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A NE:W LIMIT FOR ISOTOPIC SPIN CONSERVAT!0!\1 
_ IN ,STRONG INtl~RACTIONS . 4 o 

FROM A&~ EXPERIMENTAL LH..UT ON CJ (d. + d- He + n } 
" - - -

.John A.. 'Poi.rier and Morris Pripstei.n 

Lawrence Radiation Lahorato!'y 
University of CalUornia

·.Berkeley, California, 

November·l, 1962 

ABSTRACT 

The strong reaction d + d ..-- He
4 + n°, which is forbidden by isotopic: spin 

. \ . . . . '• . 

. cons-erva.tion, has ·been looked for with a 460-Mt-rV deuteron beam from the 

:Serk,ley 184-inch cyclotron.- Preliminary_ results were reported elsewhere. 
- . 

. . · A more comprehensive analy~i& o£ this sanu~ experiment has rece11tly been 

. completed, From this analysiG. an •~pper .. lixnit for the differentia.! cro!.'!B section 

l.or the reaction ir. the c-e:nter-of-maeo system at about 9 = 90 deg li~ found _ . . . · c. m. 
to be 0.097 :t0.027:>-, 10- 3 ~ cm

2
/er. The dat~ a.re cor.l.sisteut with no n° p1·uduction. 

hom a corn.parieon ofthis upper limit 1fliththetheoretical prediction of the croe6 · 
. ' ' 

_s-ection· for this reaction i:l ieotopic 15pin need not be conserved, we conclude that 
.. ' . 

·isotopic spin is at least '(99:'14~9:6:8)% conserved in this strong interaction . .. 

• . . 
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A NE~V .LIMIT FOR ISOfOPIC SPIN CONSERV ,;\.TIO?..; 
, JN ST~ON.G INTERAC'!IONS 4 - "" 

FROI'v!. AN E.:XPF.RH.,fE:N1 AL LIMIT ON cr (cl + d ·• ~-!e + nuj 

John A. Poirier <.md Morris P:d.pstein 

Lawrence Radiation Laboratory 
Universtty o£ California 

Berkeley. California 

November l, 1962 

1.·· INTR.<..)J?Ut.~TXON 

In recent yea.rs experiments have heer-l perforrned to test the validity of 

the hypothesi's of charge independence or isotopic e~pin conservation in strong; . 

in.tera.ctione. 1 One such method is to experimentally study the relationships 

among two or more cross sections that can be theoretically predicted on the 

aasumption that i£otopic api:n is conserved, For example, the ratio of the 

cross section o (p + d _, H3 
-t 'II+) to . a (p_ t p _, H~ 3 + n°) is }.Jredicted to be 

z.o on the basis of isotopic spin conservation. For these re~ctions thet·e are, 
- . . . . . . 2 
howeve~~ el~ctromagnetic effects that tend to raise the (t!Xpected ra.tio. Experi-

- 3 . ' 
mental mea~urements of theae erose sections agr.ee with the corrected theory 

to within '3}'o with a 6% error. 

A more sendtive test of this conservation. law is the investigation of a 

-single reaction, 

4 0 
d + d - He + 1r • · (l) 

0 This 1! reaction, which ia a strong int.eracticH1, is forbidden by 1-spin con-

serva.tion_,. since the 1 spin of .each of the heavy par'ticlee is zero, while· that of . ' ' 

. the ordinary 11° (m.ember of the charge multiplet n+, n°, n-) is one; thfZrefore 

the reaction-.r_equiree a change in 1 spin .of tl. A meaaureuient of the cross 

section of Re<}.ction (1) would thel"efore indiCate di:re,·tly any pc:;r;aible devia.tiona 

----------------
*This work was done under the auspices of the U.S. Ato:nic Fne:-gy 

Commission. 
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from I-sp.in cunset'Vation. 3y c~nnp.a.ring this experh11.ent.atly r::u:a:nn:•ed ~~ro~a 

s~ctlon with th~ ::heo:retical erose section c:omputed ::m the assu-·nptbr.. that I S}iin 

4 
need not be consenred, one can detel:"rni,~e, quahltitativeiy. the degrE-e of non-

·.. . . t . 

conservation of 1 spin; t.ha~t is,· the :ratio of the~Ae two nm;1.bers is a m.ea.fJt!r;-e 

of the probability of. non<:onoervation of I spin. 

Previous expel"i}rtents ol: the. tr
0 :reaction 0} gave> upp~r lin1ittJ foJ.' the 

total 
' . . . -33 2 5 . -33 2 0 
croe.s aectl.O!l of 70X, 10 em at 460 MeV and l(l -~ 10 c~.n at ·:?.00 tv'teV. · 

Preliminary resulte of our investigation of this reactioi'l at 460 !v'i(!V have already 
. 7 
been reported. · New results based on .a more cor.npreheas1ve 1'\naly~,i~ of. the 

data of this ·same experirnent are presented he:!'e. 

d d 
._, 4: + ...... he + y 

at 460 MeV deuteron energy ia also re-examined. 

