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The thick-target yisld of the reacticn D+D 3T+ p + 3.98 Mev
has been measured, using a heavy-ice targest, apnd observaticns have been
made on the angular distributicn of the prctors. Expsrimente have besn
carried out in the regicn 1€ Kev to 10& Kev incident deuteron energy.
Evidence has bean cbtaired that, evem for very small bombarding energles,
the angular distrituticn of protons ir the center-of-gravity (c.g.} system
doss not become isotrcpic. The variaticon of the cross secticn with energy

can only approximately be reprssented by a Gamow functiion,

Introduction

The quartity which is detemmirned in thLe sxpsriments is the total
nurber of disintegrations as a function of the bombarding energy. Ths -
¢ross section is then obtained from the slcps of the excitaticn curve., If

the thick-target yisld st bomtarding ensrgy E 1= denoted by N(E), cne has:

4

o(g) =1 . aN | 4dE
A dx

2

where the constant A contsins tte ryproduct of ths number of incident
deutercns rer unit cf beam current and the number of deuterium nuclei oer emS
cf the target, d4E/dx is the rate of ensrgy lcss of tle ircident deuterons

ir the target. 1In another report (LAMS-392) the energy lcss of rrotons and
deutercns in D,0 is discussed. Numericel values are there quoted for dE/ai

ir Do0 vapour. By suiteble ad justment of the constant A, these values

can be inserted in the sbove forrula tc determine o(E), One finds:
ofl8) =2.38 x 107888 . &E barns,
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whare N(E) = thick target yield per microcculomb of incidsnt deuterons,:

aN/dE change of N(E) per Kev change cf bombarding energy,

]

dE/dx rate of energyv 1css in Kev per ¢m cf deutercns in Dzo vepcur

at 1 mm pressure, 15°C,
The experiments descrited in what fcllows are concerned with the

determinaticn of N{(E}.

Avperatus,

{a) High-voltege Equipment

The firat sxperiments were made in the regicn 15 tc 50 kev
bombardirg energy. For this purpose a small fuil-wave rectifisr set was
constructed. The circuit is shown in Fig. 1. The gensral layout cf thLe
accslercting systam, together with focusing elsctrode and icn source, is
shown disgrermatically {n Filg., £.

It was later focund desirabls tc extend the measursmesnts tc¢ higher
ensrgles, and a second high-voltage set was bullt, for voltages up to
125 kev. This was a voltage doubler; the circuit is shown in Pig. 3. Ths
arrangement of ion sourcs, focusing electrodee and accelsrating system is
represented in Fig. 4.

On both accelerating systems a 4" oil @iffusicn pump was mounted
at the ground rotentisl eni, {.s., in the regicn traversed by the desuterons
efter full accelsraticn and before magnetic anslysis. In this way
prectically nons of the gas admitted tc the ion scurce reached the magnetic

analysar,
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(b) Iom Sources
In ccnjuncticn with the smaller set theicn source shown in

Fig. © was used. Tke ccnstructicn is simple and will not be described
hers. A cylindrical permanent magnet was used tc lengtien the elesctron
jeth for icnizing cellisicns ip the canal.

For the largsr set an essentially similar source waes made. (Fig, 6).
In this, however, an eslectrCmggnet was uséd for centrclling the slectron
paths, and this provided an additicnal ed justment for cbtaining cptirum bsam
currents.

Botl sourcess were based on a design of a famillisr type, and differed
only in minor constructicnal details from models already in uss.

{c) Target Charbsr anéd Countsr

The vacuum chamber - the "tank™ - is showr in Figs., 7 and 8.
It 1s a cylindrical brass box witl a steel 1id, and is maintained at a low
pressure {(a few units of 10‘5 mm} by a 4" oil diffusion pump mbunted below {t.
Most of the salient features are indicated in the plan (Fig. 7). After
acceleraticn through the bombard;ng rotential, the desutercn beam was
magnetically analyzed betwesn thé poOles of an slectromagret with a vertical
field, in order tc-select le or Dz* icns of a specitisd veloeity. The
beam was then collimated and enterad the tank alcng a horizontal radius.
It rassed betwsen a pair Of slectro-static analyzer rlates (used to test
for the presence of neutral particles in the beam, but norrally kept

~

grounded) and impirged upon the target.
The taré;t consisted of a copyper plate whose plané was vertical.
It was soldered tc the under side of a liquid nitrogen container, which in
turn was suprortsd on a thin-walled steel tube rassing through a Wilson -

seal in tks 11d of the tank. The target could thus be rcotated. The axis of
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rotaticon coirncided witl the vertical ‘axis of the tank 1ts$1r, and vas carefully
arranged tc lie in the front face of the taréet plate. Under theses circumstancss,
the spot produced at the front face of the target by a radial beam lay alwayq_

on the axis of the tank, and did not change its position as the target was

rotated .

After ths cooling trap had>been filled, a laysr of heavy ice could
be derosited on the target, which could then be turned to any desired orienta-
ticn for carrying out a measurement.

