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ABSTRACT 

K. Kuroda, A. Hichalowicz 
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Annecy, France 

With the purpose of studying the performance of a recoil-sensitive 

scintillation target for high energy applications, the response of 

plastic and li~uid scintillators to proton recoils with energies between 

1 and 10 MeV, has been measured in neutron scattering by identifying 

elastic events with a time-of-flight spectrometer for the-scattered 

neutrons. 
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1 . - INTRODUCTION 

Targets made of scintillating organic materials, coupled to a 

photomultiplier (scintillator target: ST) have been employed at low 
1) 

energies (1- 100 ~leV), mainly ln neutron scattering measurements 

to detect slow recoil particles , thus providing information on 

a) occurrence of a neutron interaction in the target , 

b) start for time-of-flight (TOF) measurement to determine 

the scattered neutron energy, 

c) energy of the recoiling particle . 

Furthermore , when using special li~uid scintillators , the 

recoil particle can be identified by pulse shape discrimination (PSD)2) . 

Analogously ST have also been successfully employed in elastic 

scattering of charged pions on deuterium and hydrogen at intermediate 

energies 3) (100- 300 MeV) , in the study of coherent diffractive exci 

tation of carbon nuclei by charged high energy pions and protons 4) 

up to 40 GeV , to reduce i ncoherent background by pulse height analysis . 

It has been proposed 5) to use a ST detector also as a proton 

target to detect low energy (1-10 MeV) recoils in pp el astic scattering 

at small angles (3xlO-3 s It I .:. 10- 2 GeV2) a~ very high energies 

(100-400 GeV), where the identification of elastic events is ' increasingly 

difficult on the basis of momentum and angle measurements for the 

scattered particle alone. 

Such a detector would have some advantages compared with gaseous 

targets associated with ionization, proportional or semiconductor 

d d 1 
. . 6) . . 

etectors , alrea y emp oyed at hlgh energles : slmpler constructlon 

and operation , larger hydrogen density and rate capability. 
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This last property is particularly important in V1ew of the 

specific interest of measur ing the polarization asymmetry in pp 
. . . 7) 

elastic scattering 1n the Coulomb- nuclear 1nterference reg10n , 

as a rapid method for calibration of the degree of polarization in 

a h igh energy proton beamS) . 

There are however also some obvious difficulties : the light 

pulse prod~ced In the ST by the incomin~ and outgo in5 ( charged ) 

fast particles I S superimposed to the signal of the reco i l i ng 

particle and the presence of carbon nuclei is a source of back

~round , which adds up to the inelastic interactions in pure 

hydrogen. 

The first disadvantage can be reduced by adequately segmenting 

the ST thickness (multiscintillator target : MST) in such a way that the 

energy deposited by the through - going particles in each counter 1S 

a negli~ible fraction of the energy dissipated by the stopping 

recoil which is scattered at about 90° in the laboratory ; the main 

back~round due to elastic scattering on carbon (inelastic processes 

are Quite reduced in the kinematical region of interest ov.,ring to 

the small momentum transfers involved) can be rejected on the basis 

of the much smaller nuclear recoil energy . 

A direct apc>reciation of the performances of a I1ST detector 

can be obtained by testing this technique separately in a low 

enere;y neutr on beam to study the response for slow proton recoils 

and in a high ener~J charged beam to investigate the effects of 

through- going particles and back~round events . 

In this report we describe measurements performed at the 

Cockroft-Halton accelerator of the Istituto di Fisica dell ' Univer 

sita. di Trieste , in order to determine the response of WE 102 

(plastic) and WE 213 (liquid) scintillators;' ·to protons with 

energies bet1leen 1 and 10 MeV . 

"') 
Produced by Nuclear Enterprises , Inc . , Edinburgh - Scotland . 
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2 . - EXPERU1ENTAL METHOD AND APPARATUS. 

Recoil protons with energIes In the interval from 1 to 10 MeV 

were produced in elastic scattering of 14.2 MeV neutrons on hydrogen 

contained in organic scintillators ; elastic events with neutrons 

scattered through angles between 15° and 60° in the laboratory 

were simultaneously identified by detecting the scattered neutron 

direction and TOF in a second counter. 

The pulse height of the recoil proton In the target counter 

was associated with the kinematically determined proton energy'to 

evaluate the response characteristics of the scintillator: it is 

well known that quenching effects 9) tend to reduce the light yield 

for heavily ionizing particles; it is therefore nec es sary to calibrate 

the response as a function of the energy deposited by the particle, 

to determine the practical lower limit for efficient detection and 

the pulse height resolution . 

