducial volume. The
orbits were projected back to the target to check the size, location, and intensity
distribution of the beam. The reduced data tapes were then run again, and the param-
eters of the good events which fell inside the fiducial volume were stored in histo-
grams (bins). The fate of the events in the fiducial cut are tabulated for a typical
run in table 1.

Table 1
Disposition of events in fiducial cut

Events with

Events with missing chambers

four chambers #1 #2 #3 #4
Good events 7030 1 S 44 12
Hit pole face 845 0 0 2 1
g too large 26 0 0 1 0
® too small 282 0 0 0 0
P too large 67 0 0 1 0
P too small 1049 0 1 9 66
Outside target 1121 160 0 2 0
Misc. rejects 39 0 0 0 1

10459 161 6 59 80

Of the 10765 events in this sample, 33% were rejected in the fiducial cut. Of the
good events only 1% had a chamber that did not fire. On this basis it was estimated
that <0.1% were lost because two chambers did not fire. The relatively low effi-
ciency of chamber 1 for events which were “outside the target” is due to the fact
that some particles were created in the chamber frame which was very close to the
neutron beam.
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It was found that typically 1.2% of the triggers did not have enough sparks to
determine the orbits. These were mostly accidental triggers or stray particles which
did not pass through some of the chambers. The orbit integration failed for 2.7% of
the events. This was due mostly to particles which deflected from the magnet pole
face. Otherwise it was due to large angle scatterings elsewhere in the spectrometer.

The events were binned in three dimensions according to angle, momentum, and
time of flight. After all the data were binned, the separation of the protons and
deuterons was made as discussed in the next section.

The bin sizes were as follows: 26 angle bins 1° wide, 45 momentum bins 20 MeV
wide, and 30 TOF bins 1 nsec wide. This makes a total of 35100 bins. Word pack-
ing techniques had to be used to fit this into the computer memory and still leave
room for the rest of the program. This procedure is described in detail in the next
section. )

The binned data from each of the fifty data tapes were punched on cards. There
were nine separate decks of cards corresponding to the nine magnet positions. The
same procedure was followed for the target empty runs.

3.4. Separation of protons and deuterons

The timing requirements in the trigger were purposely kept loose to insure that no
deuterons were lost. The event sample therefore included a large contamination of
protons. The mass of each particle could be calculated from its momentum and
TOF. For low momentum particles it was possible to separate the deuterons from
the protons, but the timing resolution of +1 nsec made it impossible to completely
resolve high momentum particles. Fig. 5 shows typical histograms for a case with
relatively good and relatively poor separation. Therefore a single event could not
always be unambiguously determined to be a proton or a deuteron.

The shapes of the histograms in all cases were found to fit two separated
gaussian functions to a high accuracy. Thus gaussian shapes were fitted to the data
and the area of each gaussian respectively gave the number of protons and d “1terons
for that bin. The fitting procedure made use of the method of maximum . kelihood.
In summary the separation proceeded as follows:

(1) An abbreviated form of the 35 100 bins was printed out.

(2) A representative sample of angle and momentum bins were chosen. For each
of these bins the time-of-flight histogram was plotted. The locations of the peaks of
the deuteron gaussians were measured by eye to within 0.2 nsec accuracy to give a
first approximation.

(3) A function with seven parameters was fitted to this sample to give the gaus-
sian peak location as a function of angle and momentum.

(4) The average deuteron gaussian width was measured. (It was fairly indepen-
dent of angle and momentum.)

(5) A polynomial with four parameters was added as a correction to the func-
tion in step 3. It had the form C=a +a,60 +a3P +a,P0, where 6 and P are the lab
angle and momentum.
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Fig. 5. Typical histograms for the time-of-flight. In the first case the proton and deuteron peaks
are well separated; the second shows a situation with poor separation.

(6) A polynomial with four parameters was added as a correction to the average
width in step 4. It has  the same form: C'=b; + 5,0 + b3P + by Ph.

(7) The location of the proton gaussian (as a function of deuteron width and loca-
tion) could be found exactly using maximum likelihood, and its width could be
found using a very good approximation.

(8) The eight parameters a; and b; were adjusted to maximize the likelihood of
the fit of the data by the method of steepest ascent. For this fit the number of
deuterons were calculated for each bin.