Ths preotcns fiom the nuclear reaction were detscted in proportional
countsr (Fig. 9), raving a mica winiow of abocut 8 cms air squivelent, (The
prcton rangs was about 14 cms; all otler charged particle ranges were less
tran 2 cms). The counter windcw subtended a small fraction, about 1/1CC0, of
4n gt the target spot,  The arrangement was therefore one having 'good!
geometry, The ccunter cculd bs rctatad in & horizontal plane about a vertical
axis passing through the target spot, The ad justment was mads thrcugh a
Wilson sesl at the bottom of the tank (Fig. 8), so that the position cf ths
counter could be altered without breaking the vacﬁum. The *setting' of the
countar, defined as the angle between the direction ¢f the incident beam and
the radius joining target spot tc counter window, could be varied from 40°
1c 150° for the study of the angular distribution of the protcns. The counter
was =nclcsed in a grounded coprer shield; befors this was done it tended to
pick up stray disturbances from the target, which, when connscted tc the inyput
of the besar current integretcr, had s very high impedance tc ground.

Two glass wirdows were provided in the tank toc psrmit an optical
chcék on the alignmant of'the system,

& large suxiliary ccoling trep(Fig. ?) was placed in the tank
above the wide tule leading tc the diffusion pump. It was kept filled with

liquid nitrcgen fcr ssveral hcurs before a run, serving tc clean up the vacuum
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and tc prevent the escape of any o0il vapour fror the pump into the tank.

{d}) Currert Integrator

The' accurate measurement ©f besam currents was fundamental tc

the evaluation of N{(E). The use of a valvanometer for the purrose was unie-
siféble since the current to bs measured was sometimes small, and a galyvano-
mstar sensitive enough to measurs it coculd not f£¢cllow sudden variations in its
magbitude.

A current inmegratcf} for use in the ranga 0,01 to £.5 microamp,
was therefore designed by V. J. Poole. The circuit diagram is shewn in
Fi{g. 10. Apart from an 2xtensive use Of slectronic instead of mschanical
relsys, it was simillar to existing designs, A careful selaction Of tubes
for the circuit, together with a balancing of leeksge current effects, mades

the integratcr ussful dcwn to quite low currénts. 1ts calibration (Fig. 11},

effected witl the aid of a galvanometer, suggaested no change of sensitivity
due to leakage current, sven for an inrut current of only 5.107% microamp,

Charge was accumulated on a .005 microfarad silver mica condenser,
which was autcmaticslly discharged when the rotential rsached about 100 vclis.,
Thus to measufe, correct to 1%, an input current of 0.1 micrcamp, the input
impedance needed tG be 105 msgohms (to make }he mean lsakage current less
tren 107 microamp,. Care was taken to ensure that the target irsulation
to grcund was better than this.

The calibration of the integrator remained constant to t 2%.

(e) Voltreters )
An accurats measurement oOf the bombarding voltage was essential, -

QO illustrate this. it may be pointed out that a change of incident deuteron

snergy of 1 Kev at BO'Kev produces a 30% change of reacticn yisld. Cars was

. . - . . N . - o -
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therefcrs taken to measure the bombarding vcltage to 1%,

On tte 1lg5-tc 50-Kev set, a l-milliamp meter »as put in series
with two 20-megohm precision resistcré. A further 10 megohms was 1atér'added
in extending the measurements up tc the full 50 Kev (Fig. 1),

For the 50~ to 125-Kv set, a stack of 300 l-megohm precision
resistcrs was made, and was us2d as a potential divider. The voltags across
the bettcm 1 megohm was arplied to a circuit ccnsisting of 16.5 megohrs of
rrecision resistors in ssries with a 3C-micrcamp metsr {Fig. 3). The ratio
of the arms of the potential divider was msasured using a Wheatstcne bridgs
arrangement, ané was fcund to vary by less than 0.2% unaer full lcad.

Both the 1-milliamp énd the 30-micrcamp mster were serarastely
calibrated: the deviation from the rated sensitivity was less than 1%.

() Cther squipmsrt

(1) A block diagram of the protcn counting system is shcwn in
Fig. 12. To reduce riprle and stray disturbances tc a minimum, the high-voltage
suprly fcr the ccunter wes from batteries in a shielded box, and the heater
supply for the tubes of the preamplifier was rectified.
({1} Besides the large auxilisry cooling trar in the tank, other

traps were mounted immediately.abOVe the diffusion prumgs.

{i1i) Ths deuterium gas was admitt=d to the fon scurce through a
needl~ valvs. The control was quits sensitive. The ncrral gas consumption
was about 1C cc per hcur, producing a pressure of abcut 5.10"° mm in the
accelsrating tube.

Special Congiderstions

{a) N eutralization of the Baam

At lcw epnsrgies a beam of charged particles tends to suffer

nsutralization, ani unless the rressure in the system is very l1ow th: effect
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may become sericus, Since in these experiments the number of deuferené
reaching the target was measured in terms of the positive charge collected,
it was of the utmost importance $o reduce nsutralization tc negliglbles pro-
portions.

The essentisl step was t0 achiave as low a pressure as possible
between the magretic analyzer and thé target, so that once a bsam Of charged
particlss of given velocity had been selescted, it remained charged. The means
of doing this has Deen describted; it ccnsisted simply in pumying the region
from both ends. The prossure in the tank itself during a run was about
2.107€ wm. There was probably a rise of pressure towards the magnst box,
because of the low punping sreed of the beam collimatcr and the connecting
tubes beatween tank and megnset box, But it is tclerably certain that the
bressure everywhers in this region was baslow 107° wm.