II. EXJ::::·ri.:ftiMENT AL !viET HOD 

T'he two-body final state of the rr{) reaction, (!) was studied by obsc~tvlng. 
alpha particles producecl fr.om ~1 gas deutt::riilr.n tal"get hom'barded by a. beatr:. of 

deuteronfi of 460 MeV (lab} kin:etic ene.rgy frorn..the Ber~ley 184-i:nch cyclotron. 

The kitlematics for the r.0 and ~ reac:tibi:Hil (1) and (Z) for indd(:~t deuterons of 

460 MeV (lab} kinetic energy a:re shown in Fig. l. The ex?erim~ntal at'ra:nge-
·, 

ment' is shown in Fig. 2, and details are given in Table I. '':."'wo slits of lead 

(not ittdicated in Fig. 2) Wr.:!re placed betwt:en the target and the fiuit •.;,uacl:rupole 

in order to (a) iix the angle (lab) of the alpha particle;::; at 8. 7 ±0.6 1eg (thi~ Ji:lg'...llar 

~egion is indicated by two horizontal lines in Fig. l ), a:nd (i)} ?!'event th~ a.Jpha-

selecting magnet system from seeing the intersection of the .deuteron beam wit.i:1 

the entrance; and exit dotnes of the gas targd. In order to acct.;pt as many <i"ipins 

as posaible that are produced· fl'om. the 0 
r. reacticm ( 1} in the above angul.J.r 



•' 

-3- DC Rl.-10533 

interval (l~b), the magnet syst~:;:n wa& dr:eaigned to accept r:vn:n~mt.?. th.~t devia.l:t!d 

by as much as· ·--:6c;t or +5o/o !rom the mean value. Ener~y loss and r:rmltiple 

scattering of the alphas were minimized by providing ,,. vacumn over thF."1r cntir.:! 

path length (except tor regions in the immediate vicinity of the target a::1d tb.t; 

counters). 

The target was 37.5 in. long and 6 in. in diameter, wit;h 1/32-in. -thick 

aluminum entrance and exit windows. ·It was filled with gas to a pressu.re of 

390 pei (absolute) and cooled to liquid nitrogen texnpera.ture. Fillings of hydrogen· 

and deuterium were a.lteriU\ted . 

. The 460aMeV deuteron b~.:am. from the cyclotron was collimated .<;nd 

focused to give -~ apot about 1/2 ~n .. wide and 1.5 in. high at the cle,.tterium target. 

" The beam wa.a very, nearly parallel ;_n the horizontal pl~ne; the maximum angular 

s.pre.a.d o£ the deuteron -beam in this plane was 0-:0.14 deg. 3ecause o£ tht.: geometry. 

of·the target and the angl~ of the alpha beam, intera~tions taking p!.n,~e i:ll.t rUf-. 

ferent positions inside the target produce alphas that travel through diffen~nt 

path lengths in the iieut.e t·i.;.:r:·:. This creates a problem becau~e of the lal"gf) rncan 

energy lou! of the alphas in the tal;'get, viz. an average of 57 MeV for tb.<; t::aae of 

the 'lfO reaction (1 ). It is poosible to pa-rtially equalize the differences in energy 

loss by placing a wedge o£ en~trgy-degrading material (described in Table I) close 

to the t~.rget exit. 

The_ alpha particles were identified by means of (a) efft;:ctive mome.n~um11 

p/Z. wi"c.ich waG determinefi by the magnets a.nc. the enel"gy alit; {b) velocity, which 

was determin_ed by time-of•fUght coincidences between counters T'l, TZ. <And T4; 

(c) their r-ange. which wa.s observed·~ be less than the polyethylene ,).bso-rbel" 

placed in front of. the anticoincidence c.ounter A~; and (d} ionizat:l.on energy loss, 

by requiring tb;• pulse beight £rom couhters T3 and T4 to be high ~r..ough to 

trigger a discriroJnator. These fuur criteria overdetermir~e the ch3rgct" and x:r.a.r.t> 
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of the ·alpha ?artit'le. The pulses from every counter we:re recorded on 3. 

four-gun oscilloscope for each event that eatisfietd all the abuve critr?ria. T'he 

ele~tronice were adJusted. by using an alpha beam f:rom 'i:he cychJi t'ou, a.:1d co~

sistency checks were made periodically durin_g the experiment. The F. .~::muter., 

shown in l<"'ig. 2, was not used d.\&1.'i:o.g the data-taking runs but was a.Uowed to 

_ remain in position ,alii part of the absorber arra.ngement. 

