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1. - INTRODUCTION 

During the period from January 1969 to March 1970 the 600 keV Cock­

croft - Walton accelerator of the Istituto di Fisica di Trieste has been 

utilized to carry out measurements concerning t he y-rays produced in the 

interaction of neutrons having an energy of about 14 MeV with various 

target nuclei. 

The apparat us empl oyed in these measurements combines the techniques 

of particle time-of-flight spectroscopy and y-ray spectroscopy. 

The purpose of this r eport is to describe the experimental set - up 

and to discuss its principal performances. 

2 . - EXPERIMENTAL APPARATUS AND TECHNIQUES 

A schematic diagram of the experiment al arrangement is s hown in 

Fig. 1. 

The neutrons are produced with the T(d,n)4He reaction by bombarding 

a tritia t ed titanium target with a ~5 pA beam of 200 keV deuterons from 

the Cockcroft-Walton accelerator. 

The a - particles produced in the reaction, simultaneously with the 

neutrons which will be called in the following "associa t ed neutrons ", are 

detected at 900 with r espect to the deuteron beam direction by means of 

a NE 810 a - particle detector (a plastic scintillator 0.03 " thick mounted 

on a light pipe 0 .1" thick) coupled with a 56 AVP photomultiplier. A dia­

phragm placed in front of the scintillator fixed a solid angl e , having a 

half width equal to 50 20 ', in which the a - particles ar e counted . 

The "associated neutrons" emerge with an energy of 14.200±0.160 MeV 

in a well defined cone ('), having a half width equal to 80 30 ' and the 

axis at 850 with respect to the dueteron beam. 

The scattering sample of cylindrical shape is placed wi thin the cone 

of the associated neutrons at a distance of 28 cm from the neutron-pro­

ducing target. 
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The y-rays produced by the interaction or the incident neutrons with 

the scattering sample are detected by means of two 3" x 3" NaI(Te) cry­

stals, coupled with XP 1021 photomultipliers, placed at 1 meter from the 

scattering sample along directions forming supplementary angles with re­

spect to the axis of the cone of the incident neutrons. Both detectors 

are surrounded by large lead shields . Lead shadow-bar s , 50 cm long, are 

mounted between the target and the gamma counters to reduce the flux of 

neutrons going directly from the target to the counters. 

The discrimination between gamma rays and scattered neutrons going 

into the NaI (Te) crystals is performed by means of the time - of- flight 

method. 

The electronics is schematically shown in Fig . 2. A "fast channel" 

and a "slow channel" can be separately described. 

Fast channel. The anode pulses from the XP 1021 photomultipli ers 

are put directly into an active mixer circuit (Fig. 3) having the func­

tion of equalizing the imput pulses in amplitude and shape. The output 

signal of the mixer circuit is shaped by a tunnel diode discriminator 

(Fig . 4) which has an adjustable dead time in order to paralize the cir­

cuit itself for a length of time equal to the imput pulse duration . This 

is of about one microsecond in the case of a NaI(Te) detector . 

The output pulse of the tunnel diode trigger circuit is delayed in 

order that it is fed into the "start" side of the time- to-pulse-height 

converter in coincidence with the pulse which gates the converter itself 

(see below) . Before being put into the converter, the start pulse is re ­

stored by a second tunnel diode trigger circuit . 

The anode pulse from the a-detector is conveniently delayed and 

shaped and then put into the "stop" side of the time- to-pulse-height 

converter. 

The time inversion of the start and stop signals is required by 

reasons of counting rate. 

Slow channel. It furnishes the pulse to the gate of the time-to­

pulse-height converter. This pulse is provided by either of two slow 

coincidence circuits, one for each y-detector. Each coincidence circuit 
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is operated by the dinode pulses (shaped by tunnel diode discriminators 

(Fig. 5» of the a-detector and of one NaI(Tt) detector . The slow coin­

cidence circuits (Fig . 6) have a variable re so~ving time ranging from 

0.1 ~sec t o 0.5 ~sec. 