To tast the sffectivensss of the system, the elsctrostatic de-
flector (Fig. 7) was used. With a deutercn beam of 17-Kev energy (one of
the lowest energiss employed) the disintegration yield was measured for the
total beam and fcr thet part of it which was not deflscted away from the
target by the electrostatic f£ield. The conclusion was that only about 1.5%
of the beam was nsutrelized. At higher =2nargies the nsutralization would
of course bs lass, and no correction has been thought necessary fcr the

effect.

{b} Target Contamiratior

It is well known thet targsts ar: easily ccntaminated. Traces of oil in
the vacuum system beccme attached to the surface and are carbonized through
tte action of the béam. In perticular, the effect is very marked in the
case Of a target ¢ooled with liquid nitrogen, since any molecule striking

the surface is likely tc stick. If 2 vapcur Of molecular weight ¥ 1is present
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at a pressure p in the system, the mass m of matter striking th: tareat

is given by:

V ~ME x 1.44.1¢°2 microg: urs, oF <, s
'Vrﬁé x 5.3.10’2 milligrams/cmthr
Anirse P18 measuroc dn urfte of ORI S PR B T B
400, The rangs of the lcwest-snergy Jdeutsrnons ewmploysld in ths 4xpariTents was
equivalent to a layer of goout 15 micrcgrams psr ¢m? of oil, At a pressura of
10'5 mm. such a laysr would build uplin approsimatsly one minuta. The nsed .
for sxirseme claaniiness in ths vazuum system was thus apparent.

To achisve sufficisntly gtod conditions for a run, ths thres auxiliary
100){ng trap3 wars kept €illed for sevaral hours bafira 1118 targst trap it3asl?
wag cooilaed., By this msans, almost all coadensible material was resnsvsd,

To inveatigate any possibls target zcontamination which might still
«weour, Yw0 chazeks were possible, The first 2f thsss 20ngisted in observiasx
the chunge with tire of the ranction yield Zfur u civen bombarmiing voltage., A
specimsn curve, for ona of ths (ower bombardiing voitagss (whers ths affact i3
most ssrizus) iy shown-in Fig, 13, Ths 2rrors shown for initviival points ar=
statiytizal, The uscond rsthdl was to measurs s yisld, for a given bmbarling
voitage, 358 a funciion ¢f ths angls ¢ hetrsan the fs2s of the target. If an
01! £ilm existal, {ts rthickness in tha direétltn 5f tas deuisroa bsam would
Vary us cosec #, ani tha yiald woull be cranged, Fig. 14 shows the result of
vals test for 40 Kev howvariing snsargy.

In the Jight ©f thesa Observations it was conslidaral that tis 202a-
tamination problsm had besn adejguately lealt with,

{c) Ssacondary Electron Imission

In meaguring tis heam curcent in sxpsriments of this typs, (%

i3 always a mat'er of some concarn ¢5 know whaeither the racordad targst surrvant
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¢Lrrasrcnis %0 the true currsat of poaitivs ions reaching thes target, Sescondary

alactrons, coftan saverul por dsutsron, are liharatsi at th

s ]

targat anl any
“tasr point whers the beam may strike, For a deuteron basm of 100 Kev, the
maximum possidiz secondary elacztron enarsy is about 100 sv, and ths majorits of
elaxtrons huve much lower eﬁergies than this., Ccnseyuently, a positive ¥v3ltage
2t about 1J0vV on ths targe! was sufficiznt in this work t> snsurs eftastively no
eacaps of sscondaries frow the targs! itself. Thers rsrainsd the nropiem that
this potantisl mipht collect a faw sacoadariss produzed at the sscond slit of the
b2am collirmator (sea Fig. 7).

To tegt whatihar this was s0, a cylindrical psmranent rapgne? #as3
mounted surrounding the collimator, with its axis along ths axis of ths heam,

It was magnstisad to give a field whoge cOmpcensnt transvarss td> the, axis had a
valus of about 20 gauss at the collimator slfit. This riaid, ~2ombinsd with the

elactrostatic fis1d dus 1O the positive voltags oo the targzt, sutficed to maks

ey

he =isctrona £ollow spliral paths towards ths tank walls, without appreciably af-
facting the deuterons, The thance Of an alsctrou encountsring <hs targst was thsn
Jmall, The thick tarzst resction yield, nec microcoulomp of effactivs bsam current,
was found to bs the sames bsfirs and after {nssrtion Of the magneat.
A later ta2st, on the variaution with positivs targat voltage 2 the
reg~tion yield per nicrocouiomdb Of measursd deam, gave the result shown in Fig. 15,
“n the hasis of this svidenca, it is thought thet the measursmsnt
of beam currents way satisfactiory,

The Determina+izn of Nig).