(9) An eight-dimensional ellipsoid was computed in the (g;,b;) space such that
the probability was one-half maximum on its surface. For each angle-momentum
bin this ellipsoid was projected onto the two-dimensional subspace: width versus
location of the gaussian. This projection is an ellipse.

(10) For each point on this second ellipse, the number of corresponding deuterons
could be computed. The maximum and minimum give the separation error.

This procedure allowed the gaussian parameters (width and location) to vary
until the most likely fit was found, with the constraint that the variation be smooth
from bin to bin.

In two of the magnet positions (one with poor separation and one with good
separation) it was found that the proton-deuteron separation error was about 1% of
the statistical error. Therefore steps 9 and 10 were dropped for the remaining seven
positions.

Table 2 shows the disposition of the events for the nine magnet positions. The
table shows the numbers of deuterons remaining after the fiducial cuts discussed
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Table 2
Disposition of events (in thousands)

Deuteron events

Magnet Total Number surviving after eliminating
position triggers fiducial cut protons
1 198 124 50

2 16 6 3

3 12 6 3

4 36 27 11

5 44 19 12

6 38 20 17

7 40 24 9

8 50 5 3

9 48 5 3
Total 482 236 111

previously were applied and protons eliminated. Positions 8 and 9 covered small
deuteron angles and counter Dy was in the neutron beam. Most of the triggers were
for charged particles created in that counter.

3.5. Other corrections

After the deuterons were separated from the protons, other corrections were ap-
plied. These were for energy loss and Coulomb scattering of the deuteron in passing
through the target and spectrometer, contamination from the reaction np - vyd,
events originating in the walls of the target, absorption of deuterons, and (d+2)
production. These corrections were incorporated in the Monte Carlo simulation de-
scribed in the next section.

Energy loss

The energy loss as a function of deuteron momentum was calculated using an
LRL program [12]. The thicknesses of the various absorbing materials were put
into the program. The mean energy loss and energy loss distribution were calculated
using Bethe’s stopping power formula [13]. The width of the distribution was found
to be much smaller than the resolution of the spectrometer, and therefore was ne-
glected. The result of the energy loss correction is a small addition of momentum to
the value measured by the spectrometer. The correction ranged from 5% at low
momenta to 0.8% at higher momenta,

Multiple Coulomb scattering

Multiple Coulomb scattering caused an uncertainty in the measurement of the
deuteron angle. The deviation of the true value of 8 from the measured value has an
approximately gaussian distribution. The projected width A6 is given by the equa-
tion [14] :
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_15MeV /L
T Vi

rad

where p and v are the momentum and velocity of the particle, L is the thickness of
the absorber, and L4 is the radiation length of the material.

This effect shows up in the data in two ways. First it causes an error in the labo-
ratory polar angle due to the scattering material between the target and second
spark chamber. Second it causes an error in the measurement of momentum due to
scattering of the orbit in passing through the spectrometer. To minimize the error in
the momentum the orbit integration was done using chambers 2, 3, and 4 rather
than chambers 1, 2 and 3 because the first combination had less material.

np—>~vd

The differential cross section for np — yd was obtained from the time reversed
photodisintegration reaction yd = np [15] . The principle of detailed balance was
used to transform the cross section to that for np — yd. Although the cross section
for pion production is about 100 times that for gamma production, there are regions
where the kinematics enhances the gamma rate and suppresses the pion rate. Conse-
quently the gamma contamination ranged from 0.02% to 20.0% depending on the
kinematic region.

Target empty correction

To correct for events coming from the target walls, about six percent of the data
were taken with the target empty. These events were processed in the same way as
the target full events. They were normalized using the monitor counters so that the
number of incoming neutrons corresponded to that for the target full. This correc-
tion ranged from 4% to 18% for the nine magnet settings.

Deuteron absorption

Some deuterons were lost in passing through the target and spectrometer due to
nuclear scattering and absorption. Deuterons which are stripped or which scatter
elastically in the target or spectrometer would generally be lost, so the correction
was based on the total cross section. The total cross section for a deuteron-nuclear
interaction is strongly momentum dependent for our range of momenta. The total
cross sections for deuterons on nuclei of atomic number 4 were obtained by adding
the neutron and proton total cross sections multiplied by a screening factor [16] :

o(d4) = [o(nd)+o(p4)] X 0.97 .