Our method is characterized by the possibility of measurIng 

simultaneously all recoil en"rgies between 1 and 10 MeV with on 

line c omputer for fast data acquisition and event selection, allowing 

to rapidly collect l a rge statistical samples of clean elastic np 

events . By this method it is also possible to measure the differential 

cross-section for elastic np sc'attering with short experimental runs, 

independent on possible point-to- point systematic err ors. 

The arrangement of the experimental apparatus for the measurement 

IS shown in·Fig. 1 . 

The 200 KeV deuteron beam from the accelerator impinging on a 

tri tium target, produced neutrons by the reaction T(d,n ) 0:. and a 

collimated, monoenergetic 14.2 MeV neutron beam (see Table 1) was 
2 

defined by tagging the associated a particles in a small (25x25 mm ) 

scintillator detector (A in Fig. 1) set at 85° with respect to the 

direction of the primary deuteron beam. 

Neutrons in the secondary beam interacted In the scintillator 

target T, positioned 50 cm from the center of the tritium target at 

an angle of 85° (defined with a resolution of ± 5° by the A counter 

acceptance) with respect to the direction of the primary deuteron 

26 7 
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beam: two different scintillators , coupled to a XP2020 photomultiplier 

via an air light guide , were used during the measurement ; their 

characteristics and dimensions are listed in Table 2 . 

Sc atter ed neutrons were detected in counter N, made of a 

NE102 scintillator block (120 em long, with a squar e cross-section 

of 5 em side) placed in the horizontal plane defined by the deuter on 

be~~ direct i on and the target counter cent er , at a distance d of 

1. 5 m from 15° to 60° with respect to the neutron beam axis, joining 

the center of the tritium and scintillating targets. (See Table 3) 

The tI counter was coupled at both ends to a 56 AVP photomulti 

plier; the signals from the tvo tubes gave two independent measurements 

of the scattered neutron TOF plus light propagation time to the 

photocathodes , thus allowi ng to determine the kinematics of individual 

events by associating the scattered neutron energy obtained by TOF 

wi th it s scattering angle , obtained from the impact point on the 

scintillator . Hith r eference to Fig . 1 the tHO experimental quantities, 

T (neutron TOF) a nd x (distance with SIgn from the center of N counter 

of the neutron impact point) are obtained as functions of TR and TL, 

the measured overall times of the Land R signals: 

TR + TL 
+ To T = 

2 
( 1) 

v 
x = 2" hL - TR) 

The constants To and v have been accurately estimated by 

calibrating the N counter in the direct neutron beam at the position 

of T count er . 

The kinematical quantities E and e are obtained fr om (1) 
n n 

approximately as 

( 2) 

e n 
x 

~ eN - arcte; d 

E ~ 
n 

( d ) 2 
T cose 

n 
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3. - THE ELECTRONICS AND ACQUISITION SYSTEH 

Fig . 2 is a block diagram of the electronic apparatus used for 

th e measurement. 

For all counters the anode signal was formed out in parallel on 

two 50Q matched outputs: one was fed into a costant-fraction-timing 

di sc ri~inator (CFD)~ to generate fast, low sle¥ing logic signals for 

the trigger ) and the second was sent to an ,o..nc circuit for pulse 

height analysi s. 

The trigger for the acquisition system was typically glven by a 

coincidence L· R' A· T def in ing scattering events produced by neutrons 

with definite direction and energy (A), scattering in the scintillator 

target (T) into the N counter (L'R); a fraction of the data was also 

collected wi th counter T out of the trigger , to estimate the back

ground of events without requirement of a minimum recoil energy . 

Land R counters were coincided in a !1ean-Timer circuit MT, thus 

giving a s i gnal dependent in time only on the TOF of the scattered 

neutron and independent of the impact position in the long N counter. 

At the occurrence of a trigger signal the information of the 

time-of-flight and pulse amplitude was r ead into TDC and ADC CAMAC 

modules~~ and transferred to a 2100S HP computer; the start signal 

f or TDC was given by the A counter , gated by L'R'T, while stop 

signals were driven by L ,R and /.IT pulses: the first bm were used 

for later analysis , while the last one was employed for control only. 

The ADC was gated by the tri gger signal and stored the T pulse . 

Three scales counted the rate s of A,A·T and A·T·(L · R). The 

information was buffered in the computer and recorded on tape (see flow 

chart in Fig . 3) for normalization purposes in the off-line analysis. 