Let tus fraction of 4% subtsnded by ths counter window at ths targe®
5p0¢ bs desnotad by F, and 1e¢ ©5(8) be *hs numdber of rrotons psr misrocoulomd of
peam observed in the ccuntser at ssiting €, for soms particular dbomdarding

anapzy ¢. Then avidantiy,






N(E) = 1 n{@) sin 8,40 (1)

&
g

o
That is. the total yield at X can be found dy obsecving (o) fur all valuss
¢ 9 from O to nand numsrically integrating.tha result.:

Although thils 1{s perfectly fessible, itis aliso tsdious, ani a si~pls> al-
ternative method was aldopted: ILet n' (8') te ths hypothstical count at an angle 6
in ths canter-of-gravity systsm corr«sronding to the obssrved count nie) in

the laberatory systsm. Then:

"k

n
N(E) = —de n{0).a1n6.40 = —L_ n' 0" j.etnst Ld6°  (2)
2F ¥
o) ol
Thus. 6(8) sins 46 = n* (' )sins' .40’
or n' {6') = n(8).gl9) (3)
whers g{e) = dlcna@)
4208k )

gl9) and (€'-0) can be readily evaluat2d from ths bombarding snergy E and ths
hest Of reactisn J {(sss appeniix). Although, strictly spsaking, ¢{6) ref=rx 2> a
single valus of £, a waighted mean vslue ocCrrespondiapy t5 a thick targst, where
81l vajues of bombarling energy from O tc E c¢oxme Jotdo play, =an bes arrived
at from an approximats knowledgs of the =scitution curve. Thus 7" (0') can ba
found from an obssrvaticn of na(e),

Now for the D¥D raeancticn, tas angulsr distrivuticn 1a ths ceantsr-of-

gravity system can be cloOssly reprasanted dy.

n*i{e') = n"(90°) [1+a‘,E)c0329'] i)
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8 (B! is the 'aawvmmetry ccoafficient’, anl refars to a thin-tarest yisld at a sinpgle
moergy. For a thick-targ+t yield, a similar fermuta holds, but a(E) is repiacsd

by a smaller quantity A(E), sincs the angalar Jistridutisn bacomes lass anisotropic
at low anerzies, Thus ons has:

N o) = N(%O)EJ14MCmEGJ (5

end this sjuaticn cun be used to represent obssrvstizins on thizk-tarest yields, pro=-
vided that £ §s8 nat t50 large. (This liritation arisss becauss varioﬁa apglos

9fE) 1n the laboratory contriduts t0 a sinple valus Of &' in the contsr-of-gravity
systam, ., lnteg:gting equati~r (5), ons cotains N(E) (of. sjustion (2)). The rrsult

18 SR

N{E) » 2. . ' (3.7 [21»“ a(&)}
2F .

O

. (6
.w(%°)&*é Mﬁq

rv)

it

)

If (huservuticus are made at & particular angls 00 {n ths laboratory svstsm, cor-
responding 1o @' in the csnter-of-gravity, then:

l -
1 +.5 A(E)

N{&) = -;;- n' (8%) (7}

2]
1+-A(E)cos“a°’

ag £ollows from equation {(5). New {2 in rarticular Qo' {s chosan 30 that:

2

t\_\s::' Q ' - _l. (8)
w ) 3
thsn ejuati~n (?) r=luces simply to:
Nis) :—;% NN CI ’ t9)

That is, ths total yield can be found from obsarvations at a single angla, without a

xkroviledezes <2 the asvmmsiry coefficisnt A(E). The only conditicn for this 1o be true
is that squation {5 should be obayed.

cauatinn (8) ds rulfilled for 9.' I 54%4' or 125°15', The ccrresronding

Anries Y, 10 the ilaboratory svsism vary of course »ith E, tut, for E < 12% kev,

gr2 aiffarent only abiul 2° from the anglas in the cantsr-cf-gruvity.






-2~

If obssrvat{crs arz made at anglss 54°44' or 125°15° in tns .aboratory
sy:tem, the errcrs tharedy 1ntroduced, for a maximum bombarding energy of 105 kev,
are =2,% and ¥1.9%, respe:tivaly {see Apreniix!, Becauss Of the Smallar error at
the backward angls, Obssrvaticns were alwavs taken with this ccunter setting (of
125° {n thes laboratory), and it could be safsly assumed that the total thick-targe?
vi=21d was given, with an error of 1sss than 2%, by the enuaticn:

NEN = ¥ gleg) n(@g) (10
in which 8, * 125,

The firat stap in aprlving this wethod.was to astablish the velidity of
ajuation (£), and measuremenis on ths angular distridut¢i:in wers made at a sariss of
sanapgi=s, Uuch u detailed study was not really demandsd for the ruryoss of this es-
reciment, but a knowlade~ St a(E) as a functicn of &, derived from the observsd
values of A{E), was of intscsst tc the theoreticians, With {ts aid, zerlain deduc-
ti2ns could he made-concernlng th= nuclaar rediuas of ths deuterin and ths preciss
naturs ©of the D-D interaction (sse ¥, J. Konopinski: Teachical S=ries, Vol 3, z2h.%7).

Tre Teans of deriving a(E) from a(E) is givsn in the Aprendic.