The time-to- pulse-height converter a llows to determine the time 

sp ectrum between the occurrence of a pulse of the a - detector and a pulse 

of the NaI(Tt) detec tors . On a time scale, one has a narrow peak due to 

the y-rays emitted by the scattering sample , followed by a broader peak 

corresponding to the neutrons scattered by the sample. A single channel 

analyzer selects the y-peak and operates the gate of a multichanne l ana­

lyzer, enabling the analysis of the linear signal of the y-det ectors. 

Fig . 7 shows the time spectrum obtained for sodium which illustrates the 

f eatures discussed above . 

The l inear signal of each y-detector, taken from the dynode of the 

photomultiplier, is fed to a chain made up of a preamplifier (Fig . 8) , a 

mixer circuit, a linear amplifier and a de lay amplifier and finally is 

displayed on a 1024 - channel "Laben" analyser. The analysis of the out­

puts of the two y - detectors is performed by using two memory subgroups 

of 512 channels of the analyser. The subgroup selection unit of the ana­

lyser is operated by the output pulses of one of the coincidence circuits 

mentioned above , as illustrated in Fig. 2 . The y- spectra obtained from a 

sodium sample are shown in Figures 9 and 10. 

3 . - CHARACTERI STICS OF THE EXPERIMENTAL APPARATUS 

The variation with gamma energy of the efficiencies of t he NaI(Tt) 

detectors was re quired fo r the determination of the absolute production 

cross-section of the y-rays r esulting from the neutron inel astic scat­

tering by the sampl es . 

Since the gamma yield coul d be estimated from the full energy peak 

of the gamma spectra, the photopeak efficiency was needed . This was ob-

t · db' t f t d d f 22 N 13 7 C 207 B' d B By alne Y uSlng a se 0 s an ar sour ces 0 a , S, 1 an 

placed at the same position as were the scat t ering samples during the 
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measurements . These sources cover the energy range from 0.511 MeV to 

1. 836 MeV . A further point at 4 .43 MeV has been obtained by measuring 

the production a t 90° of the 4.43 MeV y-rays emitted in the inelastic 

scattering of 14 .2 MeV neutrons from 1 2C and using the cross-section 

values reported in ref. (2). 

The experimental values of the quantity tp~O for both the NaI(Tt) 

crystals versus the y-ray energy E" is shown in Fig . 11. tp is the 

photopeak efficiency and ~O is the solid angle subtended by the detec ­

tor at the y - source position. 

The y-spectra measurement s have been carried out with the biases 

of t he f ast and slow y-channels set at about 60 keV and 250 keV , re­

spectively. 

The overall time resolution of the time of flight apparatus , cor­

responding to a gamma ray energy greater than 250 keV and to an energy 

range of nearly 12 MeV, was of about 6 nsec while the window placed over 

t he y- peak by the single - channel analyser was as large as -15 nsec . The 

time separation between scattered neutrons and gamma rays was varying 

with the mass number of the target nuclei and with the angle of obser­

vation and had a mean value of 18 nsec . Therefore the neutr on contribu­

tion affecting the y-peak was to be expected almost negligible . This 

point was checked by performing measurements with a 6 Li sample . 

4. - MEASUREMENTS 

The appar atus has been employed for measuring the angular distri­

butions and the absolute production cross-sections of y-rays following 

the inelas tic scattering of 14 . 2 MeV neutrons by various nuclei. Preli­

minary r esults are r eported in ref. ( '). 

The scattering samples were in the form of right cylinders and the 

target materials were of natural isotopic mixture . The samples made of 

powder were enclosed in thin perspex cylindrical containers. 

No correction has been made to take the absorption and the multi-
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pIe scattering of neutrons in the semples into account , since these ef-

fects were assumed to balance each other. This point has been checked 

by performing measurements with samples of diffe r ent sizes. The cr oss­

sections thus obtained did not discard from each other by amounts larger 

than the experimental errors . 

A correction for the y-ray l oss, due to the absorption in the scat­

tering sample , has been taken into account and it has been either calcu­

lated by using the values of the absorption coefficients tabul ated in 

ref. (4), or measured by means of the y-ray reference sources . 

