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The zero degree differential cross section of t he reaction 2H(d, n )3He was measured, by 
means of a proton recoil neutron counter telescope , with an accuracy of 20/0, i n the incident 
deut eron ener gy interval from :l t o () MeV. 

1. -I NTHODUCTION. 

The 2H(d, n)3" e reaction, largely used in t he past as a monoenergetic source of few MeV 

neut l' ons , is now used , with cyclotrons and tandem accel erators , to produce neutrons with 

energy of some tens of MeV, in cont l'ol1ed t hermoml clear fusion resea r c hes. fo r medical and 

bio logi cal applications anri in fast neutron acti vation(l). 

The reaction cross sec tion was rneasured by several a u thors, reviewed up to 1973 by F. 

AJzenberg-Selove(2) . 

In 1974 M. Drosg published th e t'esults of a systematic measurement, performed at Los 

Alamos with tile time - of-flight technique, of the c r oss sections of the (d,d), (P,t) and (d,t) 

reactions , for incident particle ener gy Ei from 6 to 17 MeV , together with an e valuation of 

results previously obtained by various authors, starting from E i = 3 MeV(3). 
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Some differences, not larger than 40/0, but larger than the individual errors in some mea

surements (1. 6 % at 6 and 7 MeV in the Los Alamos experiment) are apparent between the eva

luations of Drosg and of Liskien and Paulsen(4), regarding the zero degree cross section of the 

(d, d) reaction between about 4 and 10 MeV (Fig. 11 of Ref. (3)). 

This difference and the importance of the forward yield of the reaction as neutron source 

induced us to remeasure 0dd{OO) in the deuteron energy interval 3 - 6 MeV, where the di

screpancy is larger, using a different technique. 

The measurement here described was performed by using a proton recoil telescope as ab 

solute neutron counter. The accuracy and reliability of this instruments in measuring forward 

neutron yields have also recently been demonstrated(5). On the other hand. although in prin

ciple the associated particle technique is very precise, it is not suited for measuring lorward 

neutron yields for kinematical reasons(3). 

2. - EXPERIMENTAL METHOD. 

A deuteron beam with energy from 3 to 6 MeV. produced by the eN Van de Graaff at 

Legnaro. collimated by a tantalum diaphragm with 2.5 mm diameter. entered a deuterium gas 

target 5 cm long, having a pressure of about 2 atmospheres and a temperature of 20o C. clos

ed between two Havar windows 4 ftm thick. The exit window, backed by an evacuated chamber 

ending with a tantalum plate cooled by an air jet, was used in order to reduce the local heating 

of the deuterium. which with deuteron currents around 1 ftA would generate not negligible theE. 

mal gradients(5, 6). 

A suppressor of secondary electrons locat ed in front of the entrance window was mantain

ed at a potential of - 300 V with respect to the target. The deuteron current charge was mea

sured by an integrator. 

The forward emitted neutrons were counted by a proton recoil t elescope of known efficiency , 

described in Ref. (7L whose main characteristics are the following. 

A thin circular polyethylene radiator of about 10 mg/ cm 2 and 0.9 em in diameter, located 

8 cm from the center of the deuterium target, was followed by a silicon solid state transmission 

detector 150 j-tm thick with an area of 150 mm 2 and by a 5 mm thick plastic scintillator NE 102 A 

(sufficient to stop the recoil protons) with a diameter of 30 mm, located at 15 em from the radia 

tor, and viewed by a photomultiplicator 56AVP. 

The recoil protons were counted by the pulses of the transmission counter, whose arnplHude 

was analyzed using a multichannel analyzer, in fast coincidence with pulses from the plastic sci~ 

tiUator. The coincidence had a resolution of about 5 ns. 

The zero' degree differential cross section 

counts F of the telescope by the formula(?) : 

F 
"dd(OO) nd 

Nd 

0dd(OO) of the (d, d) reaction was measured by the 

+ c) (1) 



where: 
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effective distance of the , radiator from the target (5.01 cm long). The effective di 
stance is equal to the square root of the product of distances d1 and d2 of the ra
diator from the extremes of the target (d1 = 5,80 cm~ d2 :: 10 ,81 em). 

number of deuterons incident on the deuterium target. 