Rasults of angular Distribut!l~n Msasuremszuts

In Pigures 16 to 2C arc shoan the sxysyimantal results of ths argular dis-
tributicn msazurements. In sazh case a full curve has bean drawn through ths szxr-ri-

mental rcints, ccorrasicnding to the thesoraticui relstions:

nt ety T opt I [li‘A(EchSZQJ

Y3

nt 19 zis) nlo) . e7aluatad with that valus
ce A{s) which bess ?{ts the data., It may bs sesn that the agrearent belwesn theory
ahl axrarimant is quits y2d, A wOore sxacting tmst of the resulsts cinsists in rlet-
-t gy M 2 .
ting the guantity [A_L%_% ‘;] neainst ¢o08”e", Sinze the degrss Cf anigotrory is
" At {0

small, 6Ny 8xrerirental arrcrs bascoms greatly magnified., =a plcot of this kind is

s -wn in Figuras 21 and %2 for bowberling =nerpies of 50 key and 79 kev, respactivelw.






=15
A(E} as a function cf E 18 shown in Figure £3, Tie derived curvs (ses
Aprsndix) rspressnting a{E} vs, B s also given in this figurs. It may be seen
that the asymmetry c¢oefficlsnt shows no sign of tending to zaro at zero bombarding
ansrgy . I; has bsen thougl:t convenlsant to use u linear relation to exprass tha
variation of A(E)} and a(8) with epargy. aithough it is clear that the results in
themsslves are ncl accurats enough sither to justify or to vitiat= this assumption,
It has b:.en though! of interest to pressnt the values of A(E), found from
these exreriments, on a graph which also contains the results obtain=d by Vanley,
Graves, et al (CP-1505) at somewhat higher energies. This is done in Figure 24.
The quantity g(@}, whish is used so eitensivaly in snalyzing the results,
bcth of the arrular distribution and of the excitation curve msasursmants, is shown

48 function of energy and angle in Figure 2%,

Excitation Curve Yassurements

Observations on the thick-tarzat yield &3 a functisn of snarpgy were made
using both mass-4 and mass-2 beams, with a counter s=ttirg of 125 thrcughout, The
mass-4 beam was assumad tc be rure Dér. 30 that a measurement of the yi213 per micro-
conlomd of target curreént ied directly to a knowledgs ©f tha number of protcns per
incideny deutercn producsd b the nuclczar reacticn., - With this beam, however, deutarons
¢t oniy half the maximur bombarding snargy coculd de chtained, Through the smployment
of tre mass-2 besm, c¢ontalaing D:.'lons, the full bombariing voltage could be utilized,
bu*t there was in this cass the disadv#ntage that thes mass-2 beaam ccntained some H2 as
wall us Dir . Thus the measur=d yield per unit of beam current was lower than the trus
vield per microcoulomb of dautercns, To correct the apparsnt masa-2 yields to true
vajues, the Zoliowing method was adopted:

A' Gamow' rlot was made, of lcg M{E) vs, Shé. In thi{s repressntation the
Y1213 curve becomes e3s:zentially a stralent line., The 1inss corresponding to mass-4
<0t mass=-2 (arparent) yields wear< parallsl, showing thet the H2+ content cf the mass-2

beanr as indsrandant of ensaregy. The distancs batwesn the lines datarnined the constant

Tgntor oy which the observel masz-2 ylaids wers to ba incrsagei to givs the trus values
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The actual results are shown in Figures 26 and 27 for the low-ensrav eni Figh-snarey
mesusursmeuts, respsctively. It may be s2en that the corpsction fastor for wmess-2
bsar impurity is readily delermined by this means, and, since It makes use 02 all the
Obsarvations, is rrcbably mcre reliabls than a single corrarison of ths yields for
ma3s~2 and mass-4 bsams having the same deutarcan veiority,
N{E! was then obtained from tre corrzsted vaiuss of n(i25°} wit™ tre atld

nf ecuatior (13}, F was known from carsful measurements of the sizes of the countes
windows and thefir distancs from the targat, The working {s set cut in Table I belbw.

The complate excitution curve, for ansrgiss from iS5 kev td 105 kev, i3 shown in

Fipure 28 a3 a Gamow plot, =nd log N(Z) vs. £ 1s given in Figurs 29,

TABLE 1
E g7 n(128°)" %;n(195°)' r(125°) NiE)
15.4 key  B8.05 (Mav)™% 2,240 couats 2.47.10° 1.025 2.53.10°
18.1 7,45 0.507 per 5.74,10% 1,028 €.42.10°
20,5 7.00 1.15 c. 1.18,10% 1,020 1.21,19°
£3.0 6.50 . 2.23 2.£9.10° 1.02) 2.35.10°
23.8 6.47 .64 2.71.10° 1.082 2.,79.10°
26,4 6.15 3.42 4.30,10° 1.032 4.47,10%
30.6 5.67 8.37 8,50,10° 1.075 8.88.10°
31.6 5.5 7.90 9.90,10% 1,087 1.03,10%
3.5 5.25 15.8 1.73.10% 1,040 1.8¢.10%
395 L 5.02 18.5 2,242,104 1,045 2.41.104
40,9 4.92 27,3 2.81,10% 1.044 2,923,104
‘ 45.6 4,68 40.2 4,173,304 1.04% g 204
A 4.56 a 7.7 4 20,104 1.C47 5.17%.104
5.8 4,75 50.¢ 4.29,:04 1,050 £.59.10%
63.2 3.97 88.7 1,11.10% 1,085 i.17.109
9.2 .56 174 ' ¢.19.105 1.081 2.32,105
95.0 2,25 286 ' 2.60,109 1.C79 3.82,10%
R 3.08 - 354 445,109 1.675 4.7, 109

¥ Vuis2 vislds alresdy correctal for bagm imrurity,
++ Thick turget valuez of gL178%y,






* Nots that two distinct valuas of F are usad in forming these products; for the
highar snergy work it was somewhat smaller than for the 10w =#nergy
experimants, (cf. Figures 26 ami 27).

