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THE ANGULAR DISTRIBUTION AND YIELD OF THE PROCESS
. ' -+
pt+d—~t+w

. Wilson J. Frank

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

May 18, 1953

ABSTRACT

" The angular distribution of the process p +d =~ t + :rr+ has been
determined, using the 340 Mev prot'dn beam from the Berkeley 184-inch
synchrocyclotron. The process was identified at one angle 'by a com-
parison of measured and predicted angles of correlatibn, ranges of the
particles, and time of flight of the triton, The éame method was used
at the other angles, with the apparatus set for the predicted correlated
angles, minimum ranges, and triton time of flight; however, no further
tests were made because of the low counting rates in the experiment.
The results, corrected for pion absorption and decay iniflight, and pion

and triton multiple scattering, are as follows:

do
Pion Center of Mass Angle an,—o (microbarns/steradian)
30° 3.95 % 0.97
50° 2.55 % 0.18
70° 0.77 £ 0.11
90° 0.44 % 0.05
130° 0.46 + 0.07
150° 0.41 £ 0.12

.The errors given are s.tatistical. standard deviations. From this
angular distribution, the total yield of the process is estimated to

be 15 microbarns,
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THE ANGULAR DISTRIBUTION AND YIELD OF THE PROCESS

p+d-—>t+ar+

'.Wilson_ 'J,f Frar_lk.

‘Radiation Laboratory, ‘Department of éPhy"rsics","’
Un1vers1ty of Cahforma, Berkeley, ‘California .-

: May 18 1953

I INTRODUCTIO_N |

 The process p-+ d — d + nt dsabs interest for several reasons.

: One"r'eason is that its'r’elation t‘o the analogous process ptp =d+ w
" makes it somewhat amenable to. theoretlcal treatment, and a prediction
of its angular dlstr1but1on and y1e1d can be made.’“ This pred1ct1on
involves some as sumptmns about the deuteron and triton wave functions
.and:an. est1mate of the angula.r d1str1but1on and y1e1d of the process
p+tp—+-d+ 11'+ for pions with a center-of - mass energy of 78 Mev.
Once the exper1menta1 data on the p+d—~t+ 1r+ process are avail-

able, the theoret1cal treatment can be reversed or mod1f1ed to give

.. some information on the estimates and as sumptlons used

: Another reason why the process p + d -t + 1r+ is of interest is
~that a comparlson of it and its partner process p, + d‘ - He3_ + 7°

. would provide.a ‘strmgent testl’ 3 of the charge independence hypothesis.
_ .If nuclear forces are charge independent in this energy regmn where
pions are produced (see Append1x A), the angular d1str1but1ons of these
two processes should be 1dent1cal aﬂd their y1e1ds should have a ratio

of 2:1.
II. KINEMATICS

_The ‘inciderit part1c1es in the process p. +d -t + 1r+ are the
340 Mev protons from the Berkeley 184-inch sy-nchrocyclotron For
such a monoenergetlc two-body process, the conservation equations
for energy and mo'mentum'can be solved to give the correlated angles
* and energies of the resultant particles. An outline of a relativistic

calculation is givien in Appendix B; the results of this calculation are
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summanzed in Fig. 1. One 1mportant feature of this angular correlation
curve is that the’ tr1tons are confined W1th1n a twelve degree cone about
the beam axis. In the analogous ‘reactién pt+tp—4d+ 1r,+, the deuterons
are confined to a s'ix=de'gree?cone.~;., .The triton cone is larger because the
extra target nucleon reduces the center of mass mot1on, which increases
the effect of the . triton momentum component perpend1cular to the beam
axis. A comparison of the two processes p +d =t + ::r+ and p + p =

d + n' is given in the following table:

TABLEI
Soose. e o padet4wt s papeedea’
Threshold laboratory -« @ . .. o, e
.proton energy - . 210 Mev 290 Mev
' Energy available with} -" -
340 Mev 1nc1dent

protons ' I 219Mev 163 ‘Mev

» The concentratlon of tritons within a small angular reglon in the
‘forward d1rect1on makes poss1ble a ‘triton time-of - fl1ght measurement
w1thout a sacr1f1ce 1n counting rate. For example, “consider theccorre-
| lated angles of 8.0° for the tritoh and 110° for the p1on In this region
" of F1g 1,'a n1ne degree centér- of—mass angular interval for tritons is

;‘compressed into’ a one - degree laboratory angular 1nterval ‘in the same

o transformatmn, the p1on angular interval is’ changed only sl1ghtly If

i the dlstance of the ‘tritoh counters from the target is nine times that of

| the plon counters, then tr1ton and p1on counters of the same horizontal
dimensions will subtend the same center- of -mass angular interval.

"Even though the triton counters are considerably farther from the tar-
get than the pion counters, both sets of counters will be about the same
-perpendicular distance from tlie beam. axis; therefore, triton and pion
counters of roughly the same vertical dimensions will intercept the same
" dzimuthal angular interval. - This fact is illustrated in F ig..2. In

" sSummary, the solid angle determined by the pion.counters-at a distance - .
of fourteen inches from the target is "not'._reduc,edv by placing similar-

- sized triton counters-eleven feet from the: target. | , This large triton

counter distance allows the triton time of flight to be measured.
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III. DETAILS OF THE EXPERIMENT ' ©°

