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. DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California. ~




«)

L3

N

" IWIVERSITY OF CALIFORNIA

Radiation Laboratory
" Berkeley, California

Contract ‘No. W-74,05-eng-48

. COMPARISON OF THE REACTIONS, |
p+d———>H3 + 5t

p + d ——>He3 + 10

45 A TEST OF CHARGE INDEPENDENCE

. Kennethqc, Bandtel, Wilson J. ‘Frank,
' and Burton J. Moyer

Printed for the U. 8. itomic “nerey Commission

UCHL~3571

e




L&)

-

<

L}

£ X

- . UCRL-3571

COMPARIZON OF THE REACTIONS
p+d———13 + gt
p+ d ——>He3 + 1©
AS A TEST OF CHARGE INDZEPENDENCE

Kenneth C. Bandtel, Wilson J. Frank,
and Burton J. Moyer

Radiation Laboratory
University of California .
Berkeley, California

October 26, 1555

AB3TRACT

The pair of reactioﬁs indicated above have been investigated exper-
ihentally to see if the predictions.of the ﬁheory §f éharge independence
aré fulfilled. Because‘of the low cross éection (a few microbarns) and
large background (heavy parﬁicles emitted at A.10° lab) the results do
notﬂprqyide as c;itical a test as might be hoped. 'We find that there is
a SC% égance that the ratio of the feaction cross sections (p + d—-n+ +:
H3) / (pv+-d—~9n° + He?) is belween 2.61‘ahd.2.63. Charge_independencgl

predicts that the ratio should be exactly two. The experimental difficul=-

ties would be less at higher proton energies: this method would seem to

provide a vefy stringént test of charge independence if the comparison

could be made with sufficient accuracy.
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COMPARISON OF THE REACTIOMS
. p+d——> H%.»,ﬁ,
= p+d-———>He + 1°
v A5 A TEST OF CHARGE. INDEPENDENCE %
< Kenneth C. Bantel,® Wilson J.'.'Frank,+
' -and Burton J. Moyer
Radiation Laboratory
University of California
Berkeley, California
October 26, 1956
- INTRODUCT TON
'A study compériné the reactiéns
| p+d——F t + p+ | and
p+ d'§«-)-He3 + n°
wQuld providevinformatiqn for a étringent test of the hypéthesis of chirge
‘ indepehéeﬁce of nuclear‘lfbr.ces.l’2 ' ' |
| Other eXperimental investigations of this hypptheéis:have been concerned
.with the reaction éair,-p *p——yn+t +dandn+ p—> gb +d, .Hilﬂebrand
measured the angular distribufion of the n *'p—~;¢bﬁ° + d reaction§3 Durbin,
-Loar ‘and Steinberger measured d +_n+«e«€yb +p for.the same cenﬁer of mass
’ (com.) energy.h Botﬁ fesulﬂs closely fit_thé same angular distribution (i.e.
_ Tbis vork wﬁstdOne under the'aﬁspices of the U;,Sf Atomic Inergy Commission.
) A * Now at Hadiation‘Lahofatory, Uni&ersity 6f‘Célifornia, Livermore, California.
< 1 A;vMa L. Messiah, Phys. Rev. §§;va30 (i95é).

M. Ruderman, Phys. Rev. 87, 383 (1952).
3 R. H. Hildebrand, Phys. Rev. 98, 1090 (1952).

4 Durkin, Loar, and Steinberser, Phys. Rev. 8, 581 (1951).
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0.2 + cosz'eﬁ, in apreement with the predictiohs_of charge independenéé.

. R. A, Schluter measured the n + p-——>1° + d reaction for incident neutron

enerkiés neér 1,00 Mev.5 Helfound the total cross section by integration'
(at a glven CeMle enerpy) anﬁ compared twice the value with various total
Cross-s action mnasurenents of the p + p-} nt o+ d reactlon that have been

made in this enerzy range.’v Schluter's data are b:sed on. 102 deuterons-

with the = (_\D(’lx ncnt

total cross scctlon and enerpy dependence are in aprepment‘ withln the accu~
racy of the data.

The experimentai}results in“this_paper were oﬁtained during the
spring and sﬁmmervéf lQSA; In mid 1955, the experiment w&s intensively

pursued apain w1th varlous improvements and’ chanres in lnstrumentatlon. Un-

fortunately the’ early results were not improved upon, because of the inherent

'experlmental dlfflculties stemming from measuring a very low cross section

(about a microbarn) yirddine reaction products coming out at less than 10° from
’ b A

the beam direction.

3- R. A. Schluter, Phys. Rev. 96, 734 (1954).
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II. EYP.&IV ENTAL DETAILS

A. _Method

- A liquid deuteriuﬁ?ihrget.waé_bombarded by 40-Mev protons from the

" Berkeley 184 inch synchrocyclotron. ~The heavy particles; H3 and He3, are

identified by measuring'g% and E at the expected angle. - The n+ is detected

‘at its expected angle; the difference in time of flight6 bétween it and

‘the-H> helps to identify the’p + d—~—4--)H3 + 1+ process. :Thé 7° is not de-

tected because of uncertaintles in the efflclency of a pamma-ray counter,
of |

and because/the spreadlng of photons in the n° decay. The p+ d-wdyHe’ + 0%
process is 1dent1f1ed only by the He3 energy and 1onization rate.
v The two heavy particles anefdatected c¢ncurrent1y_in,a "heavyabgrticle

teléscope“ consisting of three plAétic scintill&tors-(Fi?. 1). The first

dE. 3- the second serves as both tha He’ E“

3
ancd the H” gu counter; the thlrd scintillator is the H- E

X

counter._ For
He3 particles, a double coxnc1dence is required between the first two. aCiﬂt—

illators. For HO partlcles a triple coincidence is requirnd between the

n+ meson,counter, delayed (owing to the H3 time-of flight), and the second
. . 8

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

ured concurrently, so that alternate runs to measure each process are rot

needed.

Each of the scintillators is viewed separately by 1P21 and 5819 photo-
multiplier tubes. The second écintiliator is viewed by a double set of tubes
for independeht'control of the H3 and Hés.detecfion networks. The 5319 tubes

provide pulse-height signals, ard the 1P21 tubes provid signals for the

‘Frank, Bandtel, Madey, and ¥oyer, Phys. Rev. 94, 1716 (1954).
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The vacuum jacket around the_deuterium container (in which the deut-

eriun is condensed by o . liquid hydrogen) is essential for

providing heat insﬁl&tion; 'The‘vacuum pipe for the scattered particles is

3

necessary to prevent bad multiplé scattering of the 85-Mev He particles.in

‘air; Furthermore, it was found from a preliminary run that a 20-mil dural .

window in the beam exit tube;‘thé inﬁervening~air, and'an entrdance foil in
the target enclosure all contributed appreciably to the backeround, there-

fore it was clearly desirable-t o provide the essenﬁially complete vacuum

~ path as shown. Since the thickness of the liquid deuterium plus the foils

o

that contain the liqhid:déuteriUmfis limited to about 0.09-g/cm2 by mulﬂiple*

3

scattering reéquirements for the He particle, it can be seen that'even the.

- s . . s s - ' 2, X
“two 1-mil foils that contain the licuid deuterium (0.0, g¢/¢m ) contribute

appreciably to the background. .The low differential ‘cross section (only a

| few.micfobarns) intensifies this prdélem.

C. Geometry and Kinematics

As shown on the experimental arrangement in Fig. 3, the heavy-

particle telescope angle was 10.59, and the correlated ahgleﬁfor‘the n+

Y o ’ ' o . :
particle was 37 .. Because of the n+ - n° mass difference, the kinematics

for the two reactions t.ransform differenﬁly from the laboratory to the

center-of-mass systenm. For the triton, lO.S?'in the laboratory system cor-

' ?
‘responds to 129.03° in the center-of-massisystem; for the He”, 10.5° lab
corresponds to 1%.35° com. Because of this effect, the experimentally meas-
ured ratio has to be corrected in accordance with the previously measured

angular distribution for the p + d—2 n+ + H reaction so that the same c.m.

angle is compared for both reactions.

VTSI YU SV
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 so that 85-Mev He

g “ 3
in the emergent beam of He particles just after they were deflected from

.of the dlstrlbution. ‘This is approximatelyltrue for the pulse height in
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I1I.  RESULTSOF THE EAPEREVEIT

A. Reduction of Data

1. 'HeB.Particles‘

Figure 4 shows the fegults of plottiﬁé the pulse height in the first

sclntlllator vs the pulse helght in t he secand sclntllldtor, considering only

those partlcular cates in’ whlch the par tlcle stopped in the second 801nt-

3 part—

fz
icles of the exoected energy (B% Mev) should stop in the Second scintlllator.