Nots on Ereors

The counting error at the Iqwest energy emploved was about 7%. For the
majority of the measursments, however, it was not in excess of 1%. The bombarding
energy was known within 1%. The beam current measuremsnts with the integrator a¥e
probadbly good to ¥2%., So far as could be discovered, any srrors due to target con-
taminatior or secondary electron emission were togethsr not mors than l%. The srror
due toO Observing at 125° in the laboratory systsm instead of 125° in the centsr-of-
gravity system is always les, than 1.5%. The srror due to the presance of neutral
particles in the beam is, in general, probably not more than 1%. The solid angls
fraction ¥ was detarmined by measuring the counter windows with a comparstor, and
by carefully determining their distance from the targst. The srror in F is con-
sldersd to bs agbout ¥2%., The combination of thase factors laads tO an aggregate
error in the thick target yield amcunting to* 4% at most energi~s, but reaching a
value as high as ¥8% uat the lowsst ensrey (15 kev) bacause of the vary low yield,

in garivirg rre, Leccticps from the velues of N(E), ore intrcduces a fur-
ther small srror, rerhaps 3% or so, thrcugh differentiating the yield curve to fird
dN/d%. But tle associmted velues of dE/ex are veary urcertain, and it is irmpossible
tc assign & rrobable arror tc the values ¢f the creoss sectiors which will now be
¢erived.

Crcsg Secticrs

As was stated a% the tegirting of this report, the cross section at any
erergy £ 1s given by:
2.38.107¢ £ dN/dE )('aE/dx)barna' wheye AN/AE and dE/dx are measured in

vspecified units {(c¢f. y.1}. To svuluate 3N/dE fror the expsrimentel values of N(E),
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“wr methode heve besn em;loyed, and ara descrited below,

{a) Dirsct Vetlcd., In Table )} &r giver tla <bgorvei valuss of N(E) at :

yarirvs exergles 3. Takipng tno ad facent enexgiss B, and £, , Coe finds the ¥yalue
)

N

4N of the differecnce [Ni{Ej) - Nz(E?}] batyean the ytalds. Dsnovting by 44X  the
quantity E, - 82, the quctient AN/AE represents the value of dN/dE at some mean
snergy £. The logics) cheofee of o 18 dafined bty ila *Gamow® piot (Flgurs ZR! of
10g Nig} vs. Enﬁ. Since tris is a straighv lir~, {% s aprrogriste Lo pﬁt

BTV - 2(E,7F iy The evalustici or AN/AS
und of & i3 set out {n Table £ below, 1In Tabis 3  hich follews, ol(E) ani tas
product & , o(B) ars derived., The latter gusntity is of intermst ir aorparing

sxperimert with theory (ses late:r).

TABLE 2

E, N, (8) 8, N, (Ey) N AT MNJAE gt E
15,4 £.53.10° 3B £.40.102 3,87,105  t.% 1 47,308 9,78 12,7
0.5 1.21009  eale 2,76.308 1.5.0%Y w6 4a0.10°  8.79 71,9
L8 2.75.16°  26.4  4.42.105 1.64,10°  2.& ©.31,102 6.2z 25,1
(.6  B.88.10° a1.e  1.0%.10% 1.42.10° 1.0 1.42.10° S.&7 81,2
©.6  1.80.10%  se.e  2.ar.10% 6. 1.3 4.0 1.811¢° s.08 27,7
40.9 2.9:.10% 45,6 4.72.10% 1,20.104 4.7 2.97.169 4.8 43,3
5.7 .zt sc.e s Relice vt s st cem w0
F3.2 0 1.17.10°2 75,2 2.22,10° 1.18.00° 16.6 7,50, 1067 AL Ve LS
°r.0  3.62.10° 1¢S5 4.79,3C5 o. 3.10% 1c.A B30 3.F Q.

E, Z_in key
2

A‘, N_ir preteng psr microcoulomt
4

-

=% 4y (Way =%
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TABL: 3 )

. AN 4z AN a8 0 (3) E.o () g7

. AE dx e " ax
16,7 1.43.10° 0.40 0.57.102 25,1074 £.25.1C7% 7.75%
21,7  4.60.1¢% 0,48 2,21.1¢% 5.20,107% 1.14.107% £.79
FELY 6.31.10° 0.£2 3.29.102 5.82,10 1.96.10°2 £.22
s1.2 1.42.10° 0.59 8.56.102 2.13.107° £.65.107% 5.6
.7 L.s3,10Y 0.66 1.01.10° 2,840,107 ©.05.1072 £.16
2202 2.9 0.7 2.11.1¢% 5,002,102 £.17.107% 4.8:
5001 £.87.107 .77 z.21.163  s.26.1¢70 °.64,1071 ¢.47
2¢,8  7.26.1C° 0.6C 6.4e.100 24,1072 .09 3.7%
00, B30 1,02 8.93.1¢0  ¢13.007% 2.3 3.16

‘v!  Anglviic Vsthod.