\ve th.ink that our alpha ~clel!lcope wae at least (96 * S)% efficient for 

regi.ote:ring· alphas (perhaps too efficient. as we fqund l)ut late!'). Thio limit 

comes .fr.om comparing the· plateaued sing~es q:mnting rate in either T 3 or T4 

with the counting rate in the rn.ultiple~coincidenc~ circuit (which Tegistered the 

simultaneous satisfaction of requirements (b) phis {c) plus {d) listed above l while· 

using an alpha bea~"!l from the cyclotron. With a. deuteron beam from the cyclotron 

we theJ1 studied the counting rate from a polyethylene target placed in the carne 

, position. aa our 'deuterium target ordinarily occupied. Th-e polye~hylene target 

provided u,e with higher counting rates and enabled us to see that the elech:onks 

counting rates v1ere H.near with deuferon beam intensity. {At full beam iute.nsity 

the ·alpha counting rate iU reghtered on the scalers- was abcmt six _times the ratE? 

from the·d.eut.erium target. although the background deuteron counting rate o£ the 

hvo targets was about the same.~ These conaid-erationr,; axe hnpc•rtant, particularly 

Since T l_ wa·s in a region of high singles cov~nting rate and the heights of its output 

pulses at full beam intensity were considerably below their calibrated value. The 

laboratory-system cross section 'for deuterons on polyethylene, 

d2h . 4 
v {d c~.~ 'J • .::· >. al'B"'p ·+ .~~-~ 2 -• t""le + res1..,ue , ( 3) 

as obtained from.th~ee measurements is 400.>d0:.. 33 cm2/(sr-,.MeV/c) for alpha. 

particles of 1060 MeV /c momenturn (lab~ and an angle (lab) of 8. '7 de g. 
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Ill. COLLECTIO:t~i OJ'. DATA 

The data runs we:r~ cycled among £ .. 1ur s_ettings: the system was ~ltlt for 

1275-M.eY/c alphae {at target center) to observe the n° :.t:e<tction. {1), and thc:n 

for 1427-MeV/c alphas to obaerve the y reaction (2.) at ~:1 ::::: 65 de:;~. £ir~Jt . . . c. ::n. . 

with deuteriun"l and then with hydrogen in the target. The setting for l27r.,-·MeV/::: 
. . 

'. 
alphas with a deuterium target :filling wa~ sensitive. to the p:todu.ctim-;; o.f a. neutral. 

. . I 

pa.rticle \.vith a tna!i.ls r>f 120 to l'SS 1-.ifeV. The \427-f.,1eV/(' setting with;;, :le'..lterhn.'l. 

t'a.rget was sensitive to ~.-"'.ne:ss of 0 to 110 MeV {see f'ig. l }. For reaso:::> 

described in Sec. IV, the data taken with a hyd:cogen target were treated a13 

background runs. 

The target-center momentum o£.1275 MeV/c was calculated by cor.sside:dng ttH:: 

energy ioss ii1 the target and !.<?:ylar wedge corrector. while the ta.rget-c:enter 

momentum of 1427 MeV/c was obtained by adding 1.03 g/cm
2 

of polyethykne 

degrader at the target exit wiZh the same :m.a.gn.et setting~J. Z..,1ost of out- data was 

tak~n under the conditions specified in this paragraph; the final r .. amerir.:a.l lL:n.it 

for the cross sections comes entirely irom the6e rul),f}. 

A small amount oi data was taken, howe·ve:r. with xnagrwt current ll1ettlr.gs 

( ::J 
4 \ c-7·., ~ ... v·f _ to· accept F {~e 1 = t~ _,.. ~v~e '· c. These data gave additional infor~na.!-i\.ia .;n (a) 

eth, ... lene cie"'rader at the tarcret exit, an..J (b' the ..._,reaction (l} ::lt .... _, ~ 135 de" 
' eo ., .,. 1 1 ·c.rn.. '"' 

by running withno degrader and the target ,pressure reduce::l t~:~ 35(;. psia.. A$ 

with the higher-mon"Ienta ci.a.ta, ruris were alternated between deut;:!riurr. a;,.~! 

hydrogen in th(.! target. For da.ta ta.ke11 under the conditione descri~ed in this 
. f 

paragraph. the R counter <nas physically re~:tLoved frorr~ the syl!!t~m. 