The total neutron and proton cross sections come from the empirical formula [16]:
a(nd) = [(4-Z)o(pp) + Zo(np)] [1-0.15549-26]
o(pA) = [(A-Z)o(np) + Zo(pp)] [1-0.15540-26] .

The data for o(np) and o(pp) were taken from ref. [17].
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The total cross sections for deuterons on nuclei have been measured in our mo-
mentum range only at 700 MeV/c [18] . This value agrees with the empirical for-
mulas to about 15% accuracy. The corrections for absorption varied from a maxi-
mum of 4% at 800 MeV/c to 1.4% at 1400 MeV/c; the uncertainty in the correction
therefore has a small effect on the cross sections.

np - dnn

The threshold for np — dnnr is about 580 MeV. Although our maximum beam en-
ergy is above this threshold, on the basis of available data {19] the cross section for
two pion production at 700 MeV is estimated to be less than 0.2% that for one pion
production. Two pion production was therefore neglected.

3.6. Cross section calculation

The differential cross section is most conveniently expressed as a function of 8*
and E where 8% is the center of mass angle between the deuteron and neutron beam,
and F is the incident neutron energy. The raw data can be converted to a differen-
tial cross section using the Monte Carlo basic formula:

N, expt(e i ’E)

do(6* ,F) = doou (0% E), 7
Ngen(e *, E, doest) est( ) ( )
where N, 1, is the measured number of events in a small bin centered at 0* and E

with target empty events subtracted; do, is an estimate of the differential cross
section; and V., is the calculated number of events in the same bin assuming do.
in the calculation. Eq. (7) can be iterated by replacing do.; with do and repeating
the calculation. It converges so rapidly that only two iterations were necessary.

The calculation of ¥, usually involves a Monte Carlo simulation of the experi-
ment in which the solid angle is also implicitly calculated. In this case it was faster
and more accurate to generate events uniformly rather than randomly, and to com-
pute the solid angle separately as discussed in subsect. 3.2 above.

The determination of Ngen proceeded as follows: simulated events were generated
in the c.m.s. with 6* running from 0° to 180° in 225 steps 0.8° apart, and with E
running from threshold to 720 MeV in 120 steps 4 MeV apart. The number of events
generated at each value of 6 and £ was proportional to

F = dogg(6*,E) Eff(6,P) D(E) M Norm T

where Eff(8,P) is the geometric detection efficiency (subsect. 3.2); D(E) is the neu-
tron energy distribution normalized to unity; M is the number of counts in the beam
monitor scaler; and 7 is the number of protons per barn in the target. Norm is the
normalization which relates M to the number of neutrons in the beam. Norm was
determined from the np - yd experiment with about a 20% uncertainty (sect. 2).
The events generated in this manner were grouped into bins to form Ngen.

The Coulomb scattering of both the laboratory polar angle and momentum was
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folded into the generated events, and the energy loss experienced by the deuterons
was also simulated. Finally the simulated events were binned in ¢.m. coordinates.
The correction for contamination from dvy production described earlier was included
in Ngen by generating events using eq. (7), except that dg,, was replaced by the
cross section for dy production.

Also implicitly included in the calculation of Ngen was its double-valued nature.
In some kinematic regions there are two values of (6*,E) which correspond to each
value of the laboratory coordinates (8,P). Thus a bin in lab space will contain con-
tributions from two distinct c.m. coordinate regions in the ¢.m.s. corresponding to
incident neutrons of two different energies. In fig. 6 the cross-hatched area is the
ambiguous kinematic region. In the ambiguous area both N, ; and N, are a com-
posite of the two kinematic regions, so that do from eq. (7) is the sum over these
two regions, rather than being a direct measurement of the cross section in either.
However, most of the data is not ambiguous because in one of the ¢.m. regions
there are no incident neutrons of sufficient energy to cause the confusion.

AMBIGUOUS
REGION

DEUTERON LAB ANGLE

800 1000 1200 1400
DEUTERON LAB MOMENTUM  (Mev/c)

Fig. 6. Deuteron kinematics for incident neutrons of various energies. Events with deuterons in
the shaded region have two possible solutions for the incident neutron energy and c.m.s. angle.