2 pt NAV/RT :: number of deuterons per cm 2 of the target, at pressure p ('V 2 bar), 
tempe rature T (~290 K), thickness t = d1 - d2 = 5.01 em. N A V is the Avogadro 
number and R the gas constant, 

N p number of protons in the polyethylene (CH2) n radiator of known mass , Two radi~ 
tors we re us ed having masses of 7.20 and 13,14 mg. 

r 

c 

radius of the diaphragm at the front of the plastic scintillator (1.41 em) , 

distance between the radiator and the diaphragm of the scintillator, 

differ e ntial c ross section of n-p scatterin g at 1800 in the center of mass system, 
taken from R ef. (8). 

co rrection term , see the next paragraph ... 

:1. - RESULTS. 

The re~;ults of th e measurements are given in 

Table I. The two groups of data were taken respe~ 

t ively with two polyethylene target thicknesses. 

TAnLE I - Z"'ro degree diffcn'ntia l cros s sec 
ti on of th f' r~::\ ctio!1 2 1l (d , nl]He , in the In.b orato 
ry system. -

, 
The ex pedmental data have been corrected for se 

ve r al effec ts. 

The attenuation of the incident neutron beam 

duE' t.o tilt' materials present betwee n the deuterium 

t a.r.L!ct and the "arliatol" , 1.0 mm of iron and 1.0 mm 

or tantaluOl, was calculated by considering that the 

~ ffectivf' attenu ation lengths of neutrons with a m~ 

an e n e r,!..,ry of R MeV ar e 3. (1 cm for the iron and 

: l,~) e m for the tantalum. T he attenua tion len ght s 

have been deduced fr om the total Fe f<: n d Ta cross 

sec tions diminish ed by the e lastic c ross sections 

for scatt e rin g angles smaller than 60 , whi ch is the 

half -aperture of the mean solid angl e subtended be..!, 

ween the radiator and the iron and ta nta lum plates. 

The calculated attenuation i s (4. 5 ~ 0,5) %; the 

error is essentially due to the uncertainty of the 

fr a ction of the forward elastic s cattering subtrac

ted f l' om the tot al c ros s section . The cross section 

have been taken fr om Ref. (9). 

ED LIED 

I 
E n 11(0°) ! do 

i\ f eV M eV MeV mh mb 

3. 2G a.1 8 f) , 53 58 .2 1.3 

:1,40 O. HI 6 , I)fi 60 . 7 1.. 

3. 5,1 0 .1 8 G. 80 fi2 . 5 1. 0 

:1. n7 0 , 17 6. 9 3 64.0 1.4 

3. 80 O. 17 7.0 G !l5 ,4 1 .• 

3,93 0,1 6 7, 19 H4 , 7 1. 4 

4,0 7 o. 16 7.3 3 FiG , 6 1, 5 

4. 20 O.lfi 7 . 45 67 . 1 1. 5 

4,34 0 , 15 7. 59 GB. 7 l.!i 

·1. -17 O. 15 7, 71 fHi .9 1. 5 

4 . Gl O. ,. 7.85 fig . 9 1.5 

4.87 O. J 4 8 , 11 71. 3 1. 0 

4.1I? 0,14 8. 11 72 . 2 1.5 

5 . 12 O. 13 8.36 73.7 1.5 

5,39 0.1 3 8.61 711. 5 1. ~ 

'i,fl ;j O. 12 B,n7 SO ,? 1.3 

5.92 0, 12 9 . 12 78.5 1. 3 

G, On 0. 12 9.28 81 ,0 1. 3 

F: D, incidenl deuteron energy. 

.JE D, en p!'/.,')' sp t'ead of tlw incirlpnt dCtlterons. 

en . m('an llC'utron eneq.~)' . 

a {{)O):- J a , differentia l CI'OSS section and t otnl 
e rror. 

