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UIKLASSIFIEBABSTRACT

The thick-target yield Of the reacticm D+ D + T + p + 3.% Vev

has been measured~ using e heavy-jce target, ati observatic.nahave been

made on the angular dlstrlbuticn Gf the prctor.s. Fxperimeuts have been

carried out in the regicn 15 Kev to IW5 Kev incident deuterou energy.

Evidence has been cbtaimd that, even for very small bombarding energies,

the angular distribution of protons in the center-of-gravity (e.g.) system

does not become isotrcpic. The v.ariat:cm%ofthe cross section with energy

can only approximately be represented by a Gamm function.

Introduction

The qua~tity ‘whichis determined in the experiments is the total

nurrberof disintagr&tions as a function of the bombarding energ~’. me

cross section is then obtained frcm tt.eslcye of the excitatjcn curve. If

the thick-target yi,sldat bcmtardirg energy ,E 1s depotod by N(E)$ @ne has:

where the constant A contal~s the Frcduct of ths number of incident

deuterons For unit cf beam current and the number of deuterium nuclei oar cm3

cf the target. dE/dx is the rate of energy less of the l~cldent deuterons

IL the target. In anather report (IMLS-392) the energy lCSS of Frctons and

deutercns in D20 is discussed. Numerical values are tter~ quoted fcr dE/dx

in D20 vapour. By suitgbls adjustment of the constant A, these values

can be inserted in LLo above formula tc deterwine U(E)● One finds:

g(il) = 2.”33x 10-6 A?! ● g
d~ dx

bar.s,uNcLAsslFIE~”

1
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where N(E) ~ thick target yield per microcculc%nbGf incident deuterons, 1
3

dN/di3 ~ change of N(E) pox’Kev change cf bcm!tmrdingenergy,

dE/dx = rate Of energy lCSS in Kev per cm Cf deutercns in D20 vapcur

at ;1mm ~ressure, 15°C,

The experimentsdescribed in what fcIllcwsare concerned with the

determiriaticnof N(E).

Agparatus.

(a) I-&h-vol&e@irment

The first.experin!entswere made in the reg~cu 15 tc 50 kev

bcmbardir~ anergy. For this purpose a small full-wave rectifisr set was

constructed. The circuit IS shown

accctlerbtingsystem, togetl.erwith

e
shown diagrammatically in Fig. 2.

. It was later fGund desirable

in Fig. 1. The general layout cr tt.e

focusing e18ctrQle a~ icn source, Is

to extend the measurements tc higher

energies, and a second high-vc>ltageset was butlt, for voltages up to

125 kev. This was a v@ltage doubler; tke circtiitis shown $n Fig. 3. The

arrangement of ion source, fGcusing electrodes and accelerating syst$m is

represented in Fig. 4.

Qn btittiaccelerating systems a 4* oil diffusicn pump was mounted

at the ground ~ctentlal end, 1.5., in the regicn traversed by the deuterons

after full acceleration and bafore magneti? analysis. In t~is way

practically nGne Of the Eas admitted tc the ion scurce reached the magnetic

.
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(b)

.

Fig. 5 was

-3- ‘U-N~LA$.JIFtE~

Ion Sources—

In conjunction with the smaller set theicn source shown In

used. The construction is simple and will ncltbe described

here. A cylindrical psrmanent magnet was used tc lengtken the electron

Iath for icnizing eolli.sicmsic the c8nal.

For the larger set an essentially slm.ilarsource sas made. (Fig, 6).

In this, hcwever, an electromagnet was used for controlling the alectron

paths, antithis provided an additional adjustment fcr obtainir.gcptirum beam

curre~ts.

Both sources were based on a design of a familiar type, and differed

only in minor constructional details from mcdels already in use.

[c) TarRet Charbur and Counter

The vacuum chamber - the “tankW - $s shcwr in Figs, 7 and 8.
.

It k a cylincirlcalbrass box wit}.a steel lid, and Is maintained at a low

-1 pressure (a few uits of lC-6 mm) by a 4“ oil diffusion yw~p wiountedbelow it.

Most cf the salient features are indicated in the plan (Fig. 7). After

acceleration through the bumhard,ing~otential, the deutercn beam was

magnetically analyzl~dbetween the poles of an electrcmagnot with a vertical

field, in omier tc select Dl+ & D2+ icns of a specified velocity. The

beam was then collimated and entered the tank alcng a horizontal radius.

It passed between a pair of electro-static analyzer Elates (used to test

for the presence of neutral particles in the beam, but norn?al.lykept
.

grounded) and impir,gedupon the target.