S.S. Wilson et al., Isospin invariance

Table 3
Angular distributions normalized to an area 2« X 1000

271

Angle Energy (MeV)

(c.m.) 325 375 425 475 525 575 625 675
5° 1046 1120 997 663 687 983 704 -
3210 184 £77 £75 +101 +273 +203
15 814 942 824 917 938 1097 804 835

181 41 +27 +33 +38 +53 41 +55

25 801 766 803 802 858 925 901 807
+75 150 +33 +35 +32 +34 152 £55

35 899 803 833 764 757 761 748 655
+64 65 +63 +41 +34 +29 +46 +40

45 684 767 653 612 637 667 660 636
156 +£57 +34 129 +29 £33 128 +24

55 491 560 493 500 505 513 552 574
+34 +39 125 +25 24 +25 23 +18

65 396 427 434 446 399 420 439 430
+30 +41 +34 +26 +27 +20 +18 zl6

75 319 330 314 333 316 270 281 317
22 43 21 20 17 11 %11 +7

85 220 238 327 273 259 242 232 267
+18 +18 +29 £16 +]12 =10 +10 +7

95 195 289 354 279 242 219 236 267
+20 12 +42 +34 +16 11 +13 *13

105 269 265 322 377 352 320 317 344
+34 +21 +217 +54 73 49 32 18

115 420 366 383 426 440 455 466 443
+60 48 +37 +24 +28 +65 +67 +34

125 805 369 517 564 634 572 557 565
+307 160 +155 +168 +147 +130 £110 77

135 - 780 628 648 616 656 614 658
+364 +82 +87 +51 41 +43 +66

145 890 1309 781 724 769 715 838 825
+126 +348 185 +74 +57 +44 +88 +109

1ss 872 713 955 729 984 879 904 1188
£112 +188 £152 +102 2101 +69 77 320

165 952 999 863 871 821 884 875 852
+190 +113 71 +64 +68 +76 61 +98

175 - - - 1417 1067 956 1048 757
+457 +244 +118 +212 91
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Fig. 7. Results for the differential cross section normalized to the CERN [20] and Princeton
[21] data. The CERN data plotted are %o(pp—m*’d) obtained from the inverse using detailed
balance.

4. RESULTS

4.1. Cross sections

Our results for the cross sections are given in table 3. The data are in 8 energy
bins, 50 MeV wide, from 300 to 700 MeV; and 18 angle bins, 10° wide, from 0° to
180°. The data from each energy is normalized such that the area is 2 X 1000. The
data are plotted in fig. 7. Points in the ambiguous region are plotted as open circles.
Results from CERN [20] and Princeton [21] are shown as well; however only a
few typical errors are displayed for clarity. The CERN data comes from measure-
ments of n*d — pp, transformed to pp - dn* using detailed balance, and then di-
vided by 2 to normalize to np - dn¥. The CERN data covers an angular range from
90° to 180°. It is reflected about 90° and plotted twice. The Princeton results come
from a measurement of the same reaction at this experiment. In the plots our data is_
normalized to fit the Princeton and CERN results since there is a large uncertainty
in our total cross section.

4.2. Systematic errors

The alignment of the spark chambers was found to have a maximum inaccuracy
of about 1.3 mm. This would give a maximum systematic error in the deuteron angle
measurement of about 0.05°. The maximum systematic error in the momentum
measurement is about 0.5%. The systematic error in the cross section was estimated
by varying the lab angle of the deuteron by +0.05°, and the momentum by +0.5%,
and then recomputing the various cross sections. The resulting variations of the cross
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sections were combined with the statistical errors to obtain the errors quoted in
table 3. The systematic errors are about 4 of the statistical errors in the non-ambi-
guous region, but in the ambiguous region the systematic errors dominate and are
rather large.

4.3. Coefficients
To conform to the practice of other NN <= 7rd experiments, we fit the cross sec-
tions to the function

0(0*) <A + cos20* + B cos? 6* . (8)

Our A4 and B coefficients are plotted as a function of energy in fig. 8 along with the
7td = pp results from CERN. There are a number of other experiments measuring
the reactions NN — zd, but only the CERN experiment was sufficiently accurate to
determine the coefficient of the cos* * term.