1llator. The 301ntlllator thicknesses have been arranged so that He

Many more pulses passed through into the third scintillator than stopped
in the second. Many slow pfotons and other singly charged particles would

appear in the lower left corner of the plot, but they all enter the third

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

3 particles would appear at approximately (10,10). This

was accompli§1ed by a preliminéry calibration on the He” beam of the 184-in. i

cyciotron, which was degraded irn energy. The dgyrading absorber was placed

thelr cyclotron orbit and the steering—maynet current was lowered to direct

the 85—Mev He3 partlclns into the expnrimental area. -Calibration data showed

that most of_the He’ particles should fall within * 25% of the centroid’

the first sc1ntillator. The pulse height in the second scintillator spreads
more than this, owing to the spread in enersy in escaping {rom different parts

of the target.

It seems exﬁremely probable that the events in the center of the

: / _
plot represent He3ﬂor Helt particles. However, He' particles could not be
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produced by bombarding deuterium by protons, and any He particles produc

from the foils are subtracted out in getting the difference counting rate,

The final results are:
-Counts Units of Counts per unit of

intesrated beam " integrated beam
Full target 8 10,56 . e
Bmpty target 3% 6.29 | —
Difference (1iquid — e . n2s 6

f ot
{‘. LIPS )

éiénk runs'were'accomplished by closing the exhaust valve above the
target vessel, and slightly Qarming the latter electrically, so that the
liquidAphase waé‘fbrééd back outvbf the target into a reservoir by the
pfessure of deuteriﬁm vapof.f It is estimated that the blank representsnfz%
of the amount of deuterium cbnﬁained when liquid i filled the targét

(the presence of the foils contributes a background of about 36%).

2:* B2 Particles

Figures 5 and 6 show the results of plotting pulse heights Ne, 3

3 £, scintillator 2) and No. 4 (83 E, Seintillator 3) for the fulle and
dx : o : , 4
empty=-target runs. . (Although Pulses 2 and 3 are both proportional to the

light in the second scintillator; the He3 E pulse is almost an order of mag-

nitude larger than the H> 4& pulse. Since the dynamic range of the 517

| scope vertical amplifier is just about an order of magnitude, twovseparate

gain controls are necessary.) At first glance it is clear that a‘certain
region of the full-target plot is more densely pépulated_than in the empty-

target plot; placing a line of demareation, however, requires much con-

" sideration.

'Figure 7 shows a plot of relative energy loss for protons, deuterons,

and tritons in the second and third seintillators. Because of saturation
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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 Mov of energy loss as a function of spéciﬁic jonization is given in

Fig. 8; this curve is derived from sxperimental datz for a number of phos-

phors, but does not include our seintillator material -—(02H plus a

, 2)n
trace of terphenyl. It is assumed that saturation effects do not differ

gréatly from one organic-séintillator to another.

Figure 8 may be transformed into the curves of Figure 9 by use of
the relation for dT/di vs'T fbrl(Czﬂz)n. From integration over appro-
priate interﬁals of T under the curves of Fig. 9 we obtain the plots of
relative light output in Fig. 10 oorresponding to the relative energy
lossés shiovm in Fig.'? for the phosphors empioyed, The curves of Fig.(lO
would deserib~ the distributions in Figs, 5 amd 6 if resolution .cere per-
fect and light putputs were unicue for similar events. |

] : . . .
The H” pulse height counters were calibrated by using deuterons of

~.such an energy as to give the same %% pulse as the expected tritons. The

tritons were expected to fall arpuhd_(lo,lo),-bﬁt instead thev appéar
centered about (8,9). By'a cut-and=-try process, the information from Fig. 10
has teen fitted to the data in Figs. 5 and 6. The lines on Figs., 5 and 6

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

the proton maSS.

In Fig.'li, the nﬁmbef of particles per mass interval has béén
plotted against the mass; the cut;and-try procedﬁre of célibrating'the data
involved centeriﬁg the séattéred proton peak aréund the proton mass location.
Clearly; there are-a nunber of mass=3 particles.

The triton peak can be seen moré clearly by plotting the difference-

' : é _
counting ratio per isomass interval (Fig. 12). The whole length of the isomass
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interval has been included. 5ince the tritons have an exnectad energy
of %7 10 Mev, the two dotted lines in Flps 5 and 6 represent the expectOd

llmleo Flcure 13 is. a replot of Fig. 12 with the regtrlcted trlton data.

' uummed over theoe counts, the trltov countlnp rate is 9? 022.7.