The targwetconsisted of a copper plate whose plane was vertical.

“

.

It was soldered tc

turn was sup~orted

seal in the lid of

the under side of a liquid nltr@gen

on a thin-walled steel tube Faasiti

the tank. The target could thus be

container, which in

through a Wilson

rotated. The aXIS of

UNCLASSIFIED
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rotaticm coincided witl.the vert.ical”axis of the tank Itself, ati was carefully
1

arranged tc lie in Ithe front face Of the t8rget pl&te. Under thes6 circumstances,

4
the spot produced aftthe front face Of the target by a radial beam lay always-

on the axis of the Itank,and did not change its

rotated.

After the cooling trap had been filled, a

be deposited on the target, which could then be

position as the target was

.

layer of heavy ice could

turned to any desired orienta-

tion fGr carrying

The prc%cns

counter [Fig. 9),

out a measurement.

from the nuclear reaction xere detected in proportional

Mving a mica w’idiowd’ about 8 cms air equivalent. (The

.

prctcm range was about 14 ems; all otter charged particle ranges were less

than 2 ems). ‘l’hecounter windcw subtended a small fraction, about l/lCOO, of

4n 8t the target spot, ‘Thearrangement ~as therefore one having ‘good’

gecmetry. The ccun’tarcculd be rctated In G horizontal plane about a vertical

axis passl~ thrcugh the target spot, TIM adJust~,entwas made thrcuph a

Wil.s@nseal at the bet.tanM the tank (Fig. 8), so that the position of tha

counter could be altered without breaking the vacuum. l’he’sett.tng’of the

counter, defined as the angle’between the direction cf the Incident beam and

the radius joining target spot tG cGunter window, could be varied frcm 40°

to 150° for the study of the angular distrlbuiticnof the prctcns. The counter

was enclcsed in a g:r@undedcopper shield; befGreitkis was done it tended to

pick up stray disturbances from the target, which, when connected tc the in~ut

of the beav current integratc,r,had e

‘Ihoglass wimiows were Frcvided

check on the alimm~nt of the system.

very high impednnce tc ground.

in the tank tO pOrmit an OptiCa~

P.large auxiliary ccoling trep(P’i~. 7) was placed in the tank

above the wide tutw-leadingtc the diffusion pum~. It was kept filled with

liquid nitrcgen fcr-several hcurs before a run, serving tc clean up the vacuum

>,:,.~ ‘,-”-. :..’,
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ano tc prevent the esca~e of any oil vapour from the p!mp into the tank.

The’accurate measurement of

the evaluation of N(E). The use of a

beam curr?nts was fundamental tc

valvanomter for the purFose was unde-

sirable since the current to be measured was scmctimcs small, and a galvano-

metar sensitive enough to measure it could not fellow sudden variations in its

magnituae.

~ current integrator, fcr use In the range 0.01 to 2.5 microamp,

was therefore desi$?jnedby W. J. Pools. The circuit diagram 1s shcwn in

Fig. 10. Apart frmn an extensive use of electronic instead of mechanical

relsyst it was sim:llarto existing designs. A careful selection Of tubes

for the circuit, together with a balancing of leakage current effects, made

the integrator usc~fuldcwn to quite 10JJcurrents. Its calibration (Fig. 11),

effected witt.the aid of a galvanometar, suggested no change of sensitivity

due to leakage current, even for an input current of only 5.10-3 microsmp,

Charge was accumulated on a .005 microf’aradsilver mica condenser,

which was autcmatic:allydischarged when the potential reached about 100 vclts.

Thus tc measure, correct to 1%, an input current of 0.1 micrcamp$ the input

impedance needed tc be 105 megob?s (to.make the mean leakage current less

tk,an10-3 microamp!. Care was taken to ensure that the target insulation

to grcund was bettar than this.

The calibration of the integrator remained constant to ~2$.

(e) VOltmete~
.

An accurate measurement of the bombarding voltage was essential. ‘

To illustrate thisI it may be pointed out that a change of incident deuteron

qnergy cf 1 Kev at 20 Kev produces a 30$ change of reactlcn yield. Care wes
=-
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tt.erefcretaken to fleasurethe bombarding vcltage to?l$.