I:a ordeli:' to investigate th~l effect of any ~lpha-p;;J.:rtkle conta::nina.tiou of 

the incident deut~ron beam, an alpha beam from the cyclotron '.,!"J'&S U!led with 

conditione the same as for studying the n° reaction a.nd tbre 'Y J."t';).Ction at 
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. 9 ·::: 65 deg. !n both case.e, the a ... d inelastic acattering yielded 1.48 ±tl.03 _ c.rn. 

times as I:.."'lany alpha. counts as did a-d scatteri:ig. · Thus Q a.lpha coi1tami~ation 

of the deuteron _bea~ from the· cyclotron or from deuteron interactions bf.'for~~ 

the target would _provide a n~t positive diffe:t<~nce in alph.J>.-p<.!.:rticle yield !:h:>tween 

the deuterium and hydrogen targets. .Alpha background pToduced h.·om deut;!ron 

interactions in the target win.dow wa.s inveGtigated by placin.g 0.090 in. of 

a,luminm-n a.t the target entrance -with deuterium gas in the tar£et and with the 
. 0 - - -

system set for the , -~eaction. The alpha counting rate on the SC<!ler showed 

an increase of about 10% over that: -without tb.e aluminu:.n. 

lV. DATA .ANA\LYSIS AND RESUL'IS 

~~- Scaler Data 

The data as· recorded by the electror:>.ica are presented in Ta.hl.e n. The 

i~dica.tecl errore are th<.~se of counting statistice only. In reference 7 the caJ.cu

. lations of the croat:~ sectio.na for reactions (1). (Z). and (3)., which were based 
. . ~ - . 

· on th~ data. counts recorded on .scalers· as 1ieted in. Table H of this paper. con-

tained an error in the determination: of solid angles. We correct thiu error 

here and also present new-inforrhation from the same· experhnent which allows· 

us to quote smaller lit-nits !or the cross sections investigated. 

_B. Oscilloscope Picture Analysis at the 1060-MeV /c Magnet Setting 
_,.,..... __._.._ b ·-- - • ----------- --

An analysis o£ the pictures taken of an. osdUoccope which record.ed th-t 

pulses from ·aU the counters in the eli."'Periment WC'.S recently undertaken. .This 

a.nalyeis provides a. much stronger conclusion to be dravm fror ... 'l the sam.e" e-,.;pe-:d

m.ent previously reported in referen-ce 7. The- pulse-height' d.ietribl.J.tion a~~ ... 1. the 

timing of each counter output weJ:"_e n1eaeured. Calibration_s oi. the timing and 
' -

heightS of the pulses wer~ obtained by triggering the oscilloscope frCim ti:me-o£-

3 
flight coincidence cir_cuits set for (a) protons. (b) deuterons, a,.-,d (c} ~Ie 's 

'' 
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while using a scattered deuter.on be~m from the cyclo.t:ron; alpha calibration 
. .( 

,wa.o obtained while using a scattered~ alpha beam from the cyclo~ron. As 

expecte.d, the ·neiM:l. of tbe· data fihn showed that all the evenu had a timing -::orres

ponding to that of 41.phai' (or deute1·ons, since f.or a given magnetic rigidity~ 

d~uterotts-J:u~,ve the ttamc velocity a~B alpha!!); moreover, no pulses from the 

anti c~~tel', .'U are seen. ·'rhus. all the data. events recorded on the scalers 

had the timing a.nrl range of alphas • 

. However, an analysis of the ·heights of the pulses from the coant.e:n; 

· shows that only a small fraction of th.¢ae data events recorded on scaJere; ~.re 

alphas. The pulse-height distribution of each counter. obtained f1·om the oscillo

scope pictures. ta.~~tm at a rraagnet setting of 1060 MeV /c. are ·eli<>Wn in F'ig. 3. 

The distributions. with the system set to look for the 1r
0 

or 'I reactions and with 

the .deuterium o~ hydrogen target are the same·. within statistics; therefore in 

Figs-. 3 and 4 the data of all the setti11ge ,;'~~tn.;e conj,bined. Except for the T l · 

counter, the pulse-height data in Fi,g. 3 are baaed on a scan of appx·oxim.ately 

one-third of a.U the events.· The pulse-height spectrum for CO\li."lter .... n shows 

~hat its output is conciderably below the c.:'i.librated value for alpha particles. For 

purpooes of time-of-flight coincid~mces. howeve_rp Tl was ahowu to be counting. 

alphas efficiently .. The distributions for T3! and T4 i:n Fig. J each shew a single 

broad peak, the center of which is at a. alightly loweT pulse height than that l'>i the 

calibrated alpha dietributior! .. The low pulse-height edge6 of the distJ.'ibu~lo.-.a for 

these two counters correspond to the setting of the low~r-level. discriniinato.c. The 

T2 cot'inter p~lse-height epectrurn haa hvo well separated peaks; the ~sition of 

the higher pulse·-height coincides with the calibrated alpha spectrum. 

When the epect:rum of the ·T 2 cou.nte,r sugg,e.sted that alph~s cons: i.: n~ :d 

o:cly a small fraction of the events. we tried to see if there was any correlu:Hon 

o! the pulse heights in T3 and '1:'4 with thos.e in T 2 in the higb-m:omentum :run~. 
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.We hav.e plotted the events in which the T2 pulse !teight occurs in the higher 
-. . . . 