A. Appar atus

, The experlmental arrangement at a typ1ca1 a.ngle is 111ustrated in
Fig. 2. The incident 340 Mev protons were colhmated to a two-inch -
dlameter beam The beam was momtored by an 1on1zat1on chamber,
ion. current was 1ntegra.ted on a cahbrated condenser and recorded in
units of volts by a recording m1111voltmeter The targets of deuterated
paraffm (CD ) and carbon (C) were three 1nches in d1ameter and contained
the same number of carbon atoms. The part1c1e detector at the triton
angle consisted of two trans-stilbene phosphors; each phosphor was two
1nches by four 1nches and was v1ewed by two 1P21 photomult1p11er tubes.
The phosphor thicknesses were selected so that the expected tr1tons, 4
after su1ta.b1e absorber,_ would lose 20 to 30 Mev in each. The two sig-
nals from a given phosphor are shaped by clipping to a width of three
- millimicroseconds. and added together. Trans=stilbene phosphors were
used because their rise time is.of the order. of millimicroseconds; thus,
. not as much of the pulse energy is lost by shaping as would be with some
other commonly used phosphors. Fig. 3 shows this shaper-adder-lim-
iter circuit together with the last dynode stage of the pheto multiplier.
The 259 ohm coaxial cable was used to increase the signal transmitted
- from the photo multiplier and help eliminate the need -f,or amplifiers be-
tween the photo multiplier and the coincidence circuit., |
The particle detector at the pion angle consisted of two trans-stil-

bene phosphors; each phosphor was two inches square and was viewed by
one 1P21 'p"hotomultiplier tube. ' . The phosphor thicknesses were selected
so that the expected pions, after suitable absorber, would lose 10 to 15
Mev in each. - Each pion signal is clipped to a width of three milli-
microseconds and delayed by the length of coaxial line calculated to
match the éxpected triton signal time of arrival at the coincidence cir-
cuit. The two triton signals and the two delayed pion signals.are fed
into a germanium diode quadruple coincidence circuit having a resolu-
tion time of about three millimicroseconds with these pulses. . Fig. 4
is a schematic diagram of the coincidence circuit. The IN38 germani-

um diode inputs were used instead of tubes to increase the circuit sensi-
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tivity and eliminate input signal amplifiers. . The three parallel IN56
diodes and the associated capacitor are due to (}arwm4 They increase
the discrimination ratio by clamping the output voltage inzdll cases in
which less than four of the input diedes are cut off. | S

The IN54A diode in the gr1d of the output tfube was’ 1ntroduced to in-
crease further the d1scr1m1nat1on of the c1rcu1t A'typical ratio of quad -
.:. : ruple to tr1p1e c01nc1dence output pulse he1ghts is around twenty to thirty.
‘. The output s1gna.1 ‘of the coincidence circuit is ‘amplified, and recorded on
two scahng units with different bias’ settmgs 'This procedure ‘provides
a mea_sure of the bias platea.u that cannot be obtamed because of the low
counting rates.. The eff1C1ency of the count1ng equipment ha.s been meas-
ured to be’ almost one hundeed percent A more detailed account of the
electromc equ1pment is be1ng publ1shed by R1chard Madey, who was the

leader in 1ts development

_ B. Me;thodv

Because of the low counting rates in this experiment,‘ the process
p+d—=-t+ '1r"+ was identified by a number of tests at.only one angle.
However, at each angle, three ‘conditions were placed on the ‘coincidences

observed: (1) the counters were. set at a given pair of correlated angles;

7 {2) a time of flight lret;uirement ‘was placed on the triton by delaying the

7 -pion signals relative-to the triton signals accoerding to the calculated re-

lative velocitiés; {3} the éb's’orbersz added te each counter'telescope were
selected to stop any particles with ranges below the minimum calculated
" ranges. : A

The 340 Mev scattered deflected external proton beam of the
Berkeley 'synchrotron:has-an envelope -of roughly twenty-five micro-
- seconds duration, -which is repeated about sixty times a second. Within
' this envelope, a fine structure exists with the S'ixteen.meg_acyc]le fre-.
" quency of a phase stable bunch of protons.circulating near the:machine
- maximum radius. - "'Thus, the fine _struct'ure interval between proton
pulses is about sixty millimicroseconds; the width at half maximum
of a single pulse of protons is about 'four: millimicrosecondss;' The
" bunched protons in the beam produce bunched background, ‘such as

" elastically scattered protons and deuterons, .which have cross-sections

b



-8-

several orders of'r'nagn_itude above the cross section of the process

'pfil- d >t +w. However, the time -of-flight method uséd for measuring
the. triton velocity can @lso be uéed to separate the background processes

' by means of their different ve10c1t1es and reduce accidental counts caused
by them ' '

The time- of - -flight method will discriminate only against back -
'ground partlcles with veloc1t1es d1fferent enough from the expected tri-
ton velocnty to separate theé two part1c1e groups at the triton counter by a
time comparable to the resolution time of the coincidence tircuit. For
| background such as protons and deuterons with velomtles similar to the
v' expected triton velocity, an absorption, or range method can be used,
 since these protons and deuterons have one-third,and two-thirds, respec-
| 'tively', the range of tritons of the same velocity. By adding enough ab-
sorber before a counter telescope to stop the expe’cted’ particle at:the back
of the last phosphor most of the similar velocity background can be
e11m1nated ' ‘

"The calculatmns for a typical anglé will be used to illustrate the
'method rnore specifically. For the case of a pion'center-of-mass angle
of 130°, the Iaboratory correlated angles are 8. 0° for the triton and 110°
for the Iaion,:: " The triton energies are double-valued, but the pion angle
requirement eliminates one possibility. This geometry is shown in
Fig. 2. SupPOse a time origin is taken when a proton pulse passes
through the target and assume that a triton-pion or a miscellaneous
pair of background particles are created somewhere within the proton
pulse envelope. The triton-pion are created simultaneously, but the -
background pair occur separately, spaced at most by the envelope width.
(This condition is somewhat idealized, but surely most of the background
trouble arises from the many protons in the peak of the pulse rather than
from the few protons in the tail.) . The pion velocity at 110° is . 69c (c is
the velocity of light), and the pion arrives at its counter in 2 millimicro-
seconds. The pion counter background is slower, except for electrons
and gamma rays, but is not debunched much over the short distancefrom
'@a@-g_etato__ Countesz ;. The time sequence of events being described is

illustrated in Fig. 5. The triton velocity at 8. 0° is .3lc, while the
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veloc1ty of elastlcally scattered protons is about . 67c. Over the eleven
- feet from target to counters,. the probab111ty envelopes of these two