On tke Mj-tc 50-Ke% set, a l-milliamp meter xas put in series

with two 20-megOhm precision resistcrsg A further10 megohms !“aslater added

in extending the measurements up tc the full 50

For the 50- tc~125-Kv set, a stack of 300

rmsistcrs was made, and waa us?d as a potential

Kev (Fig. 1).

l-megohm precisiOB

divider. The voltage across

the bcttcm 1 megohn was apFlied tc a circuit consisting of 16,5 megohms of

precision resistors in series with a 3C-micr@ampmet.ar (Fig. 3). The ratio

of the arms of the potgntial divider was measured using a Wh?atst.cnebridge

arrangement. antiwas Sculldto vary by less than 0.3$ uitierfull load.

Both the l-milliatnpand the 30-micrcamp meter were sa~arately

calibr&ted; the deviation frcm the rated sensitivity was less than 1%.

(f) Ctber eQuipmeLt ‘

(i) A black diagram cf the prctcn cou!?tingsystem is shcwn in

Fig. 12. To reduce rirrle and stray disturbances tc a minimum, the high-voltage

supply fcr the ccut)terwas from batteries in a shielded box, and the heater

supply for the tubes of the preamplifierwas rectified.

(ii) Besides the large auxiliary cooling trap fn the tank, other

tra~s were mounted immediately 8bOVe the diffusion FUmFS.

(iii) The deuterium gas was admitt’d to the ion source through a

needle valve. The control was quite sensitive. The normal gas consumption

was about 10 cc per hcur, prcducing a pressure of abcut 5.10-5 mm in the

accelerating tube,

SDecial.Considerations

(a) N eutralizat.ionof the Beam

titlcw energies a beam Gf charged particles tends to suffer

neutralization,ad unless the Fressure in the system is very low the effect
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may become serious, Since in these experiments the nwnber of deutercns

reaching the target wa8 measured in terms Of the po8itive charge collected~ .

it was of the utmost importance t.oreduce neutralization tc negligible pro-
.

portions.

The essential step was to achieve as low a pressure as possible

between the magzet:lcanalyzer and the target, so that once a beam of charged

particles of g~ven velocity had been selected, it remained ckarged. The means

of doing this has been described; it ccnsisted simply in Fum~lng the region

from both ends. The prgssure in the tank itself during a run was about

2.10-6 rum. There was probably a rise Of pressure towards the magnet box,

because of the low pumping speed of the beam collimator

tubes between tank and magnet box, But it Is tclerably

pressure everywher’~in this region was belcw 10”5 mm,,

and the connecting

certain that the

To test the effectiveness of the system, the electrostatic de-

fl.ectcr(Fig. 7! was used. With a dauteron beam of 17-Kev energy (One of

tke 10west energies employed) the disintegration yield was measured for the

total beam and fcr that part of It which was not deflected away from the

target by the electrostatic field. The conclusion was that only abcut 1..6$

of the beam was neutralized. At higher ?ngrgies the neutralizationwould

of course be less, ad no correction has been thought necessary fcr the

effect.

(b! TarEet Contamir:atio~

It is well known that targets are easily ccntarninated. Traces Of oil in

the vacuum system become attached to the surface and are carbonized through

the action of the beam. In particular, the eff’ectis very marked in the

case of a target c:ooledwith liquid nitrcgen, since any molecule striking

the surface is likely tc stick, If a vapcur Of molecular weight W is present

I

I
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(1)

CC Q frim O to ~and numerically Integrating t?,gresult.

ldtho’lgh;31s is perfectly feesible, itk 61s0 t5diWs, anil a si”pie2’ 81-

terntitivemethc.d“/;9sadopted; let n’ (%’ ] he the hypothetical ccn~ntat an angle 9’

in tha center-of-gravity systsw corr?s~miing to th9 observed count n!Q) in

or n’(Q’) = n(e),fz($) (3)

at fran an approximate knowledgs of t.k,e~~-::itoti2nc!lrvs. Thus 2’(9’) can ba

found fran an obs~rvatim Of II(Q!.

p,ravity syst~m can be C1OS31Y represantei by,

n“(Q’) ~ n“ (90°)
[ 1

1 +a\12)COS2Q* i4)
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A(E) as a functian cf E 1s shcran in Figure 23. Tie deriVed curve (see

also &lven in this figure. It nay be seen

sign 0? tending tclzero at zero bcmbar.ling

to use a linear relation to express the

#

.
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* liot~that two distinct valugs of F aye used in fornl~ these products; for the
high~r snergy work it was somewhat smaller than for the low energy
ex~eriments. (cf. Figures 26 ami 27).

X*$3 ~~ ~rr~~ .