·peak by a. cross-hatched histogram in Fig. 3. A. correlation in the pulse-

height ap.,c:tra is rioted: fo-r the events in w.h.kh the Tl pulee height corresponds 

to that of a.lpha.a, the output of counter$, T3 and T4 also corres·ponds to tha.t . . 

for alphas, while for,those event~ which~ have a deuteron pulse height in rz 

the pulse-height diatdbu~~ons for T 3. and · T4 appea.r dbpla<;ed to lower pulse 
. . 

heights from .those of the alphas. This information, together with the fact that 

··the timing for all the events is the same, indicates that a large fraction of the 

events that the scalers re,corded. as alphas were really deuterons. These 

deuterons must have iriteracted near the final counters to produce particles 

'that gave a large pulse height in. T3 and '1'4 (and therefore triggered thl!.'l 

discriminators placed on T3 anc;l T4) and were _stopped in the polyethlene · 

absorber before reachirtg the anti counter, Al. The material in the beam 
• • • < • • -

upstream frotnand near the final counters was the R counter (0.063-in. plilatic 

~cintilla.tor)and the 0.010-in. -thick Mylar wind~~ of the vac•~um system. 

The pulse height ae a .function of ener'gy loss was calculated !1·om. <:>ur 

calibration data. 'l"he calibration ·of the prot2n, deute,f"on. and helium-~ peaks 

fitted. a for~ula of Gooding and .. Pugh, ~.while th~t for the alpha parUcle did not; 

it is quite possible thatthe photon'iultiplier tubes themselves had startt':d to 

.. · . . '4 . . . 

s<,i.turate somewhere between the helium-3 peak and the alpha peak. '.{ith thh• 

calibration it was shown that whatever particle$ produce the pulae height of the 
,. 

lower peak in T3 or· T4, they could not be doub:Iy charged. since for ·a charge 
~ . . . 

of 2e the median pulse height of the lower peak in counter T 3 would t'eqni:re 

a. v_elocity of0.34 c. This velocity would impty" kinetic energy in e)!CElBS of the 

kinetic energy oi the 72-'MeV deuter~ns and a range in excess of the 0.876-g/cm
2 

·' 

polyethylene absorber. Similar arguments rule out charges greater than two. 

These lower-pulse-h·eigbt events rnust therefor.e he prod\,lced by singlv charged 
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· parti,cles. .~ lik'fJly source is the 0.063-in •. scintillator of the R counter and H~.e 

·. · 0.010-in. Mylar vacuwn window; we are thus led to condder deuteron-carbon 
. . 

. reactions as a source fQr t~ee~ events of redac·ed pulse heights in T3 . and T4. A 

. cto~s. section for 70-MeV deuteron$ inCident on _carbon and producf.ng singl~· char_ged 
. . . 2 . . 

seconc1aries with velocity 4·0.18 c of ~t£0 - .Ap~'1 :: 90 X 10-
21 

em Z. would account 

for aU the counte i~ th~ lower-p•Jlse-height peak in T3 and T4. This cross 
·. . ' . . . 

section iG consistent. \Vith the results of Schechter et al. 9 .extrapolated ~o · 70 MeV 
' . ~ -

deutero.n .kinetic energy. Since the p~rticles with pulee h.e~ght ~ 1.0 in the TZ 

c~untere are consistent with alp..~a particles and those lower in pulse height 

· consist~nt with deuteroD-carbon l"eaction products~ the n\unber o! t:ru0 alpha 

coun~s were determined by counting only thc·s, pulee heights· ~ 1.0 in T2. The 
I 

results ol such a. sea~ of all .the -film data are Hated in Table III. 

C. Oscilloac:ope Pi~t~h~''ARjifsi.s at 8!2 MeV/ c 

-The pulee~height spectra from T2, T3, ~td T4 with th~ magnet ~ystem 
. . 

eet for 87Z-MeV /c alphas are shown in Fig. 4." . At this momentur.o there is a 

clear.·resolution betweeJ). the alpha puls~a and the lower pulse-heights in all the 
. . . . . . 

. . ' . . 

coUnters. This lends added weight to the conclusions reached in Sec. B. The 
. . 

. . . 

results ol a. .scan of alf of the low-momentum data are also listed i~ Table Ill. 

D. Re&ults of th~.Osdllo&cope Data at 1060 MeV Lc 
Since the conserva~ion of ba.:ryon nun-.ber forbids the production of alphcr. 

· particles from. deuteron-protqn collisions •. the hydro~n data were treated .._s 

back.growtd and eubt:t":&cted from the deuterium ~ata to yield. the net alpha. signal 
. . . , . . . 