Because of tls aprarently perfect ifnesrjty of the

;lce of lcg NLE) ve. 7% (Figire 28}, an avalytic repressntaticn of trs thick

targe?t yisld was peseitle, of the form:

Jeirg the msthol of lsast sguares, the parereter

trat.

Valuss of

try OGR!, The working is sat cut in the following tehls:

log,q, BE) T A - B.dlky o

13-
>

{

[
)

dN/dd derjved from tris Porrula cculd then te irserted in the ssuaticn

+1.152 B.E
d""ke:v

- 0.76C.E™ % N(E) x 1C7°

S8
Vey

Trevw, b differentiation,

. NE) x 1072,

protons par key

B was fcuﬁd to ba 0,660, EO
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TABLE 4
o E™¢ N@y  gT/E 4N 4B olE) E ofE)
ik dx
15 - BUE £,17.10° 544 ¢.ec.102  0.28  0,81.107% 1.22.10%3
17,8 7.54  5,40.10% 43z 1.76.0° 0.2 1.77.107%  z.1c.1070
20 7.07 1,312,108 254 $.04.102  0.46  2.32.107%  6.84.107°
L 6.22 3. 4.,10° 253 6.54,:¢2 0,52 8. 1.iC™* 2.03.1¢7%
0 £.77  €.00,108  1¢2 1.17.10°  ¢.28  :.61.10°°  4.83.107%
26 5.34  1.74.10% 153 :.80.1C°  0.63  £.68.10™0  9.40.1072
40 5,00 2.55.10% 125 2.42,10% 0.8  3.93.107° 15. 6,107%
45 4,72 3,90.10% 1cE 3.11.10°  c.72 5,23.107°  z.4c.3c7)
50 a7 z.0.2t B9 3,941 076 7.02.1073  z.85,107]
66 4,09 1.04.10%  €8.1  £.39.10° 0.85 1.0607%  6.36.107)
°6 .78 :.65.13°% 53,9 6.75.10% © 0.89  1.42.1¢7°  1.00
20 3.54  2,25.10°  44.3  7,90.10°  0.94 1.76.167%2 1.4)
0 233 3.25.10° 36,9 9.12.10° 0. 2.32.107%  1.91
Lu5 3.8 4.80.10% 20,3 1,67,10% .03 2,62,1¢7% 2,75

In Table 4, the valuss of N{E) are taken from tre fuil 1linsa drawn thrcugh the
expeciventel poirts irn Figure 28. 1In Tables 3 and 4. the valuss of dE/dx urs
taken trom [AVS5-392; fox the saks of carpletensas the curve shiwing the variaticn
of df.dx wt*h energy is raproduced in Figure 30 of this repcrt.

Figure 31 repre=;sots the variaticn of o(£) with'E. The full curve c¢orres-
pénGe to the values given by the anslytic methsd, and the {rndividual points ars
those cuteired in Table 3 by the diree® methcd. It rhould bs noted that thre
nins rcints of Table I ars obteined from eightesn observed valuss of N(S}, by
takirg differences in pairs. 4 swell errcr in eftier or both valuss of N(E)
leads tC a large errcr in 9(£), Thc.dcvzation of these points from ths omcoth

urve is therefcre not umduly grest, ani it is clsar that the best line <thrcugh
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them will differ very little from tre curve derived anelytically.

Comparison with Thecry.

On the bias of tlLe Breit-¥ignar formula, the crcss sacticn is given bv:
of{B) = ¢onst. x L x P{E), whare P(E) {s the probability
B
irat the ccllidirg neutercns will penetrata tre potantial barrier which serarates

ttem. at low snergles (E K barrier height) this formula takes thre simple form:

Y S -t
olE) = const, x 1x o~} .403k , E “ being expressed

E

-
in (Mev! * ., Thus, If this relation is obeyed, ons may write:

lcg [4 . o(E)] * const., -1.403 E7%

- "
or log (:b . o(:?)] = comst, «0,608 E°%
1C

-3

In Figure 32 a plot of log [E . o(Ei] vs, £ is made., Its slope is 0,662
fnstead of the 0,608 rejquired by the theory. (A lire cof tha theorstical slope
i{s indicsted on tie figure).

Althcuglr tre differencs betwesn theory and exyeriment is considerable, it
{s by no rsans outside the uncertasinties of iheory cr of sxyperirent. The oneA
largs sourcs of dcubt in the exrerimsnis ifes ir the use of dE/dx tc rjnd o(E).
On the other hand, from tie treoretical point of view it is hard tc say what
should be tre correct power of E praceding the sxrcrential in the crcss sscticn
formula, If cne puts l/Eé ir tte place of 1/E, then tre thecretical slcps be-
comes wraater than the exrerimenta) whersas befcre it was less, as may be seen

from Figure 2.

For a fuller discuseicn ¢f the protlsm, raference should be made to the
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article by £. J. Konopirski in the Tschnical Series (Vol. 2, ch. 7).