. particles. are separated by about twenty m1ll1m1croseconds By delaying

_,the pion counter signals W1th an amount of delay lme calculated from the

pion-triton expected time of fhght, the real pion- tr1ton counts are placed :-
-in. c01nc1dence .. The.pion. counter background is well separated from the
_fast, tr1ton counter background and poss1ble acc1dental co1nc1dences are
- discriminated agamst by the 3 m1ll1mlcrosecond resolvmg t1me ‘of the
coincidence C1rcu1t , o . "

.Absorbers calculated to stop the expected part1cle at the back of the
’last phosphor were added to each counter telescope in order to increase
‘the energy loss in the phosphor, enhance its eff1C1ency, _ and reduce
counts due.to low energy background The a.lum1num absorber calcu-
lated for tr1tons at 8.0° - will stop 85 Mev protons | F1g 5 shows that
~ protons of this energy and _greater are in the fast background category
and d1scr1m1nated against by the co1nc1dence circuit resolv1ng time.

- The method in summary, then, is this: two part1cles are detected
1in coincidence at angles correlated for the process P +d >t + 1f+,
. 8reater velocity background is eliminated by a t1me of fl1ght requ1rement
similar velocity background is ellm1nated by a range requ1rement The
-success of the method is seen in the fact that a CD, to C ratio of 5:1

2’
. was obta1ned at most. :angles w1thout using unreasonably low beam inten-

.. sities.,

IV. RESULTS OF THE EXPERIMENT

A. Identification Data

- “When ‘_th_e method described above was first .developed,.a number

- -of identification tests were made at one anjle in-order to be certain

~ that the process p + d =t +. nt was r'eally being observed. . : A
*"summary of these tests will be: given in this section.

First, a difference in the coincidence counting-rates. from CDZ

- and C targets was obtained at the corrélated laboratory angles of

- .8.0° for the triton and 110° for the pion, and with the calculated ab-

-
¥
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sorbers and delay lines. The result of varying the proton beam intensity

is given in Table I.

. Table II. .. .. .. ..

Relative B_eém intel}sity ..CDZ-C ]‘I)_:"Lff.ere"hcé_ Rate CD2 to C Ratio
6 ... 100 x0.20  3:1

1 e 1.25 + 0.30 : 6:1

The counting rate units are counts per unit of integrat_édb‘eam. The
target out counting rate was' a factor of five below the carbon rate at
-the highér inte'nsity_. The fact that the difference counting rate is con-
stant over a large variation in intensity indiéat’es that a real proceés
from protons on deuterons is being observed. The identification tests
of this real process are made by changing the angles, absorbers, and
delay lines from the calculated values and observing the reduction in the
difference counting rate. ‘
' The angular correlation.of' the process was tested by moving each
counter telescope separately frqm its calculated angle.: The results,
plotted in Fig. 6, show that the difference was properly reduced in each
case.. Both sets of counters subtended thé same center-of-mass
angles, but the pion counters .were' moved two counter widths to each
side wi'lil'e thé triton counters were moved three counter widths. This
fact plus the two-inch beam width and the large triton scattering make
plausible the incomplete counting rate disappearance when the pion
counters were moved. The co-planarity of the process was tested by
réising the triton counters one counter height ' out of the plane formed
" by the beam axis and the pion counters; the.differénce dropped to 0. 00
£ 0.30 from the normal 1.00 % 0.20 counts per integrated beam unit.
The time-of -flight correlation of the process was tested by
changing the arrival time of the pion é’ignal relative to the triton sig-
nal. The results of varying the length of pion.delay line are given in
Fig. 7. The difference counting rate is a-maximum when the length

of delay line in the pion counters is chosen to match the expected
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triton’ veloc1ty, the difference rate: dlsappears for particlesvelocities
larger or smaller by twelve percent. The effectivehess-of the time-
of -flight and range method in reducing background counts may be appre-
ciated by noting how rapidly the carbon counting rate rises as delay is
removed between the pion counters and the comc1dence C1rcu1t The .
‘v'_reason for the rlse in th1s acc1denta1 commdence rate can be understeod
from Fig. 5; the shorter delay allows the pion counter background to
' synchronize with the faster triton counter background.
-The ranges of the partlcles causing the coincidences were meas-
'_ured. The range spectrum of the particles passing through the triton
counters. and participating in-a coincidence is shown:in Fig. 8; the
calculated triton ranges‘are indicated for comparison. The spread in
‘the expected ranges isrcfau'sed by production at different target depths.
" The measured ‘range agrees with the calculated triton energy to within
" ten percent. . The effectiveness of the range method in reducihg acciden-
tal v-c.oin:'cidence-_s due to similar velocity background is illustrated by the
- fact that the "'CDZ to.C ratio of three to one with the absorber drops to
four to three without the absorber. The range of the particles at the
pion counters participating in coincidences was measured by adding
. more absorber to the pion counters; the measured range agrees with
"the.predicted pion energy to within ten percent. , '
* These identification'tests show a real process from the deuteron,
or one :of its compon ents;.this process is a-monoenergetic two-body
. reaction-that:is . consistent with.the process p +d.—~t + ‘n'+ - Because
--of - the low counting rates in this: experiment,. such a series .of tests
‘cannot be made'..-for"eé,ch angle without exces sive use:of cyclotron time.
‘The general method:of imposing the ¢onditions of.correlated angles,
- ‘expected triton i:imeaefmflight', “and. minimum ranges-for both.particles
was extended to the other angles at which cross sections were obtained,

~but no further tests were made.-

. B. Angular Distribution Data L
Data. for an angular distribution were:taken at eix-'.labo‘r.atory angles
" chosen to correspond to equally .spaced angles:in the center-of-mass

- system: :” These uncorrected data are summarized in Table. IIIL
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'I‘ebIe III '

=Pion;.‘CoM Angle Difference of CD‘2 a_nd‘.'C Rates Ratio of CD‘2 to C Rates

.79

30° 1 + 0,44 6
50 . 5.95 £ 0.40 . 10
70 2.85 % 0,40 .9,
90 1.56- % 0.16 ; 15
130 0.98 £.0.13 . . 4
150 J0.62 £ 0.17 . 2

. ..., Three corrections were a.pphed to the orlgma.l dlfference counting
rate. - The first is due to the decay of the pions in flight; it is small
because of the short flight path and is only a few percent at most. The
second is caused_ﬁy absorption of the pions in passing through the copper
absorbers in the pion counter‘ telescope. At most, thirty percent of the
pions are lost because of the minimum range requirement. The third

and largest correction is due to small angle scattering. If is the price

.~ paid for the time of fllght aid in 1dent1fy1ng the. process and suppressmg

the background At worst, however, less than f1fty percent of possible
coincidences are lost. The correction factors are summarized in Table

IV; fuller details on these corrections are given in Appendix C.