The background contamining the measured y-spectra has been studied 

by perfo rming measurements with a 6Li sample and with the sample removed. 

The background spectra showed a smooth shape over the entire energy range 

of observation, exhibiting only a weak peak due to the annihi lation ra­

diation . Fig . 12 shows a typical background spectrum obtained with the 

sample removed and for an int egrated neutron flux of the same magnitude 

as t hat usually chosen for the y-spectra measurements. 

The absolute values of the differential production cross-sections 

of the y-rays have been deduced by using the formula 

where Ny(e) = ar ea under the photopeak of the y-ray spectrum taken at 

the angl e e, 

= absorption coefficient of the y-ray in the scattering 

s&~ple (cm-' ), 

<L> = mean path in t he scattering sample ( cm), 

PA = fraction of the target nucleus contained in the sample, 

Pn = fraction of the neutrons emitted in the assoc i ated neu-

tron cone that impinge upon the sampl e (for the samples 

used in the exper iments Pn varies from 0 . 8 and 1.0) , 

Nn = integral value of the associated neutron flux , 
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p = density of the scattering material (gr/cm3
) , 

A = mass number of the target nucleus, 

j{' = Avogadro I s number, 

cpt{) = photopeak efficiency of the NaI(Tt) crystal, including 

the solid angle effect 

The factor 

represents the fraction of y - rays which escape the scattering sample (5) . 

The variation of this factor with t he y-ray energy, for some materials, 

is shown in Fig . 13 . 

The areas under the photopeaks have been deduced by means of a com­

puter program (6) and using the IBM 7041+ computer of the "Centro di Cal­

colo dell ' Universita di Trieste" . 

The errors attached to the experimental points have been deduced 

taking into account the uncertainty 

a) in the total neutron counting (less than 1%), 

b) in the determination of the solid angle width (less than 2%) , 

c) in the determination of the photopeak efficiency (3 t 4%), 

d) in the determination of the photopeak area (from 5% to 20% ac­

cording to the different intensities of the gamma lines) . 

All these errors have been taken as independent and quadratically 

added to give the mean experimental error . 

The angular distributions of the 0 . 41+ MeV and 1.63 MeV y-rays from 

sodium are shown in Fig . 14 . 

It has to be noticed that the measured cross- sections refer to the 

total production of the observed y-rays a nd do not represent the cross­

section for the excitation of the nuclear levels since these can be ex­

cited either directly or through a cascade process from higher levels. 
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Fig u r e cap t i on s 

Fig. 1 - Schematic di agr am of the experimental geometry . 

Fig. 2 Schemat ic diagram of the electronics. 

Fig. 3 - Circuit diagram of the mixer unit. 

Fig . 4 - Circuit diagr am of the tunnel diode discriminator of the 

gamma fast channels. 

Fig. 5 - Circuit diagram of the tunnel diode discriminators of the slow 

channels. 

Fig . 6 - Circuit di agram of the slow coincidence unit. 

Fig . 7 - Time -of-flight spectrum from sodium at a scattering angle of 

60° . The time scal e is ~.4 nsec per channel. 

Fig. 8 - Circuit diagram of the preamplifier of the y- channel for spec­

t r ometry . 

Fig. 9 - y-ray spectrum from sodium at 60° . 

Fig. 10 - y - ray spectrum from sodium at 120°. 

Fig.11 - Photopeak efficiency of the NaI (Te) crystals. Wit h reference 

to figures 1 and 2, • ar e related to the NaI(Te) cr ystal N° 1, 

measuring at the angle 8, and 0 to the crystal N° 2, measur­

ing at the angle rr-8. 

Fig. 12 - Background spectr um taken with the sample removed at an angl e 

of 60°. 

Fig. 13 - Fraction of y-rays escaping the scattering sample as a func­

tion of y-ray energy . 

Fig . 14- Differential cross-sections for the 0 .44 MeV (0) and 1. 63 MeV 

(~) y-rays from 23Na . (Solid curves repr esent a best-fit with 

Legendre polynomials). 
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