I 
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Two factors contributed to the background of the experiment: the one due to charged parti~ 

les not coming from the polyethylene radiator (fI ) and the other due to neutrons not coming di

rectly from the deuterium (f2). The first contribution was measured by removing the radiator 

from the neutron beam, having previously verified that the contribution due to the carbon pre

sent on the radiator was absolutely negligible. It was found that fl = (1.0±-0.2)% and was pra

tieaUy energy independent. The background f 2 • measured by substituting the deuterium on the 

target with hydrogen, was found to be (1.1 :0.2)% and was also practically energy independent . 

Other possible sources of background were considered as negligible on the basis of the ex

tremely low number of counts outside the peak of foreground pulses. 

Nuclear reaction of the recoil protons on the radiator and on the silicon of the transmission 

couhter gave rise to a negligible (<: 0 .2 %) loss of counts, owing to the thinnes of both( 10). 

No loss of counts was due to nuclear reactions in the plastic scintillator because it was used 

only for the timing. 

According to the supplier, the purity of the deuterium was greater than 99.6 %. No correc 

tion was therefore applied. 

The ratio between the number of Hand C atoms of the polyethylene was taken as equal to 

1. 98"±' O. 5 % on the basis of informations given by the supplier. 

It was finally supposed, as in Ref. (11), that the Coulomb inscattering of protons in polyeth.:'[ 

1ene nnd silicon compensates outscattering within 0.1 % and the multiple scattering on the scin

tillator diaphragm was negligible. The correction due to the finite solid angle of the telescope 

calculated by the method described in Ref. (12) was 1.5%. 

The total value of the corrections here considered (c of formula (1)) was (4 .8 "±0.8) %. 

The statistical error was typically 1.5 % and in a few cases was 1 %. Other errors are due 

to uncertainties in the pressure and temperature of t he deuterium target (0.30;0), in the telescope 

geometry (0.5 %), in the n-p cross section (0.5 %). The errors of the deuteron charge collected 

by the target and of the radiator masses are negligible. 

The total unc~!rtainty of the single cross section value is 1.1 % plus the statistical error 

(1.5 % or less), that is <. 1.9 %. 

The experimental results given in Table I are reported in . Fig. 1 as a function of the incident 

mean neutron energy. The figure also report€' the results of Thornton(13) and Drosg(3 ) J and the 

two evaluation curves of Drosg(3) and Liskien and Paulsen(4). 

The X2 of our data relative to the Drosg evaluation is ]8.2 being] 6 the freedom degrees, 

confirming the recommended data. 

4. - CONCLUSION. 

The zero degree differential cross section values of the 2H(d, n)3He reaction, measured by 

means of a proton recoil telescope in the deuteron energy interval 3 to 6 MeV, with a total 

uncertainty of less than 2 % per pOint confirmed the results obtained by Drosg(3) and Thornton(13) . 

• 
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FIC. ] _ Differential zero degree cross section for the reaction 2H (d, n)3 He as a 
function of the incident deuteron energy Ed' Full and open circles, results of the 
present work relative to two polyethylene radiators with different thickness. Squa 
reI results of Thornton(13): diamonds, results of Drosg(3). Continuous and brok-
en lines, r ecommended data respectively of Drosg(3) and Liskien and Paulsen(4). 
En iB the zero degree neutron energy. 

This work also confirm ed the reliability of the proton recoil telescope in measurements of 

the forward neutron yields which, for kinematical reasons, are very difficult to perform with 

the.' associated particle technique. 

In respect to the neutron time -of -flight technique the telescope presents greater semplicity 

which, in measur ements of large neutron intensities, compensates the low. but easily and pre

cisely calcula ble , efficiency . 

The efficiency of the telescope, fo r a given energy resolution increases with increasing 

neutron energy(7), therefore it would seem useful also at larger energies and in the study of 

other neutron source reactions. 
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