Table IV -

Pion CoM Angle Decay Absorption. Scattering ‘Total

©30% 1.03 1.43 . 1.32. 1.94
50 1,03 . 1.40 . 1.54 2.21
70 . 1.03 L1260 1.73  2.24
90 1,03 119 180 . . 2.21
130 1.05 1.05 1,65 . 1.82
150 1.06 1.02. . 1.54 1

.66
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The center of mass differentiaI cross-section is obtained from

the relation

do - _ .Titiz'i i
dQ T N N AQ
: (o] bt o .

The numerator is the produét of the 6riginal difference rate, R, and the
total correction factor, C. ANb is-the proton beam flux in protons per
integrated beam unit; it is calculated from the ion chamber calibration -
factor and ,;he integrating condenser value. Nt is the target particle
density in deuterons per square centimeter; it depends on the weight,
area, and composition of the target and the angle the target makes with
the beam direction. - AQ is the center of mass solid angle subtended
by the smallest counter; it is calculated from the laboratory solid

anglé by means of the transformations in Appendix B.. The final

results are given in Table V and plotted in Fig. 9.

“Table V

i\ . ' .
-~ Pion CoM Angle - X %__?{) (microbarns/steradian)

©30% 3,95 & 0.97 -

“50 ~2:55 % 0.18

70 0.77 + 0.11

90 0.44 =+ 0.05

130 0.46 = 0.07
7150 0.41 * 0.12:

The errors shown are the statistical standard deviations related
to the nuinber of counts obtained in the original data. The errors in
'Nb’ Nt’ and A Qo have been neglected -as far as this relative angular
‘distribution data is concerned, since they are the same for each angle
and affect only the total absolute cross-section. The error in Nb

is estimated to be several percent; in Nt’ about one or two percent;
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and in ASZO‘, somewhere between five and ten percent; together. Nb’ Nt’
 ‘and .ASZO will add ten to fifteen percent uncertainty to the-total cross-
section.-- By drawing a reasonably smooth curve through the data of
Fig, 9, the integrated total cross-section is estimated to be. fifteen
1-1'1ic'rol:?:ra.rn's'° - Since the counter and coincidence equiprnent is nearly
6ne.h1"1'ndred perceént efficient, this total cross-section can be taken as
the absolute yield with a probable error in the region of twenty-five

‘percent.

C. Conclusioﬂs

The process p + d - t +.n'+ has been considered-from a theoret-
ical viewpoint by Rudermanl. and Bludmanz. . The angular dist;ibution
is derived in terms of the cross-section of the process p,+ p-—> d + 1r+,
by maklng some simplifying as s‘umptmns. .From the ev1dence of the
h1gh ™ /'n' ratio for protons on deutemum6 and car'bon7 and the low
w /w rat1o,£or,'n_eutrons on carbons, it is assumed that in the process
p+d-—-t+ _'1nr+ the incident proton interacts with the proton rather than
the neutron in the deuteron to produce the pion; the two protons form a
deuteron and a pion. If the neutron, which is assumed to have been a
spectator thus far, has the proper momentum, it can form a triton with
.tihe new deuteron. . The triton wave functien is appfoximated in terms
of the deuteron wave function by assurnmg the separat1on of the nucleons
. .producing the p10n small compared to their separat1on from the spec-
. tator neutron. = The result do*/dQ p+d—~ t+ o ) then depends on .
the. deuteron and trlton wave funct1ons, as well as upon dO'/dQ (p + p—~
d + = ) , This -va_lue of the angular distribution and yield for the proc-
ess. p+p —+d + n’f is taken for pions with.a vcenter-of—mass energy
of 78 Mev, which is the center-of-mass pion energy in the process
pt+td—-t+ 1r+. The d + n’+ cross-section was extrapolated from
Berkeley9 and Columbial® data to be 210(1/3 + cos ,Q) microbarns/
steradian for the differential cross-section and 1.8 millibazns for the
total cross-section. The t + 1r+ angular distribution is reiative,
however, and depends vonly on the d + 1r+ angular distribution, and
not its total cross-section. Using the above d + n' cross-section

and the ordinary Hulthen deuteron wave function, the theoretical
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result labelled "no core' in Fig. 10 is obtained,u-_-,This_ curve does not
- -agree ‘with the-marked flat distribution from ;909 .t0‘18_0-0 of the experiment.
The curve could be flattened somewhat by choosing I-a_,mdre isotropic
angular distribution for the p + p.-= d + 1r+_.proce._ss;_; however, the
present data do not seem to indicate such a trend. The curve can also
-be flattened by reducing the high momentum components. of the deuteron
‘wave function, which ean be done by.introducing a core model of nuclear
forces. The nucleon model of a short-range repulsive force core
surrounded by the usual longer-range attractive well was originally intro-
duced by Jasf:row11 to reconcile the hypothesis of charge independence with
the qualitative features of high energy n-p and p-p scattering. The
res'dlts :of'choosing nucléeon coresat radii of 0.38 and 0.50 pion Compton
i)va‘ve'le'?ng’t'h"s ate shown'in Eig. 10. The agreement of the experimental
"“data with a core of 0.50 is str1k1ng, however, because. of the approxi-
| mations made ‘the conclusmn can be only that a core model of nuclear