As another attempt_to separate the tritons from the background

particles;'two ovals havéfbeen drawn,vcénﬁered on (8,9). The inner oval

Y

represents the 100% resolution width determlned by the calibration run, while

the outer oval is 505 larper, allowing for a margin of error. The resulting

counting rates are 28e7 £.2.1 for the inner oval, and 31.5 2 2.9vfor.the
outér one. |

The counting rate sgems>relatively insensitive to the separation
criteria;'the.firét one (32.0 % 2.7 counts per unit of integrated béam)
is used in subsequenﬁ calculations.

"B, Hesults

".Thé;HeB and HB.particles were measured at 10.5°. This means the n°

‘is at h5;65° Celle, and the n+ is at 50.97° c.m. The measuréd'aﬁgular dis-

triButibné'bf p+ d~f;~9t'f-n* was used to correct the n+ to tﬁe same C.d.

: : L0 ' , _ :
- angle as the n., since we must compare the same angles in the center-of-

masé.system‘in order ‘to test charge independence:

dg= (n+, 45.7°) de~  (n+, 51.o°) __M_gng’ (n+, 45.7°)
A ot g X _hen ,
. d& (n% 45.7°) ._dg-_(n%, 45, 7°) “hjlﬁ“ (ﬂ*, 51.0°)

9 ity 3 Ay, | Aoz -

and: -

Tatge . vpame e e '

-,

PO oy
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Rate dfi. | a _{LL B -
?- ,}'. ) y
ﬁﬁ R [ A
, d lei LAB - \d.ﬁf{cm /!.

Therefore we have

(ﬂ+ 5,7 ) ountlng rate § "inn+ L 76) //
“ er unlt beam ‘djﬂqmn k Leon +l‘51.00
o\ fcounting rate C _ds(n+, 51, o°))(/ dJliﬂB \ V
df(n ! 45 7 )  per unlt beam 0 d"“‘j’ﬂp ’ 1\ dﬂ cm/ nO_, *’&5370
e SN
: Ry 4 . 32'_ . . ST

3

Ri Lé the:raw_data Qe-gét from ihe experiment.” The error in this
factor reflects the counginr atétlstlcs of the exﬁe;iment presented here.

R is 1nformation we obtain from the previous »chrlment6. Unfort-
unately, we do not Vrow thls with much better accuracy than R,- In ofder

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

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

off values and probable erro;s'at h5-7° and 51.8@ took,the ratio, and -
comoounded the error in the ratio, thus obtalnlng the value of R2.

~3 is just a matter of klnematlcal calculation. Th° followin? results

. were ob?ained; |

+ e fi ‘j% = 2 86 (¥ 11.2%9);
o 2 Tt 2 1175 (5 T.49);
’ Ry = 1/38.6

. , 2; + ) 2.63
F N ( )\R? R 130.+/.;) 2.01

(Probable errors are quoted here).

]
l
n
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C. »&ccuracy

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

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

particle being detected are estlmated to be negllglble. In the thickest
phOSphor about. 7& of the tritons suffer an inelastic nuclear intoractlon,
and’less than 7%_are removed from the triton island, _s1nce an inslastic
'Aévent cochnotnalways cafry off cnergy in ; way that does not produce light.
A.“i'CSnccquently,uit is believed tﬁat‘the biggectﬁsingle contribution to
the’error;is‘£hé{ccunticg sﬁatiscics of this and the previous experiment..

D. Interprctation

‘The fesultc.ofhthls cxpeWiment indlcate there is a 50m chance that
‘ thc racic!cf the_féaccior cross sections (p + d—dn+ + HO / (p + d-—*§>
gngj? ﬂej)-ié between é;bl.and 2.6?.
The statlstlcal accuracy of the experlmpnt 13 re?rettably poor, but
VAthis is for the most part due to the low cross section of the reaction,
E which.intencifieslthc detcctiob and- background difficulties.
One would have to say.that the results of this experiment are in |
accord with the predlctzons of the hypothesis of conservation of 1sotopic.

Spln, but in view of its poor ‘statistical accuracy, this experiment does

-

not prov1de a critlcal test ofAthe conservation of lSotoplc spin.

[
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Fig. 10. Calculated light output from second phosphor vs that from third

pho’s;ﬁhor;Y

"-Fig. 11}' Differential masé»spectrum for second and third scintillators.
. . N . - . . B

Fig. 12( Diffefenﬁiéi mass spectrunm for second and third scintillators

3

(full targei) - (empty target) per unit of integratéd'beam.'

| o _(full target) - (empty target
vFig.:13° Differential mass spsctrum ( 1 targe ) (empty target) vs

unit intepgrated beam

150 mass interval.
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