. ' .· 
from d-d collisions. (The data. taken with an empty target ca:nno~ he used as a 

.. -~ . - . -

measure of the background becauae ~ergyloeses inside- t~e fun deuterium target 

are large; thus the alphas are at quitf! a .. different mom-entum from those from 

an empty ta.rget. ) If we assume that all the;,net alpha ·counts obtained from Table III 

. 0 
were due to the. 1T reaction {1) we obtain a center-of-mass cross eection of 
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d"'c. m. 33 ., 
... • ")P - ~~ an = (0.097 :t:O.O"" 7)X 10 em sr . 

We don't believ~, howcv.:er. that all these alphas were a..ctually produ-::•~d by the 

-rr0 reac~ion (1), for the following reasons: 

(a) For test purpt>ses we used an alpha. beam from the cyclotron and 

found that the ~nelastic scattering of alphas from a deuterium ta.rget produced 

a counting rate in our alpha. telescope which was 1.48 ±0.03 times th.at ol>tained 

with a hydrogen target .. Thus alpha contarnination of the deuteron beam from the 

cyclotron wouldprovide a positive net counting rate when we.subtracted·tb.e 

hydrogen {background) counting rate from the deuterium data. 

(b) With a deute:ron beam under norma.l running conditions an increase 

in alpha counting. rate wa!i obtained when additional aluminum was placed i.u the 

beam at the target entrance. Therefore alpha production iron• deuteron intex··~ 

actions at or before the target entrance, together with scattering in the gas of 

the target, produces a net ·positive yield of alphas obtained !rom a D2 - d 2 sub

traction of the data. 

(c) 'From Table II we· see that there were more deuterons scattet·ed down 

our channel with a deuterium target than from the hydrogen target. This also 

means that the deuterium target scattered mor·e deuterons to· the alumimuri.- target. 

walls., ·which could interact there to produ~e alphas that could get doNn -our 

magnetic channel. This process would a1so produce a net positive yield of 

alphas from . n2-H2 subtraction of the data. 

(d) :The data obtained ~ith the magnet-system motuentum a~t at p(lie 
4

;-
. ol • 

- 872 MeV /c provide additional'informa.tion. Making reasonable assumptions 

about the momentum dependence of the background which are coneistent with the 
~· {~ "'"''" ·• l.· '-· 

87'!--MeV/c data.. one can derive a. result of zero 'ITO yield from the w
0 reactio.n {l ). 
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We conclude therefore that the cross section listed in (4) is an ~.lppet' 

limit for the -rr0· re~tion (l) and that our results at·e consistent with zero cro~s 

section ... This value is to be compared with a theoretical prediction fot' this 

cross secti.on at our energies at the same angle. 

datheory , ; . -33 . 2 
iiD e (38::l:5}Xl0 em /er. (5) 

which was computed with the aseumptioi• that. I spin need not be conserved. 4 

From the oscilloscope film data in Table HI at 1060 MeV/ c, the dif-

ferential cross section in the center.;;.of-mass system for the y reaction (Z) · 

at 1:3 . · e 65 deg waa also calculated, and the value obtained is c. m. 

do <e. m. 
an 

IV. CONCLUSIONS 

We observe e~perimentally a cro4s section which is only about 1/4.:00 
. . 

that which one would expect if 1 · spin need not be conserved. If wtt atate the 

ratio of (4)/ (5} as a. measure of the nonconse rvation of ! Bpin we obtain an 

upper lhr.it of O.OOZ€:1 *9.0008; _or stated alternatively, I spin is at lea.st 

(99.7'i ::().08)'7'" co1iserve-d in this n° interaction (l ). 

4 0 No evidence was found fox• tb.e ··reaction d + d - He i , , where: the · 
(} 

11'~ is a neutral meson .o£ zeTo.~isotopic spin 10 with a rest mass in the int~rva.l 

120 to 155 MeV •. If the 'IT~ existed, then this reaction, which is a strong inter~ 

action, would be allowed by isotopic spin conservation a.nd therefore should have · 

been detected. For a lf~ of the. aa.me mas& &s that of the .ordhuu;y ~1°, we 

find da em /dO (d + d- He 4 + n~} ~ (0.097 :t:O.OZ7}>t~ io- 33 cm2/sx· a.t 

a ::= 90 deg. c. m. . 

'' 

_, 
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APPENDIX 

An evaluation o£'the differential crofJs section il'i terms of the observed · 

counting rates involves a determination of the quantity 
Jl I • ' ~'.. ' . 

·--~ j·. AO (~). M (x) dx, 
·~ c.m. . . . . 