The counting erl.orat the l~est energy empl~ed was about 7$. For the

majcrity of the measurements, however, it wss not in OX~eSS of 1%. The bombarding

energy was known xithln 1$. The beam current measu~ments with the integrator are

prObably gOOd tO Z2$. So far as could be discovered, any errors due to tareet con-

tamination or secondary electron emission were together not more than 1%. The error

due to observing at 125° in the laboratory systm instead of 125° in the centgr-Of-

gravity system is always les. than 1.5%. The error due to the pres~nce of neutral

particles in

fraction F

, by carefully
●

the beam is, in general, probably not more than 1$. ‘I!hoSOlid angle

was determined by measuring the counter windows with a cmparator, and

determining their distance from the ta~get. The error In F is”con- “

sidered to be abcmt t2$. The cawbination of these factors leads to an aggregate “

●

error in the thick t:mget yield amcunting to24$ at most ener$i-s~ but reachinp a

value as high as %8$ at the l~u~st energy (15 kev) because of the vsry low yield.

In deriv!r~ :!’>~.,..c,c:j.ccsfrom tllevalues of N(E), ore introduces a fur-

ther Smll error, Ferheps 3$ or so, tbr<;ughtii?’fere~tiatjngthe yield curve tO fird

dli/d);.But tl,e&ssGci&ted velues of di?/exore va’y urcertair,,~nd it i8 impossible

tc assi~n a lrcLmtlleerror tc the values Gf the crcsa sections which will now be

fierived.

Cress Secticr.8

.

As was stated a% the fiegfrlriingof this reyort, the cross section at any

er:ergy d 1s given by:

- ~ dN/dE ) ( aZ/dx)bfirnfi,Z,x.l(?-e where dN/dE ati dE/dx arn measured in

s~ccified units (cf. I.1). To evtiluatcdN/dE fror the exprirentel values of N!E),
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21.’? 4.60. IC* 0,42 ?.?l.IC2 s.?c,]c,-~ 1.14.10-2 5,79

4
25.1 6,:1.102 0,:2 3.29.)C2 ?.8?,I0 l.g[..lo=~ 6.22

.
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TABL? 4

8.15

7,54

7.137

6.32

z,??

5*34

3.00

4*72

4*47

4.09

3.?0

3.54

“ -3C.. d

0.38

0.42

c.46

0.52

G*EJ3

G.123

~ , ~.~

C,72

0,76

G.83

0.89

@*94

0.’28

1.03

@,81.1C14

1 ,77.10-4

3.32.IC14

kQ6e.lo-3
.

3.9; 1o-o

5.33.10-3

24:2.10-2

LLc,lcl-3

6,154*1C-3

2*03.K-2

4.83.10-2

9.49.lCJ-2

-215. 6,10

2.4C.IC-1

1*OC

1,.41

1,91.

?,62.IC -z 2.75
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tkernwill differ very little frcm tt.ecurve derived acelytically.
,

Comparison with ‘l%ecr:~.

On the bias of tke Breit-%’ignerformula, the .crcsssecticn is given b’?:

a(x) :: eonst. x ~ x P(&), where P(B) is the probability
E

that tl.sccllidifigne!ltercnswill,p-netrat~ tk.epotg~tial barrier which serarates

tkem. At low snergles (E <<barrier height) this formula takes the simple form:

-i
2-

1~(E) = ~onst, x_x6 -1.4c)31i’ , E-* being expressed
h’.

!n wev!-~ c Thus, if this relation 1s obeyed, Ona may write:

.

.

or l%JB ● u(d)] :.- Cctist, -(2.608 .A

[ -iIn ~igllre32 a FIO~ C7f ~Og Pi . O(E)] vs. Ii is made. Its slope is 0.662

instead Gf the 0.6C8 reluired by the theory. (A lir.ecf the theornticel slcpe

is indic~ted on tl.efigure).

Altl:c,l]gktke differcncs between theory and experiment is considerable, it

is by no msans outside the uncertainties of tkeory @r of experlw.ent. The one

large source of dcu.~t~~the experiments lies iv t.k.cuse of dE/dx tc find o(E).

O] the oth~r hand, from tke tt.eOretioalpoint Cf Vtww it is ~!lrdtc say what

should be tke correct power of E pr~ceding thm expcmntial in tha cress secticn

formula. If one puts l/Ek IB tke ~l&ce cf 1/S, then the thecrettcal slzpe be-

ccxnes~rwster than the ex~erime&ta],wb.ereasbefcre it was less, as may be seen

from Figure 32.