‘forces is ‘consistent with’ ,the experimental fesults.
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V1. APPENDICES"

'A.. Charge Independence of Nuclear Forces -

e . . : : [ T

Shortly after the discovery of the neutron, Heisenberg introduced
the idea that the neutron and proton might be diffe_l_'en:t_'char,ge_v_states of a ’
,partiéle to be called the nucleon. A new quantum number, designated
by 7T and called the i"‘sot"opic;; spin, was defined in analogy to ordinary spin.
Jus‘t as.the ordinary spin of a particle can be determiﬁe_d by.its multiple
‘structure inra ma.gnetic field, a particle's isot_opic spiniis.reve_aled by the

 splitting caused by a coulomb field. The projection of 7 on the third axis

in isotopic sp1n space gives the charge state of the part1cles Since the . == =~

nucleon has a doublet structure, it is assigned 7T =1/2, with T = + 1/2
for a proton and 7 = - 1/2 for a neutron. The pion has a triplet struc-
ture since positive, negative, and neutral pions have been discovered
and stﬁdied; therefore, the pion is assigned T = 1, with- '7'3 = +1, 0,
-1 for positive, neutral, -and negative pions respectively. The Pauli -
principle for neutrons and protons can be extended to nucleons by re-
quiring that the total wave function (including the space, spin, and iso-
topic spin components) be antisymmetric. Thus, two protons, or two
neutrons, are in a symmetric isotopic spin state with T = 1; if they are
in aﬁ S .space state, which is also symmetric, their spjinvst;_ite must be
anti-symmetric with S = 0. A neutron and a proton 'could have either
T=lor T:= 0; for an S space state, the isotopic spin T = 1 state must
go with the ordinary spin S = 0 state, and the T = 0 state with the S =
~state. Thus, the deuteron ground state has T =0. )
Charge. symmetry of nuclear forces assumes that the p-p and

n-n forces are equal insofar as the interaction is transmitted by the
pion field. The charge independence hypothesis extends this equality
to include n - p forces; that is, nucleon-nucleon interactions are equal
for thel same space, spin, and isotopic spin state. If the Hamiltonian
is unchanged by a rotation'in coordinate space, it ,corf;mut,es with the
angular momentum, and the angular momentum is a constant of the
motion. _Svimilarl‘y, if the Hamiltonian is unchanged by a rotation in
isotopic 'spin space, it will commute with the total isotopic spin, and

_the total isotopic spin will be a constant of the motion. . If. the Hamil-
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tonian is unchanged by rota.t1on in 1sotoplc spin spaCe, it cannot contain
any isotopic spin operators (except for scalars like T ) to dlst1ngu1sh
between different k1nds of nucleons or pions. Thus, ‘the consequenc‘es
of charge 1ndependence can be. 1nvest1gated by assumlng the total isotopic .
sP1n, T, is a constant of the motlon T3 is also a constant of the motion
because of the conservatlon of charge
if a proton with T =1/2, T
T =0, T3

If cﬁarge independence of nuclear forces holds in this energy region (340

3 = 1/2 is incident on a deuteron with

=0, the resultant isotopic spin state will be T = 1/2, T3 = 1/2.

Mev incident prOtons), the final state must also have T = 1/2, T, =1/2.

A compar1son of the cross-sections -of two possible final states can be

' .:used to test the charge independence hypothesis.- - The two processes are:
He3 + 7°
p t+d -
H3 + 1r+

Some of the first evidence for charge symmetry was obtained in a
study of the mirror nuclei H3 and He3; such properties as their spins,
ﬁlagﬁetiIC' moments, binding energies, and so forth, make plausible the
assumption that the spin an;l space parts of their two ground state wave
functions are the same. It will be assumed further that these two nu-
“clei represent the two charge states of a tri-nucleon grqup of isotopic
spin T = 1/2.° Since pions are also different chérge ‘states’ of the same
particle, the two states He3, 7° and H3,- 'rr+ are identical except for the
arrangement of the charges One state could be transfdrmed into the
other by a suitable rotatlon in 1sotop1c spin space. If t'hen the assump-

"t10n of charge 1ndependence is mostly correct, the two processes should
have the same angular distributions. The ratio of the total cross-
sections or the differential cross-sections at any angle, will d.epend, on.
‘the mixture ratio of the states in the T = 1/2, T, =1/2 eigenfunction.
The procedure is exactly analogous to finding the eigenfunctions for a
éingle ‘electron in a P state, and in particular, the eigenfunction for the
1/2 ‘state with m = 1/2. Let 133 represent the isotopic spin eigen-

B T
function; N$,3, the He3,' H3 functions-; and '1rT3

T ‘the pion functions.
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The final state, then, can be written

1/2 /210 Y2 e
I = aN T + BN @ .
/2 1/2 1 /2 1

By app:lying',the'operators T2 and T'3, which are analogous to."J2 and
JZ’ the coefficients are found to be a =-‘\/2;3 and b = /1/3: - This
result means that the ratio of the H3 to -He3 cross-sections is two to

one.

B. A Relativistic Chdculation of the Kinerhatiojs

. The following notation is used: the rest mass of a particle is

M= mocz‘, its velocity is B = v/c, and y is defined as (1 - [52,)-1/2;
the particle's kinetic energy is T, and its total energyis E=T + M =
- YM; its momentum i{s P = cp = cymov =‘_y[3M; E,T, P, and M are
“given in units of Mev.  Some relativistic relations between these quan-
‘tities are: -E2 = P2 + MZ; ]?Z = T(T +.2M); P =BE; and 62 + y-z = 1.
This last equation is satisfied if we put B = sin0 and y - sec9, or B =
tanh ¢ and y = cosh ¢; a table of eithér_of these pé,ir_s of functions can
be usod, to evaluate B or y if one of them is known. Furthermore,
since P = yBM and yB = tan@, or sinh 4),7 P can be calculated easily
if it is desired. ‘_ .

If the quantities E, P, M of a particle are known in one system
of reference and 'Eo’ Po’ M0 are desired in a second system of refer-
ence moving parallel to the particle and having a velocity Bo with respect
to the first system, these transformation equations are used: E = yol‘Eo+

. BOPO);“P: yo<'po +BE)VE =Yy (E-BP); P =y (P-BE) Ifthe
d_irection,of the particle is not parallel to the relative velocity 60, but
.makes an angle. @ with it in the first system and an angle 90 in the
second system, the transformation equations become: E = yo(Eo +
‘30P0C.05 Qo)'; Pcos@ = Y, (P cos@_ +BE ); E =y (E - P cos 0);
Po'cosOo = YO(P cos @ - BOE); and Psin0 = PosinOo. Usually the
first frame of reference is the laboratory system in which a particle
of known energy is incident upon a target particle at rest. The second
frame of reference is normally taken to bé the center-of-mass system,

which might better be called the center-of -momentum system, since it
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_is that frame in which the vector sum’of the "mementa is'zero.- For
notation, - let the subscr1pt 1 demgnate the incident particle and 2 the
target particle;. the total energy in the. laboratory system is then

E = E1 + EZ = E1 + Mz;. the total momentum is P = Pl' If Eo and P0

are the total energy and momentum in the center-of-mass system, then
Po =0 by;definition.‘ .. The transformation equations are then: E = ‘yOE
and P = [S-OE. - Thus,’ E(—) can be easily evaluated and used to get the
-+ energy available for any possible process resulting from the interaction
of the two initial particles.
In many processes of 1nterest,. such as the present one, p+ d -
t+ -nr+, there are only two. particles in the final state 'For such a case,
o the conservation equatmns for energyv and momentum lead to correlated
angles and :ene"rgvi_e‘s for the two resultant particles. Letthese particles
be designated bythe subscripts 3 and 4; they will make angles 05, 0,
" with 'the beam axis. ' In the center-of-mass system, the additional sub~-
" script 0°will be added to distinguiSh this frame of reference. The se-
quence of formulae used in calculatmns for a two- body process like
‘p + d -t + zr+ is summarized below: ' :
‘ The ‘available energy in the center-of- momentum system.,
The total laboratory energy is E = E1 + EZ T1 + M + M2
' - "The total laboratory momentum is' P = P1 + P 1 EI‘IKT + ZMI_JI/2
, ' The transformation velocity is [3 P/E y and y ﬁ are gotten

I

" from hyperbohc function tables.

' The‘total c-—o—m-ene‘rgyvls E E/y » while the avallable energy
is Q=E "—'M3' : 4 ' :
2. The constants, E,: P B, y for a center- of mass part1c1e

The conservat1on equat1ons in the centermof,—ma‘ss system are

2 2 .2

Bog = Eg - Egy om0 Eg =B - 2EE 3+ Egg
Poy=Pgy o+ - or B -Mj=El -M; .

Y04 553 o4

: Subtr.;a,eting the two equations and _solving. fe;r, E(._)3 ..giv_e‘-_s 4
..o 3 4
Ao T ‘-Ed3'—; A e -
: 2E
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The other constants can be gotten‘in several ways from Eo3 by the
relativistic relations and the hyperbolic function tables, so that
Yo3 "363’ and P03 are known. | From P03 = Poé,vthe _cxonsta.nts Vo4
[304: }904, a.nd,Eo4 can be calculated. Or they can be calculated
by the above method as a cross check.

The laboratdry correlated angles and energies of the resultant

particles.
The result of dividing the perpendicular component transformation
equation, P3 sin 03 = Po3 sin 003, into the parallel component

equation, P3 cos 93 = Y, (P03 cos 903 + B0E03) | .

N B, .
. - |
is cot 93 Yo | cot 903 + --—--po3 csc 003-

The constants Yo BO, and [303 are known so that values of 03 can
be found for any series of center-of-mass angles 003. Once 93
is known, P3 can be found from '

sin_003 :

P3 = 1:)03 sin 3

and used to calculate E.3, [33, y3; T3, or as many of these quantities
as may be néeded. The laboratory quantities for particle 4 can be
‘evaluated in the same way.

The solid angle transformation from the 1abdratory system to the

center-of-mass system.

By
In the equation cot 93 = Y, [cot 003 + 3;-3 csc QO?J)

the only var1a.b1esnare 03 and 9'03 while the constants Yo ﬁo, Bo3

have been calculated. Differentiating this equation gives:

20 d93 _ sczg ] ﬁocsvc903cot.903}l
s P33g_, T Yo [ %% %03 T |
o> o3 _f

de sinZO B cos® .—I

or 3 _ 3 1 + o3 |

a‘r T Y |

o
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The center-of-mass solid angle is given:by

‘si_nO. 0 ae

. ' T 03 . o 03 , .
AQO3 = SanO3A903A¢ = -E-;-I—la-;— Sln@3 = Ag3 -ag;— Aq)
or.
o sin@ 5 dO_, J |
M3 7 smo. - do. S
3 : 3
; --;:?_'r.\_" . s,in39 AR
A - ~037 3
o3 3 ﬁocos 903
vy - sin 93 14 ————
° F"“"03

- C. Corrections to the Data

1. Pion Décay in Flight. For experiments in which the m°+ meson is

identified by its decay into a p+ meson, the correction for loss of pions
by decay in flight is relatively simple. If the initial number of pions

. :leaving the tﬂarget is n_, 'thgn the number arriving at the detector is

n = n e =t/'7 . The mean life, 7, of charged pions in their rest frame
is 26-r_ni11imicroseconds,12 In the laboratory, the mean lifetime, 7',

is longer due to the relativistic time dilation effect and is equal to y7,
whe"re y is caicuiated from the pion laboratory velocity, . The time
of flight, t, “of the pion over the distance, d, from the target to the de-
tector is given by t = d/p. 'Thus:,v: if n pions are detected, the number
- produced. in the target is n = ned-,/YBT' .

. Inthe pfesenf iexperi'm'ent, pt+d—-t + 'n’+, the pion is being
detected only as a charged particle satisfying the correlated angle,
rhinifnum range, and time of flight _réquirements, - The muon decay
product is charged and can also produce a coincidence providing it meets
these re‘q_u_irer:nentso To find the proportion of these muonsjtha;t are not
detect"e.d»,v .-c.oﬁéider:the decay in the pion's rest frame. ’Z‘[‘he'mupn has
an energy of four Mev and a veiocity B of about .25. A pidi; with a

typical energy of 72 Mev and a laboratory-velocity of p = .75 was’
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‘used to.calculate the following table of muon angles, energies, and

velotcities.
Center-of-mass Laboratory Laboratory . Laboratory
decay angle decay ang&e . _kinetic energy - velocity -

180° 0° 27 Mev .60
120 4 . 44 . .70
90 - 13 60 . LTT
60 “o . 10 - .75 - . .82
"0 0. : 94 . 85

A typical distance for the pion counter telescope is thirteen inches.
Over this diétance, ‘the gfeatest' difference between the times of flight of
a pion ‘and a muon decay product is less than a millimicresecond; thus,
all the decay muons . can meet the time of flight requirement.

A pion with a ,|3, £ ,75 has a range of 24 gra,ms/cm2 in copper.
Allowing for a tWenty Mev Io_s_s in the final phosphor reduces this absorber
to 21 g/cmz;v However, this amount will stop 60 Mev muons; thus, muons
from the.b.a.ckw,a.rdl center-of -mass hemisphere fail to meet the minimum
range fequirement .

| » The cota,ngents of 10 to 13% are around five. The half width of |
the pion counter phosphors 1s an inch; only those decays five inches or
less from the phosphor will be intercepted. It is estimated that about
half of the muons from the forward .cente.i' eof-mase hemisphere fail to
meet fhe correlated angle reqﬁirem"ent for this rea;son.‘ - It would be
unprofitable to do an exact calculation for each pion angle, sinee the
correction would be bnly six percent in the worst case if a'll. the muons
were lost. In this exemple, about three-quarters of the decay muons
are not detected; for simplicity, it will be assumed that this figure

holds at all the pion angles observed in the present experiment.

2. Pion AbSorption Because of the m1n1mum range requ1rement on the

pion, the pion passes through an apprec1ab1e amount of copper absorber
before be1ng detected. Some of the pions will 1nteract with the copper

nuclei and be absorbed or scattered at large angles. Usually this
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bint_e‘r_actiOn is assumed to be independent of_the pion energ;lrv, so that the
number of pions before absorption is n, =n e“t; n is the n'u"rnher of -
pions counted, t is the thickness of the copper absorber in radiation
. f-lengths, and . is the absorptlon coeff1c1ent in un1ts of(rad1at10n lengths) 1
. The absorptlon coeff1c1ent g is given by . )
N
o> {13.245)
in which N is Avogadro's number, ‘A is the molecular'weig‘h‘t_, 13. 245
is a conversion factor from grams/(centlmeter) to radiation lengths

of copper, and o is the cross section for absorpt1on However, recent
measurements by Stork]" _ sh_o_w that o 1.s\ not a constant, but a function
"o_f the pion energy. S,to,rk‘measurje_rd pion,,atte_nuati_on :by absorption and
.scattering greater than_.35° -a condi"t_i_on sirnila_r to 'p.l'a,ci'ng absorber

in front of an equal-sized counter. His results give ;avnuclie_a:_rvarea
lcrosse'section:‘ahove 85 Mey :With_a ,small,er,cr;oss ’!section for decreasing
..enefgy_,v _In this ‘case,_ the exponent of e ;becornes an integral
ftz pdtf'_'.: ‘,
R
| By plott1ng Stork's data in the form of u versus t thls 1ntegral can be

-.evaluated. nurner1cally to give. the correction to the data.

3, Small Angle Scattermg In pas s1ng through matter, a charged

- part1c1e will undergo a large number of small angle scatters due to
k Coulomb interaction with the charge on the nuc1e1 These numerous

small deviations canbe treated stat1st1ca11y to g1ve the resultant dis-
trlbutlon of angles or d1sp1acements, the d1str1but10ns are usually
| gaus sian and charactenzed by ‘the mean square ‘scattering angle or
; dlsplacement ‘Later on, several formulae for these mean square
a.ngles and d1sp1acements will be. given; the ‘initial work was done by
_,.--"W1111amsl4, and surnmar1zed and extended by Rossi and Gre1sen15 and
‘i,Eygeslé for. various conditions of app11cat10n _' ‘ . ' o

If only one of the resultant particles were be1ng detected in the

_Present experiment, p + d >t + :'n;‘.,‘ .the.small_ angle scatterrng
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_correct1on would be small since about as many particles would scatter
- into the detector as would be scattered away from-it. . By detecting both

: ,resultant partlcles m commdence the. correct1on is. 1ncreased because

it is"moreé: 11" sy that ‘oné or both of the partlcles will be ‘scattered away-

 from ‘their counters than that both of the part1cles will be scattered into

their respectlve counters. The usual solution to this problem involves . = .

makmg counters of one of the part1c1es govern the subtended solid angle
“while’ enlargmg counters -of the other part1c1e enough to collect all possi-
ble scattered co1nc1dence ~causing particles. . This procedure. is difficult

'1n the: present expenment because of the unusual angular: correlat1on

‘ ‘__curve and the low countmg rates. For ‘example, supp,ose_the pion and

.triton counters Subtend equal correlated angular intervals. It then the
“triton.counter is enlarged, .background counts 1ncrease at a more or less
' .constant rate wh11e the extra comc1dence counts occur. at a d1m1n1sh1ng

rate; although the actual countmg rate increases, the background diffi-

- .culties 1ncrease more rapldly, I.f the pion counter is-enlarged; troubles

‘arise in ‘the plon angle reg1on near 70 (see F1g 1) ;~here the slope of
the correlatmn curve goes through zero and unreasonably large pion