(7) 

' . 
where. Ai_;t~~--n\!\~Jrra-c:tion of th-r alpha beam that ia not scatter¢<l, out of the 

magnet system as a. J.•esuit of multiple scattering~ a.vtd AO . is the center-. · ·.. c.m .• 

of-mass soH.d angle. subtended by th-e collimator and the ::nagnet system. This 

quantity is· a function of the mome?tum.bite of the magnet system, the con

.!i~rati.on of the magnet- eystenl collimator. the' kinematk s of the particular 

.reaction, and the po.sition · x inside ~he -target~ The· dependence of these 
. . . . .. ., . 

quanti'ties ·~n. ~ ban· been expll.citly indicated in (7}, since the integral was 

e,;aluated by calculating these values fpr ~arious target positions and numerically. 

: .. performin~r (he indicated integrador~;. For t~e n° and 't reactiona with the 

. magnets set for an alpha mon~ent:uni o((A060 MeV /c. the acceptances we.re 

evah\ated as 0. 79 sr•cm and 0.47 sr.-cr.a, -respectively. The tern: ~.t(x) does not 

. take into a-ccount tht: mulUple. scatte.,rh1g in t¥ _ 'Tl a~d T2 co\mters. ..<\n 

additional correction :~as ma.~e. ior this< ~£feet' which. for the ,.~ cross section . . ··,·.. . ' . . 

··_ (5), was 3~ •. 
. ~ ·. . . 

To get a !eelina lor t~ese numbers we. could arbJ.trarily assig.n numerica-l 

values o( 0.13 sr to AO . , o: 55 to M. and · ll em to L. where L i's an .. _ .c. m. 

eff,ctive target thickness 
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(8) 

The only meaning that" should be attached to the:~e three num:Uers is tha;; their 
. . . . 

pt'oduct t~~uals the value given above (0. 79 sr-cm) for the correct numerical 

evaht ... ttion of (7) for the 11° reaction (l ) . 

. '< 

.... : .. 
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_Table I. Magnet systern and cour.1.ter telescope cr..n:npnnents show:1 in JT'ig. 2. 

----·--===·-:::::::.::======:;:::::= --===-..:::::::=:.:::::: -~---------.. - ~ -~.........._~ --·-.-- :"" ____ ......._ ___ ~ ... -..--r-

ttem Designation De··-·:ri.<io~1 

. ,· . ___ ....__,~~...-.. -----------··--.......... _....,. ___ .. _ ... _____ .. ____ .. 
Bending 

:.nagnets 

H magnet with 7 -in. g.:~.p, 29 ><.36-in. -

rectang-uii.u:. pole tips, ll - d·:: g bend. 

---~,--------~-~- ............ -_,.,.,_._.._ .. _ ...... _, ______ ~-··__... ... 

c magnet '\1\!'ith 3.5:..in. ga~), f ..... 26-in~ 

· rec:ta.ngt'!.Llr pole tips. 15-de,s her.:d .• 

--:. .. -..._...___~ ..... _... __ ,__, ___ ..... __ ... __ ~-:-c--"'-------·-k~-·------~· 

:rectangular pol€ tips, ?;O-deg her~d. 
1----~-- - ________ ,_ __ .:..-_.._,_ ... ~,._,.,..._ ______ ..., __ _ 

6. S ~>~ 6. 5 >~ 0. 0 .:~ 0 in~ 

0.020 i~. 

----.. --·-~ .. ~-------T---. -. -~---"- .. -- ..... --.,-... ..-.--..-._.... ..... --~-~----
_1,bsorber ca2 of thic_knes::il = 0.8'76 and 

) 

0.584g/c,m·~ for mat,F!et-:systes::l moi:nenta 

. . 4 
of p(H~ ) = 1060 MeV/c .and S'7l. MeV/c, 

re:spactively. 

_.......,..,_..,..._, __ , .. ___ .. ,_.,......, _____ ~ ... ~---~-----:------~--- -. 
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-"'-----~------··-----·-·----· .. -----·---....,··-·-------· 
. 4 ... 
r!e beam Collimator consisting of two lead glits ~ 

collimator · . the .~pe:rture of each waf! 0. 7 in. wd.e 

• a.nd S i;'l. high. Tiley were loc::..tecl22 in. 
'' 
'I and 70 h-.. bon1. the target center I along 

t ·n· e. u 
4 b a· • · t .. · _ he earn u:ec Hlt:.. 

~---------·_,,__...,...~---·--------· 

t.Jiome.ntum- · 2-in. -thick. b::ra.ss slit, 4 in. wide, 

defining alit located at tht! center of the fi.eid lens 

Oz ·_ 
. . -·------....--"'---·'------..... ·-...,;..--""---,......_--------·--------. ----"--~-_.,-,. _ ....... -. 

Vacuurn ;\lu,mlnum p~.pes, l/4 in. thick 7 in. i. :1 .• 

syateni h1 the quadrupo 1" s. · The aluminurn. 

vacuum boxes ini!!ide the bending magneto 

did not rc::atri:::t the solid a.nglC! of th~ a.lp~a 

be2.un in either pla.ne. 

----~~--;_.,_..__ ________ ,_-----~-.. ----;.---~-........ - ...... _._ 

Shielding iu:rrounding 

---.-. --·-----:--~----t·i 
Wedge 

.. , 

paraffin. 

----·----·---..,---·-··---~·-·-----·-- ---. -·-

thick.."le&::; varied, over its width, fro:m 
-~ 

I .:.., 0 to O.Zl g1 em . 

~ · bear .. 1 collim.ator. 

L ~ I ·f.. 'l 4 ocate(.o a.t t.l~ .. l.l'&t : t~ 

~.-....:.~-.;..,....----------·· --·--·-~ ... ·---·-·~---·-·-------~·-~_. .. _______ ... _ .. _ 
3eam optics Tiw bec:.m optil.:.i were aymt.t"letric about 

was operatf.:d to image the ta.rgoet ont~' tb~ 

energy -sHts ln the hori.::?:ont:al plan-e n.m2 
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::.:::---~--,-:.-=;-....:.:::.__:_-·::::=:..·_..;.,--- =====:::::::::;:::::.:::::::::::;.:::::::::::::::::::::::::::::::::=::::::=:::_::: __ ~,:::._::::::.:::·. ==-~----

Case 
--. ..... _______ _,.,;.~ 

. 4 0 
d ~ cl .... He . + rr 

d ·; 4 d .,.,. .de: + )' 

target. 

d 
. ., 4 . 0 + c _,. r <C 'J· 'lr 

L'i.agnet 
xnornentu:r.n 

P{.Hc 
4
}, 

{ \~~ \~)!' ',.~\. ....... L il. :t ...... , 

~---·-...-~ 

.lObJ 

1060 

072 

r-. \.o:rncnt-u:rrt. 
at' target 
centor 
~ t -~ 4 . .) ~- ,_, " ·) 
~ ~ .. ·~··., 

(l:.'!e './/c) 

.ll4Q 

.Alpha COt!llbs. 
lJI 2 tar gc t. .. . ~rz-ta rg c-:t:---f'"'.:-:rl-.1-_?..,.t"'"y.....,..'ia---r-g-e""'t,..... 

-----------~------

·15.~)±1,4 

----··--·-------------~-- ..... ----~· ...... ---~------"'- ... '"""'T""""-... ------

deuterons. 

.. 

D
.. b 

eu.teron counts 
Tr t ... ,.u-;;-t-~.·""'·--t.,-... -.:~..,.;,..""'·-... 2·"""' .. o""~ '·'·z .:. .. >~!>, ... ~ 

A. 

6><10"" 

.. 'l r.4 
.,)~.,_. \.,-

A\( l'A "ll:, . '-1 

~.. j.}acksu:olli'..d cou'l.tu f0:: the :l€:utt~:6u..:'\. da.t2. a:r~ l~ivE:n by a ta.,:gct fille'l •;;it.n hyd:..'ugen {-v;hich has th~ sa.nJc a(>~·s 

-,.-,c .... -,'1· 11)"'1 .,s ~ ..... t-:-·,., f.i,.,.ut~,--1· ... ...,, ~·:·····~'"'~'~· t . ... l ·""' b • .,.;r.,., 'l..tO--- ~/.!:, ..,_r,.v l.l.~ v'..,;. 1- '-44\. .... A- ~r . .-JJ. ::::>'.; oJOJ ~ 

-- --· . -·----------·-·-----· ... ___________ --· .. ----- ·•···•· ----~-- ----~---~---··--~--------.--.. -------------·----
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Case 
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t ,., 

T'l'.'ue alyna counts per 1()~ ... deut.(~L\'(3!!.8 in~-::i\ttw.t (If). t:a:r,._,<."!L 

P(He4) at 
.·target 

center 

'(Me'l/ c) 
• I 

------~--~---·------~·--------------·----· .. --------.... ·-----· --~ .. ~-----

. -------~ . ...-..-......_-..,__ ______ .._ .. ________ ..; ___ ~~-----·-~·-----------...... -----------~------ ..... ~...--- .... ~--~--

•( 
.· ~ . . 

Target-f.;:tnpty 
backt~round · 

d . a. 4 o + ..... He +· v 
. 4 

d + d-+ He + 'Y 

1275 

1060 1427 

1140 

872 1275 

1 2. 7 ± 0. 8 9. 1 ± G. 7 

15.9±1.2 10.5:!:0.0 

. o.l ± l.J' •1:.4~±0.6 

::: 3 ..J. r,· c,b 
-"• ~-, .. ~ 

b~ Counting rate normalized to a ta;rget preeE~ure of 390 psia (data t&r-.c::;. ~!.t J:;;u i,>da tv 

mir:-..imize en~rgy losses}. 

·, 
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