Concluding Remarks

No sxperiments havs been made on ths alternative nuclear rsaction
D+ D > Hqs + n+3.25 Vev. It would have tesn very

desiradble tc study this rrocess, since in reality a corpariscon with tleory demards
e knowledge of the total cross ssction for the D-D interaction, and the theorsti-
cal considereticns of tre preceding seéticn are based on the assumption of a con=
stant branching ratic. The difficultiss In the way of detecting, with gocd accuracy,
either the H°3 or the neutrens are, howeycr, rather great., The He3 have a rangse
of only 4.3 mm fcr these bombarding energies near tC 24ro, sO thai tc detact tlem
one must have a counter ths air saquivalent of whose window is ccnsiderably lass than
tris. On the othar hani, tra detecticn of the nesutrcns must dsyend upcn an inef-
ticient secondary process, and the 1ow primary rezction yield at these ensrgiss
makes ror Vvery lcw ccunting retas, Ths prcblems are bv no means insuperabls, and
a full study ¢f the D¥D reaction must certainly dsal with this alternative re-
action, |

In addition, if thick-targat yield messurements are tc be translated with
any certainty into valuas for cross secticns, a far bettsr knowladge of dE/dx fcr
deuterons in heavy ice is reauired. It is considered that the experiments dsas-
cribed in this report give a feirly reliahie m2ssurs of the thick-targst yield
for the DID,p)T reacticn frem 15 tc 105 kev, but tts values here advanced for

erogs secticps shculd be regarded with susgplicien,
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APFANDIX

Here ars collectad vsricus ejuaticns spd calculationrs relevant tc the

exreriments and their interprataticn.

A, Trensforration of Angles Fror Laboratory 10 Center-Of-Cravity

If @ 1is tre angle measured in the laboretcry, and @' s the corresponding

angle ip the canter-of-grevity system, then:

sio (€' -9) = a . sin @,

mqin
whare af z 13 . 1
m,in
274 Y+ ¢ mytom
3 L}
e Ty
m, & mass of incident particle,
4
™, = mass of bHmbarded rerticls.
m:5 - massg of obtserved particls.
w - maac ¢f rermainiog particles.
4

< = energy relemass of rsaction.
& & epergy of incident particle,

Ah arproxi~ate exprasaion for sin (' -8) is:

811.{6'-Q! > sin & x (™ "" T 1l - _l_ in__‘ﬁ (ﬁ}i(ﬂ;, b g_—]
2 y «! BA\W ")

where V = m}‘+m2 e m3+m4

B, The coprection Factor gi8).
_ 2 2 1
g(@) = d(ces 8} - (1 - asin” 0)%

.d(cose")
[a-cos 0 +(1 - «2sin® 012 ‘] 2







Apprcximate exrression:

gi6) = 1 - 2a cos 9+ a2(3 -8 sin® @)t ~ - =
2

- mima\¢ m £ /o1 &
) T 1 -2 ) 13) ( 2 (.*.‘:)
el cos (mzm4 my T2 <

+(3 - 5 sin® 0) (l".ﬂ})(__."l%__)(ﬁ)f e
2 m, my

mzmQ <

C., ZErrors due tc Observetion at cos'l( {%_) in the ladoretery
. 3

From equaticns {3) and (4) i the text (p. )1C) it fcllwws that one may

write:
n :' - }. (2 [+ A 2 *
(Q: —767 n (90 )l »+ A{E) cog 9[

We wish tc study the dependence of n{(@) or srall changes of @ in the neiekborhead

of 9 7 54° 44' and 1252 16'. Sincs n* {90%) 18 not a function of O, we may write:

n!o‘ - : _ [ ﬂ-l [1 - ~4 “2 'J
Tso% = Rie ele} 1+ ALE) ans® ¢

Now from paragraph B‘above. ws have:

2

g{@)~1 - 2a-.ccs O.*az(s-.g sin® Q:

-~

whence g(9Q) 11+ 2a ces 0+ a2(1 - % sin® Q)
~

In the nefghtorhood of 54° 44' and 125° 16, sir? Qu 2, so thet (1 -_g. sin? 9)
2 |







AZ
iy very nearly zerc, Yorecver, we may neglect this %term in differentiation since

it {g always multiplied by the small factor az. Thus it %8 perrissibls t¢ write:
.2 .. .
R~ | 1+A(E} cos” © {L*+ 2u-ccs ©)  simpiy.

Diffsrentiating,

AR v -ZAlilcos @' sin ©' 8@ (1L+2a-cos 8) - S2a-sin © A8 (1+ A(E) c(3s2 e')

Now sin ' A @' = 51“(%9 v l1+2a ccs @) sin 9 26
gle

Thus

AR ~ -ZalF) cos 0" sin © A0 (1+2a cos 9)2 -~ 2a sin 8 AG[I*A(E‘) coss 9']

A® 13 the small angls (6' -B) reprasenting the shirt from the center-of-gravity ic

the labcratcery system. Thys we may writes:

cos @' ~vce8 @ -+ sin & AQ

cc3~ @'~ co8® @ - 2 sin O ccs © 46,
Thus ,

AR ~ .2 sin 6 AR {A(E)‘(1+ 2a ccs 012 {cce © - ain 94 Q)+ a[)-\-A(E) cesz <]

-2A(2) sin @ cos 9 AG]}
ez sta 88 @ [4(2) ces © {1+ Zu cos 01%4 & [1+AlE) cos® 6_\}

*o 5102 0 Q% {(n 2a 208 8)% A{E)+ 2a A(E) cos a}

Nsglescting pewers of a above the first, this becomes:







