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and Burton J. Hoyer 

Radiation Laboratory 
University of Cali fornia ' 

Berkeley, California 

October 26, 1956 

ABST,RACT 

UCRL-357l 

The pair of reactions indicated above have been investip.ated exper-

imentally to see if t he predictions of the theory of char~e independence 

are fulfilled. Because of the low cross section (a few microbarns) and 

larpe background (heavy particles emitted at /'\..-100 lab) the results do 

not/:provide as critical a test as might be hoped. ',<ie find that there is 
, 

a 50% chance t hat the ratio of the reaction crosn sections (p + d --4 n+ + 

H3) / (p + d~no + He3) is between 2.01,and.2.63. Charge.independenc~ 

pred..i.cts that t he ratio should be exactly two. The experimental d ifficul-

ties would be less at higher proton energies; thism~thod would seem to 

provide a very. stringent test of charpe independence if the comparison 

could be made with sufficient accuracy. 
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COHPARISON OF THE REA.CTIOr'S 
P + d --~ H3 + ~ + 

3 ' p + d --~ He + nO 

AS A TEST OF' CI!i\H.G~~ INDEP1!'NDENCE * 
Kenneth C. Bantel, + \'1ilson J. Frank, + 

and Burton J. Moyer 

Radiation Laborato~ 
University of California 

Berkeley, California 

October 26, 1956 

. INTRODUCT ION 

A study comparing the react..i. ons 

p + d-'--") t + fl+ 

P + d ~----7 He) + nO 

and 

UCRL-3S71 

Would provide information for a stringent test of the hypothesis of ch~-l.rf!.e 

,.' ".. independ,ance of nuclear forces. l ,2 -

Other experimental investigations o'f this hY90thesis .have been concerned 

.with the reaction pair,'p + P----7 n+ + d and n + p_ .. --) nO +d. Hildebrand 

measured theanf,Ular distribution of the n + p-.... 4r.° + d reaction;3 Out-bin, 

. Loar and Steinberger me·:isured d + l1+-'-,:,-~p + P for the 3ame center of mass 

(cern.) energy. 4 Both results closely fit the same angular distribution (Le. 

* 
+ 

1 

2 

:3 

4 

This 1-fOrk \Itas done under the auspices of the U •. ~. Atomic Energy Commission. 

Now at Ihdi,g,tion Lahoratory, University or California, Livermore, California. 

A. M. L. Messiah, ,Phys. Hev. 86, '+30 (1952). 

M. Ruderman, Phys. Rev. 87, 333 (1952). 

R. H. Hildebrand, Phys. Rev. 98, 1090 (195-:). 

Durpin, Loar, a.nd Steinberger, Phys. Rev. 84, 5~1 (1951). 

/. 
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0.2 + cos2 e?, in ::ttTreement with the predictions of charFe independence. 

R. A.'. 
o ' 

Schluter measured the n + p -~n + d reaction for incident neutron 
,', 5 

energ~es near 400 Mev. He found the total cross section by int~gration' 

(at a given c.m. energy) and compared twice the vall1e with various total 

cross-section mea.surements of the p ... p -} 11+ + c;i reaction that have been 

made in thisenerp;y r4np,e. I 3chluter's data are 

total cross section and energy dependenc~~:~re in 

racy of the data. 

b U3Cq on, Fi2 deut erons; 
,wit.h the '!r'l cxperlrnent 

aJ=r,reementJ, within the accu-

The experimentalresu~ts in this paper were obtained during the 

spring and sUmmer of 1954.10 mid ,1955, the experiment was inten~ively 

p,urs'ued af!ain'with various improvements amchanres in ins'trumentation. Un­

fortunately the "early r~s~lt$ were not improved upon, because of the .inherent 

'experimental difficulties stemming from meaaurinp; a very low, cross section 

(about a 'rnicroham), y.drll:r~ reaction products coming' out at less than 100 from 

the beam dir~ction • 

5· R. A. Schluter, Phys. Rev. 96, 731 ... (195l~). 

~ __ . _., • _ .... ~ L... __ .. __ 

" { 
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II. EXPFiUH~:HrAL DETAILS 

A.' ~ethod 

A liquid deut.eriun{::t:arget WclS bombarded by ~40-Mev protons from, the 

Berkeley 184 inch synchrocyclbtron., "'i'he heavy particlef,,'H3 and HeJ , are 

, . dE 
identified by measurlng ax and 1<: at the expected angle. The n+ is detected 

at its expected angle; the difference in time of flight 6 between it and 
::-

the~H3 helps to identify thep + d-4H3 + 11+ process •. 1"h~ 11
0 is not de-

tected because 0 f uncertaintIes in t'he efficiency of a 
, ' of,", 

gamroa.:"ray counter, 

and because/the spreadi~gof photons i~ the ito decay. 

The two he:AVY partic:)..es are~ detected concurrently in, a "heavy-particle 

telescope" consisting of th'~ee pl~~t'ic scintillators (Fig. 1). The first 

scintillator is the ~: ,counter for He3; the second serves as both the lIe3 E 

ane:! the H3 ,@ count~r; the t hirdscintillator is the H3 E counter. 
dx 

For 

He3 particles, a double coincidence is required bet\"een the first two scint­

illators. For H3 particles a triple coincidence is required between the 

11+ meson counter, delayed (owing to the H3 time of flight)" and the second 
,~ 

and third scintillators of the telescope. The two types of events are meas-

ured concu'rrently ~ so that" alternate runs to measiJ,re each process are not 

needed. 

Each of the s cintillators is viewed sepurately by lP2l and 5819 photo-

multiplier tubes. The second scintillator is vie\>Ied by a double set of tubes 

3 ':\ for independe~t control of the H ani He/ detection networks. The 5319 'tubes 

provide pulse-height signals, ani t.he lP21 tubes provid signals for the 

Fra.nk, Bandtel, Hadey, and Hoyer, Phys. :{ev. 2!.i, 1716 (1954)· 
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The vacuum jacket around the deutariu'll container (in l"ihich the deut-

erium is condensed by •. ... liquid hydropen) is essential for 
' .... , . 

( providing heat insula.tion. The vacuum pipe for the scattered particles is 
'\ 

/:-I' 

, ,~ 

-,., 

necessary to prevent bad multiple sc,,:ttering of the B5-Mev He3 particles in 

air. Furthermore, 1:twas found trom a preliminarJ run that a 20-mil dural, 

windo:w in t he beam exit tube, the interveninRa 11", and an entrance foil in 

the'1;.arg.et enclosure all contributed appreciably to the background; there-

fore it was clearly desirablet 0 provide t he essentially complete vacuum 
"" .. 

path a.s shown. Since the ~hiclmes5 of the liquid deut'erium plus the foils 
. .... ' U 

.that contain the liquid; deuterii..lrnls li.mited to about 0.09 f!./crn2 by multiple-

scattering requirem~n:ts fort he He) particle, it can be seen that even the. 

'twol-:-mil foils that contaIn the licu:1.ddeuterium (0.01~f!lcrn2)contribute' 

appreciably: to the backp;round. . The 10'-1 differential 'cross section ( only a 
, , 

few micro barns) inten~i fies t his problem. 

c. Ceometry and Kinematics 

As shm~n on the exp~r~mental arr~ngement in Fiff. 3, the he~vy-
0" . 

particle telescope a.ngle was 1.0.5 , and t'he correlated angle for' the 11+ 

o . 
particle was 37 .' Because of th~ n+ - nO mass difference, the kinematics 

for the two reactions t.ra.nsform differentlY from the laboratory to the 

center-of-mass system. For the triton, 10. ?oin the lA.b'oratory system cor-
~ 1 

responds to 129.030 in the center-of-inass:ii,p;ystem:; for the He/, 10.50 lab 

o corresponds to 1.31,...35 c.m. B~causeof this effect, the experimentally meas-

I 

ured ratio'has to be corrected in accordance with the previously measUred t) 

1 
angular distribution for the p + d..-o? 71+ + W. reaction so that the same c.m. 

angle is compared for both reactions. 
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A. Reduction of Data 

1. 'He3 Particles 

Figure 4 shows the results of plottini. the pulse heip':ht in the first 

scintillator vs t he pulse height in t he second scintillator, considering only 

those particular ca':,es in"which the particle stopped in the second scint­

illator. The scintillator thicknesses have been arranged so ,t hat He3 part-
, ',·.rL' 

. ~:';' ". 

icles of the expected energy (85 Mev) should stop in thes~cond scintillator. 

Many more pulses passed through into the third scintillator than 5top~)ed 

in the second. Many slow protons and other sin~ly cha.ro:ed particles ,",ould 

appear in the lower le~ cQrner of the p10t, but they all ent~r the, third 
" 
.~. . 

scintillator and so have not been plotted. The gains and voltages were set 

so that 85-Hev He3 particles would appear at approximately (10,10). This 

was accOOlpl{~ed by a prelirbinary calibration on the He3 bea.m of the l64-in. 

cyclotron, wh~ch was 

in the emergent beam 

de~raded in energy. ,The d~prading absorber was placed 

of" He
3 

'partiCles just after they were denected from 

their cyclotron orbit, and the steering-mSip;rtet current was lowered to direct 
, 3 ' ,', ' 

the a5-Mev He particles into the f'-xperimental area. ,Calibration data showed 

'1 
that most of the He-- particles should fall within':t 25% of the centroid' 

,of the distribution. This is approximately true for the pulse hei~ht in 

the first scintill8.tor. The pulse heipht ,in the second scintillator spreads 

more than this, man/! ,to the spread in enerG"y in escapim;: from different parts 

of the tar,sret. 

It seems extremely proba.bleth,at the events in t he c~nter of the 

plot represent He) or He4 particl~s. I 
However, He~ particles could not be 

I' 
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4 
produced· by bombarding deuterium by protons, and any He, particles produced 

from the foils are subtracted out in getting the difference' counting rate. 

The final results are: 

'Counts Units of Counts per unit of 
intet,rated beam ' integrated beam 

Full target 178 10056 ---
Empty t.."irget 36 6.29 -----

Difference (liquid ll.2:t 1.6, 
,'Y ~ .. ! (.,~.'~:<:., .';"{~:\ ) .. \ 

Blank runs were accomplished by- closing ,the exhaust valve above the 

target vessel, and slip,htlY"larming ilie latter electrically, 00 that the 
, , 

liquid phase \'18.5' forced back out of the target into a reservoir by the 

pressure of deuter'ium vapor.. It 1s estimated that th e blank represents '-v 2% 

of the amount of deuteriun contained when liqtlld ti:")'h,"": ',:"'~ filled the target 

(the presence of the foils contributes a background of about 30%). 

21('l H3 Particle§ 

Figures '5 and 6 shml the results of plotting pulse heights No. 3 
~ , , ' 

(H3 _ , Scintillator 2) and No. 4 (H3 E, Scintillator 3) for the full- and 
~ , 

empty-target runs. (AlthoUf.h Pulses 2 and 3 are both proportional to the 

light in the second SCintillator; the He3, E pulse is almost an order bfmag­

nitude larger than the H3·~ pulse. Since the dwn8.mic l'anp,e of the 517 
d.x 

scope vertical amplifier is just about an order of rna.gni tude, t,ro separate 

gain controls are necessary.) At first glance it is cle.'lr that a certain 

region of the full-target plot is more densely populated than in the empty-

target plot; placing a line of demarcation, hO':fever, requires much con-

sideration. 

Figure 7 shows a plot of relet! ve energy loss for protons, deuterons, 

and tritons in the second and third sointillators. BecaUse of sa,turation 
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effects when specific ionization is high (particle energy is low), an 

expected pulse-height plot, would be considerably modified. The light pro-

duced per Mev of energy loss as a functi.on of speci~c ionization is given in 

,r- ·Fig. 8; this curve is ,derived from experimental. datH for a number of phos­

'. 
phors, but does not include our scintillator material -(C

2
H

2
)n plus a 

t~ce of terphenyl. It is assumed. that saturation effects do not differ 

greatly from one organic· scintillator to another. 

Figure 8 may be transformed into the curves of Figure 9 by use of 

the relation for dT/dx VB T for (Cii2)n. From integra.tion over appro­

priate intervals of T under the curves of Fig. 9 \>le obtain the plots of 

relntive light output in Fig. 10 corresponding to the relative energy 

losses shmm in Fig.? for the phosphors employed. The curves of Fig. 10 

would. describ/., the distributions in Figs. 5 am 6 if resolution ',Jere per-

fect and light putputs i.1Tere un1<:':ue for similar events. 
') 

The H'} pulse height counters vlere calibrated b:-l using (]euterons of 

dE such an energy as to give the same -. - pulse as the eA-pected tritons. The 
dx . 

tritons were expected to fall around (10,10),' but instead the:' appear 

c~ntered about (8,9). By a cut-and-try process, the information from Fig. 10 

has been fitted ~) the data in Figso 5 and 6. The lines on Fir,s. 5 and 6 

are isomass lines, representing the probable particle mass in multiples of 

the proton mass. 