Our cross sections were also fitted to the function:

0(0*)xA'+ Ucosf* +cos?6* + B' cos4 9* . ' )]

If isotopic spin invariance is not violated, the coefficient U should vanish. Table 4

& CERN
® This Experiment
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| ]
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Fig. 8. The A and B coefficients, the fore-aft asymmetrylAfb, and the coefficient of the cos6*
term U.
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Table 4
Coefficients
X2 per deg.

(MeV) A B of freedom U Afp

325 0.171 £ 0.031 —-0.412 = 0.094 13.6/14 —0.007 = 0.027 -0.8+21%
375 0.209 £ 0.033 -0.263 = 0.099 25.5/15 +0.066 = 0.038 6.5+3.8
425 0.379 £ 0.076 —0.199  0.122 17.5/15 —0.007 = 0.027 -0.5+19
475 0.335 £+ 0.052 —0.254 + 0.094 19.8/17 —0.006 = 0.022 -0.5+1.8
525 0.274 £ 0.034 -0.253 £ 0.084 15.5/16 -0.007 £ 0.019 -0.6x1.6
§75 0.242 £ 0.028 —-0.130 £ 0.097 20.7/16 +0.033 + 0.022 29+19
625 0.189 £ 0.018 —-0.452 = 0.051 15.0/16 ~0.012 + 0.014 ~1.4+1.6
675 0.247 £ 0.021 -0.474 = 0.057 13.1/15 -0.023 £ 0.016 —-2.4 =+ 1.7

shows that U is consistent with zero. Table 4 also gives the values of the other coef-
ficients along with the x2 for the fit. The forward-backward asymmetry is defined as

in T iTr 4
Ag = [Of odQ — fadn]/[fodn +f adﬂ] , (10)
Ho b W
and is shown in fig. 8; Ay serves as an important measure of the isospin-violating
amplitudes as discussed below.
A fit to the function

0(0*)x A’ +cos? o*

gave a much larger x2 than that for eq. (8). Thus the B coefficient is necessary for a
fit to this experiment.

4.4. Comparison with other experiments

As discussed in sect. 1 the invariance of the strong interaction with respect to the
third component of isospin leads to the result that the angular distribution of pp -
n*d and np - n0d are the same.

The CERN n*d - pp experiment is the only NN < zd experiment which has
comparable accuracy to our experiment. There is very good agreement for our re-
sults with that of CERN for both the A and B coefficients as shown in fig. 8. Qur
data is also consistent with all other NN = 7rd experiments though the accuracies of
their B coefficients are poor enough that this is not a very fruitful comparison. A
summary of these other experiments can be found in ref. [20].

The agreement of the coefficients was studied at the three energies for which
the CERN experiment and ours overlap. Good agreement was found. Table 5 gives
limits on the differences between the coefficients from the two experiments for a
90% confidence level.
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Table 5
Maximum discrepancy between 4 and B coefficients from np — 7°d and pp — nd (90% confi-
dence level).

Energy Maximum Maximum
(MeV) difference in A difference in B
575 <9.5% <6.3%

625 <8.5% <4.3%

675 <7.8% <3.5%

The Princeton experiment has measured the angular distribution for the same re-
action as our experiment in the same energy range [21]. Their systematic errors are
too large to allow them to detect the B coefficient. Their measurement of the asym-
metry Agy is consistent with zero, but their errors are more than four times ours.

4.5. Total cross section

In order to measure the total cross section, we must know the absolute flux of
neutrons at each energy in terms of monitor counts. This was determined using the
np —> yd data as discussed in sect. 2. The distribution in fig. 2 does not show the
errors which range from 40% at low energies to 20% at higher energies. This will
cause an equally large error in our measurement of the total cross section.

The total cross section is shown in fig. 9 along with the total cross section for
pp ~ 7td which is indicated by a band to show the uncertainty in the measure-
ment. The cross sections are consistent, but the uncertainties are too large for the
comparison to be of much value.

4.6. Comparison with theory

There are a number of theoretical models for the reaction NN = 7d. The most
successful is a covariant theory by Schiff and Tran Thanh Van who calculate the
singularity structure of the scattering amplitude using dispersion relations for the
partial wave amplitudes [22]. They also give a summary of other models. The
theories previous to this are unsatisfactory for our purposes because they do not
consider higher-order partial waves for which this experiment is sensitive.