~CT a fuller d~scuss:cn Cf the pr~bierr, , reference should be made to the

b
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article by d. J. KonoPicski in the Technical Series (Vol. 3, ch. 7).

Concluding Remarks

No experiments have been made on the alternative nuclear reactjon

D+ D + Ha3 + n+3.25 Vev. It twwld have teen very

dasirable tc study this Frccess, sifice in reality a ccwyariscm with the~ry demands

e knowledge of the tctal cress aecticm for the D-D interectioc,and the theoreti-

cal considertitlcnsOF t?.c precedin~rsecticn are based on the ass.umytionof a c9n-.

stant branchjrq ratlc. The difficulties In the way of detectlrw, with gocd accuracy,

either the He or I,he neutrons are, howsver, rather great. The He3 have a ranpe
3

of only 4.3 mm fcr these bombarding energies near tc zsro! so th~t tc detact tt.8m

one must ha~e a counter %>e air ~quival+nt of whose window is cc.nsldcrably less than

tkis. On the oth?r hand, tke detectiCn of thq neutrcns m~st derexi upc,nan inef-

ficient secondary prccetisr aai the Icw prinary reection yield at these enarclss

ma}:esfor Yery lcw ccuntlng retes, The Frc%lems are b’( no means insuperable,and

a full study Cf the D+D reactian must ce~tainly deal with this altercetive re-

action.

In addition, if tblck-targ~t yield measurements are tc be transL%teC with

any certainty inttivalues for cress sections, a far bettsr knowl~dge of dE/dx fcr

deuterons In heavy icn is reouired. lt is censlderexjthat the ex~erlr?!entsd6s-

cribad in this report give a feirly reliable maasura of the tklck-targst yield

for the D(E,p)T reactl.cn!’rcm15 tc lC’5kev, but tt.e value3 here advenced Tc,r

cross secticm shc,uld be regarded ‘,rit.k suspicirn,
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Here are collected v8rirus equatieus ma calculatlm.s relevant tc the

ex~erirnentsand their inter~retaticna

n. Transi’tirmtion of AW?.ets Frcr Laboratory to Center-Of-Gravity
.“

b If Q is tke angle measured in the labcwatcrj, and Q’ is the Cc!rresponding

angjs in the c5nt6r-Gf-greVity system, then:

=

sin (6’ - Q) = a . sjn $,

~2 : m1m3 ,
wh.?re 1—.

.

.

.

.

f?(Ql =
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at coa
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-1+1 in the Laboretorg
-f%

Vie wish to study the de~andence of n(0) on sr.all ck,acgas of 0 in the nei~kk,orhcczl

Of a= 54° 44’ and 125° 16’, Since n’ {90°~ ia not a function cJf 9, we Tay w~ite:
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~T

ia very nearly zerc. Yoreover, xc may neplect t}listerm in di~ferentiatlon since

it is always multiplied by th~ siall factcr az. Thus It is &rrrissihle tc write:
.

Dlfferectiatlng,

2
AR w -2A(it\cOS Q’ sin Q’ AQ, (l+2a. cOs Q) - .l?a,slnQ AQ (1+ A(E) ccs e’)

Ag 13 the small ar!~f16 {0’ ~) repr~sentifiethe shift frm the center-of-gravity tc

the labGratCly 9ystem, ‘I%us.we may write:

‘T};iJ& ,

.
!%glecting yxertil cm a above the first, this be:lmes:

.

.
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.

AB’”-2 81.rI 9 A61 [fi(E) cos Q+5a A(E) cos29+a]+ 2A(E) sln2Q A Q2[l+ 61a cm ~

.

.

‘-). . Derivation of a(ii) from A(E)

(i) Direct l’6tkcd.—~

The thick-targgt

by:

N(E) = C!E)+ D(E) eos2 Q’

121fferentiating :

,
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.

.

M
.

.
Q?: dc+g
(iii dil d~

COS2 9’

:~
dE [

l+LW
1

CCS2 Q’
dC/dl?

const
L 1].+fJ(E)CW2~$

Thus

( ii) Konoc~nski’ s ~’ethcd ‘

It kaE pointgd out by Konoplnski that the above reth~ was und9-

slrable, in that a(~) was ovaluatsd as the ratio of two differentials. 1?8 has

presented a nlethcii (cf. Technical Series, Vcl. 3, ch. 7) in which advantage has

been taken of

tlie symbOlism

we &l&v::

tkc clcseness of a(E) tc A(E). The methm is outlined hero., using

em~loyed in the rest of this rercrt. Frcm e~uation \7! in the test,
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