In Fig. ll" the numuer of pHrticles per· mass interva1 has been 

plotted ap,aiJ'lst the rnass;the cut--and-try procedure ofcallbratingthe data 

involved centerinp, the scattered proton peak around the proton mass location. 

Clearly, there are a number of ma.ss-3 particles. 

The triton peak can be seen more clearl~' by plottine the difference-
. ~ 

counting ratio j!ler isomnss interval (Fig. 12). The whole length of the isomasB 
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interval ha.s been included. Since the tritons have an expected energy 

of ~7 ! '10 Mev, the two dotted lines in Fips 5 and 6 represent the expected 

limits.. Figure 13 is, a replot of Fig. ~2 with the re~tricted triton data. 

,~ ,. Summed over these cO,unts, the'triton countinl' rate is 32.0 ! 2.7. 

As another attempt to separate the tritons from the background 

particles, two ovals have,'heen drawn, centered on (8,9). The inner oval 

represents the 100% resolution width detennined by t he calibration run, while 

the outer oval is 50% larger, alloWing fOr a margin of error. The resulting 

countinl!, rates are 28.7.1,2.1 for the inner ova.l, arid 31.5! 2.9 for the 

outer one. 

The countinp rate seems relatively insensitivet 0 the separation 

criteria; the first one (32.0:!: 2.7 counts per unit of integrated beam) 

'is used in subsequent calculations. 

B. Results 

The)Ie3 and H3 particles ,,'ere measured at 10.5°. This means the nO 

is at 45~65° c •. m. J and the n+ is at 50.97° c.m. The measured' angular dis­

tribution6
0f p + d~t + 11+ \-{a5 used to correct the 71+ .to the same c.m. 

o ' 
angle as the 11 J since we must cQ,llpare the same angles in the center-of-

mass system in order to test charge independence: 

.'" 

and" . i , 
I 
~ 

,. 
; 
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Therefore .we have 
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Rl 1,5 the' raw data tote fet from the exp eriment .' The error in th is 
" 

factor reflects th e counting statist'iea of t he experiment presented here. 

R2 is information ",e obtain from the previous experiment 6• Unfort­

unately, we do not know t his ~th much bett~r accuracy than Rl • In order 

to'get an estimate of R2, we plotted the angular distribution data6 and 

drew lines through the extremities of the probable errors., Then we read 

off values and probable erro~s at !~5. 70 ~d 51.8~, took. the ratio, and, 

compounded the error in the ratio, thus obtaining the value of R2 • 

. R3 is ,just a matter of kinematical calculation. The following results 

were obyained: 

= 32. 0 (1: 5. 7% 
-rL2 (! 9.6% ~ 2.86' (! ll~2%); 

<= 0.692; 

(Probable errors are quoted here). 
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c. ·accuracy 

A comparison experiment was done to· minimize errors in beam monitor-

'I· 

ing, solid angle, et.c. Nuclear interactions that result in the loss of the 

particle being detected are estimated to be 'neglip.ible. In the thickest 

phosphor about 1% of the tritons suffer an inelastic nuclear interaction, 

and less than 7% are removed from the triton island, . since an inelastic 

event does not a lways carry 0 ff ~nerg'y in a way that does not pL'oduce light • 

. Consequently,. it is believed that the bigp.est single contribution to 

the error if) the counting statistics of this and the previous experiment. 

D. .Interpretat ion 

The results of thisexperi~ent indicate there is a 50% chance that 

th,e ratio of the reaction cross sections (p + d~ n+ + H3) / (p + d~· 

The statistical accuracy of the experiment is rep.rettably poor, but 

this is for the· most part due to the low cross section of the reaction, 

Which .intensifiea the detection and· background difficulties. 

One would have to say that the results of this experiment are in 
: ~." . 

accord with the predict ions of the hypothesis of conservation of isotopic 

sPin, but in view ~f its poor· statistical accuracy, this experiment does 

not provide a critical test of t he conservation of isotopic spin. 
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Fig. 10. Calculated light output from second phosphor VB that from third 

phOsphor • 

. :--: 

. Fig. ll. Differential mass spectrum for second and third scintilla tors • 

Fig. 12. Diffehmtial mass socctrurn for second and third' scintillators 
l' •• . , 

(full tarret) - (empty target) per unit of integrated beam •. 

·Fig.13. 
. (full tarp.-et) - (empty ta.rget) 

Differential mass spectrum 
unit integr3.td beam. 

ISO mass. interval. 

- " 

vs 
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