If we consider only s and p waves in the final state, the allowed transitions and
their angular distributions are the following:

Transition amplitude Angular distribution
a= (3P1—>381) Isotropic

b= (1 So->3P0) Isotropic

¢ =(*D;~3Py) :l;"+ cos® 6*

All models predict that ¢ is the dominant amplitude. This agrees with most ex-
periments; the angular distributions are roughly 0.25 + cos? 8* within a 6% to 20%
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Fig. 9. Comparison of np — #°d total cross sections from this experiment with %o(pp—wnod),
and the theoretical cross sections obtained by Schiff and Van [22].

experimental error. Furthermore, in transition ¢ the pion angular momentum is
parallel to both nucleon spins and allows an intermediate #N (% 2) resonant state
corresponding to the A(1236) resonance. The A(1236) would appear as a peak in
the total cross section at 600 MeV incident neutron energy. Experiments confirm a
strong peak in that region (fig. 9).

Schiff and Van consider higher order partial waves also. The important waves are
those that interfere with the dominant transition 1D, - 3P, . These transitions are:

d= (3F2->1D2) ,
e= (3F4_’1G4) .

The results of their analysis show that ¢ and d are negligible, and b ~ e =~ ¢/10.
They find that a fourth power cos8 term is important and is the same order of mag-
nitude as the cos? @ term. Theirs is the only theory which predicts the values of the
B coefficients. Rather than giving their results in terms of the 4 and B coefficients,
they plot their derived angular distributions at several energies. The coefficients were
obtained by fitting eq. (8) to their plots. The results of this fit are given in table 6.
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Table 6
A and B coefficients in theory of Schiff and Van [22].

Energy (MeV) A B

460 0.87 0.66
572 0.61 0.50
633 0.54 0.47
690 0.49 0.43
745 0.45 0.40

Our experimental results have the same magnitude, but the opposite sign for the
B coefficients. No attempt will be made here to try and explain this discrepancy be
cause the significance of the B coefficients is obscurely imbedded in the theory —
they result primarily from an interference of higher order partial waves with the
dominant transition.

The theory is much more successful in deriving the total cross section. This
theory and the experimental measurements of the total cross section are shown in
fig. 8.

If isospin invariance is violated, it has been shown [21] that the important
violating amplitudes (transitions from /=0 to /= 1) can be

f= (1P3_>3sl)
g= (1P1 _’3D1)
h=(1F;-3D;).

These transitions give rise to odd powers of cos@ in angular distribution. Moreover,
the ratio of the real part of the violating to the dominant nonviolating amplitude
(!D,~3P,) is given by [21]

Re (i;) =234r;  Re (%) =447 ; Re (%) =65 Ay .

Since the average value of our measurement of A, is only —0.36 £ 0.66%, we
have set a tight upper limit on the real part of the isospin violating amplitude. To
the extent that A¢, is a measure of the ratio of the violating to the nonviolating
amplitude, this limit ranges from 0.27% to 2.6% depending on which isospin-viola-
ting amplitude is assumed.

5. CONCLUSIONS

Isospin invariance has previously been tested in several experiments involving
pions and light nuclei. (See sect. 1 for a summary.) These tests show that isospin is
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conserved to at least 5%. The recent experiment at Princeton [21] results in a for-
ward-backward asymmetry of 1 * 3% in the angular distribution of the reaction
np — 79d. Our results show an average asymmetry of 0.36  0.66% in the same re-
action,

Our angular distribution agrees well with all other NN = nrd experiments. In fit-
ting the cross section to the formula

0(@*) <A +cos?* + Bcos? 6*

we and CERN [20] find consistently negative values for B with a sharp negative
drop above 600 MeV. The angular distributions for these two experiments agrees
within 4% to 9%. Evidence from the forward-backward asymmetry shows that
transitions which do not conserve isospin do not occur to within about 1.0%
accuracy — the level at which electromagnetic violations might be expected to occur.

The experimental design and set-up involved the collaboration of many people.
Among these were David Cheng, Victor Perez-Mendez, Leonard Proehl, and John
Sperinde from the Lawrence Radiation Laboratory; and Roy Haddock from UCLA.
Their assistance is gratefully acknowledged. The 184-inch Cyclotron crew gave us
excellent support throughout the experiment. We are grateful to the Lawrence
Radiation Laboratory programmers for their valuable assistance in the data analysis.
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