, counters would be needed ‘The difficulty of the greater background

' ‘increase over the real count increase probably would not be as serious

as in the triton caSe_; . For these reasons, .the counters sub_tend on the
average almost equal correlated angular intervals; the actual ratio
depends on the "angles since the samelccmnters are used at each
chosen paxr of angles __ ' | |

In the formulae shown below, the followmg notation is used:
P is.--the.relat1v1;s,t1c momentum in Mev; B is the velocity of the
-...pal'tic.le.ln:,units"'of the velocity of light; Es .'is a._cornbin_ation of
constants equal to 21.2 Mev. . The thickness of the matter, t, is
measured 1n radiat_ion 'lengths which are constant for a given mate-
rial and allow the formulae to be expressed more simply; t is used
for the range equivalent of the particle's initial energy.  For greater
utility, the mean square scattering angles or d1sp1acements are ex-
pressed in terms of their pro;ectlons on a plane containing the part1-

" cle's original direction.
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There are three different situations.in which small angle scattering
calculations were made. - The'first involves scattering in the target.
‘Here the energy l'o'sé is taken to be negligible and the effects of displace-
ment’in the target are small. compared to those from possible angular
deviation from the original direction. The mean square projected
* scattering angle is <O%}av = Ets%t/ZP‘Zfﬁ»Z_. . Target scattering is impor-

" tant for the tritons at all angles because of the large triton counter

- “distance; “it is less important for the pions, but it must be taken into

‘account ‘for pion angles around 90° where the pion travels through an A
P g , p g

appreciable amount of target material (refer to the experimental arrange-
‘fnent in Fig. 2). = The second situation involves scattering in the air.

- Again energy loss is considered negligible;- in this case, the displaceQ

- ment at the back edge of the ..ébé-orber (the air) is more important than
the angular distribution of the particles at that point. The mean square .
- projected displacement ’is“(yz)—:av-' = E'E_’Zt?’/_6PZB2,. - Air scattering is
-almost of the same importance as target scattering for the triton; for

the pion, it is negligible. = The third situation involves scattering in the
absorbers added tothe counters to give the minimum range require-
ments. ‘Energy loss-is not negligible in this case, .so that the calculation
 involves inteégration. - The mean sgquare projected displacement at the

back edge of the absorber is

<Y2>av 3 2,/ (t";\) =L 3

_ o : o -
where W = ZP[S/E'S. .- Absorber scattering is negligible for the triton
compared to the other two types of scattering; for the pion, it is com-
parable to target scattering at 90°.

-The displacements are in terms of radiation lengths; in order to
k ;add the scattering effects, the displacements should be converted to !
- effective angles by using a conversion factor from radiation lengths:to
centimeters. and dividing by the counter-to-target distance.  The
scattering effects are compounded by adding the projected mean square
angles for the three types of scattering. If the limits of the phosphor

are given by 01 and _02, then a function h{@) can be calculated and
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plotted giving the probability that a particle directed along @ before
scattering W111 pass through the limits of the phosphor after scattermg
Such functlons can be calculated for both the pion and . triton in both
horizontal(or polar) and vertical (or azimuthal) directions. The
horiio_ntal plane is the plane e‘ontaining the beam-axis and the centers

of all. the.co:untei'-‘s"-. “ The net probability that both particles pass through
b.,their i'espevct’i'ire counters is then pr’op'oi',tio‘nal'to “h_.f,‘:(b'“).-lvﬂ'__(‘cbw)- ht(Ot). Vt(¢t)
where 0 is the polar angle, ‘¢ is the azimuthal'angle, .h is the horizontal
probab111ty, and v is the vertical probab111ty Slnce 9“, 9 and ¢, ¢t
a.re correlated the two h functions must be mult1p11ed to: g1ve H(0), and"
similarly the two v functions to. g1ve V(<|>) the 0 and ¢ refer to the =
angles of the partlcle counter that def1nes the solid angle. If the differ-

_' ent1a1 cross sect1on\ 1s assumed more or less ‘constant over the counter,
:"‘:the total proba.b111ty of 1ntercept1ng both part1cles is g1ven by the ratio

of _[ (0_)V(¢)s1n0d0d¢ 1ntegrated over all an_gles divided by fsmOdOdq)
integrated over the counter. This humerical integration is §implified

by using the fact thatfH(O)V(cb)smOdOdcb is equal to _fH(O)smOdO fV(<b)d¢,v
and that smO ‘can be assumed constant over the counter. The small:
angle scattenng correctlon is the reC1proca1 of the 1ntercept1on proba-

bility.
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vViiI. ILLUSTRATIONS

Figure 1. Correlated angles and energies in the lé.borat,ory system for
the process p + d =t + 1r+. The incident proton energy
is 340 Mev. '

Figure 2. Experimental arrangement for observing the process p + d -

ot | | |

Figﬁr_.e 3, ‘.CiArcuit used to shape, limit, and ada photomultiplier pulses.

Figure 4. Germanium d_idde quadruple coincidence circuit.

Figure 5. Time sequehcge of particles arriving at the counters. The
time origin is taken as the arrival of a single radio-fre-
quency proton pulse at the target. _ '

Figune 6. Angular correlation test for the process ' p + d - t + ot

| The correlated angies are 8° for the triton and 110° for the
pion, 7 ' :

Figure 7. Time correlation test for the process p +.d =t + 11+.

- Zero time is based on pion and triton calculated .timés of
| flight, '

Figure 8. Range spectrum of particles arriving at the triton counters,
and causing a coincidence.

Figure 9. = Experimental angular distribution for the process p + d —-
t+ . | '

Figuré 10. Theoretical angular distributions for the process p + d .~

t + xf+, compared with the experimental data.
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Fig.- 1. Correlated angles and energies in the laboratory systerh
for the process p + d - t + n". The incident proton
energy is 340 Mev. '
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Fig. 2. Experimental arrangement for observing the process
p+td-—-t+ ot
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Fig. 3. Circuit used to shape, limit, and add photomultiplier pulses.
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