About 40 thousands events have been used for both scintillators 

to study the r esponse characteristic ; also the cross- sect i on has been 

evaluated on the basis of this statistical sample , collected ln about 

12 hours: a more detailed description of the acquisition system is 

given in Ref. 10). 

~ Ortec Model: 463 

~ Le Croy Model: 2228A, 2243A 

2(,9 
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4. - EVENT SELECTION AND ANALYSIS 

An interactive program similar to the data aCQuisition program 

was used for the off- line analysis of, the collected data. 

The first part of the analysis consisted in the identification 

' of elastic np + np scattering events on the basis of the measured 

TOF 'L and TR: possible competing reactions 

ing on Carbon nC -jo-' nC and exc:i tation of the 

are mainly elastic scatter
:I: carbon Gucleus nC ~ nC 

(4. 43 ~·~eV) . For the above mentioned reactions the recoil par-r.icle 

energy and the differential cross- section (integrated over the 

azimuthal acceptance of N counter) as functions of the scattered 

neutron polar angle e , are listed 1n Table 4. 

The scatter plot of the measured Quantities 'R and 'L 1n the 

plane('L 'R) for events with full trigger L'R'A ' T and without , 
reQuiring the signal of the target counter , L ' R' A, are respectively 

shown in Fig. 4 and Fig . 5. 

The experimental points are contained in a band whose widths for 

'L = const.and 'R = const. are eQual , corresponding to the double of 

light transit time through the entire N counter scintillator length. 

The curves superimposed correspond to the expec t ed loci 'L 'R , 
for the three relevant reactions. The recoil proton kinetic energy 

E can be considered as a parameter of the curve corresponding to np 
p 

elastic scattering . If 'L(Ep ) and 'R(Ep ) repr esent the point of the 

curve corresponding' through kinematics to E , the Quantity 
p 

(3) 

has a>c2 distribution (a part from a scale factor) , since the var1ances 

for the measured 'L and 'R are the same (aL = a R " a, = I nsec), and 

'L and 'R can be considered as uncorrelated , ,due to the negligible 

slewing of CFD timing . It can therefore be conveniently used to test 

the hypotesis of an elastic np scattering . 

To each event point ('L 'R) i s associated - ' 
the value E such that 

p 
X2 is minimun :X2 = X2 . The distribution of X (sQuare r oot with slgn 

of X2) for np scattering events with I S 

scintillator, 1S sho,~ in Fig . 6: for the 

E ~ 10 MeV , on NE 213 
P 2 
properties of X distributions 

with I degree of freedom, X behaves as a gaussian variable centered at 

zero with variance 0 2 , , 

2 ',' G 



- 9 -

The resolution OEp, In 

kinetic energy E is listed 
p 

the kinematically determined recoil proton 

i n Table 5 ; for events 'Ji th Ixl :=:20 and 
T 

1 ~ E :: 9 t~eV 
p 

the target counter T amplitude distributions of 8 

bins of E , 1 t.leV ,;ide , have been obtained; in Fig. 7 and Fig . 8 are 
p 

shown the distributions for thr ee bins of E in the tarRets of I1E 213 
P 

and HE 102 respectively. 

5 . - RESULTS 

Comparison of the scatter plots in Fig . 4 and Fig . 5 clearly shm{s 

the suppresslon of background , p~rticularly from carbon scattering, 

obtained by requiring a target signal above a specified threshold . 

Clean elastic events under the peak in the distribution of pulse 

height HT from the target counter 

the residual background estimated 

in each E 
p 

bin (after subtraction of 

from the channel 

peak) have been used to estimate the cross- section 

at 14 . 2 [.leV, shown in Fig . 9 ; also data from other 

content out of the 

for np scattering 
ll) 12) 

measurements ' 

are dra,~ . Our data have been normalized at 30° with previous values 

from ref . 11); a normalization based on the integrated rate measured 

by_ counter A agrees within few percent. 

The dependence on the mean values <HT> for the pulse I:eight 

distributions in the two scintillator targets of the recoil energy 

E is shown in Fig . 10 and Fig . ll , displ aying a loss of scintillation 
p 

efficiencies at low proton energies, due to quenching effects . This 

dependence was also checked with a monitor counter at fix angles. 

The calibration factor Q = HT/E for each bin In E has a 
, p p -

distribution with mean value Q and variance o~; the ratios Q/Q for 

both scintillators are listed in Table 6 versus the corresponding 

E value . 
p 

It seems that the NE 102 scintillator' would gIve better resolution 

In the determination of the recoil proton energy : however the liquid 

NE 213 scintillator has PSD properties which could be exploited as 

described i n Ref . 5. 

2 '/ 1 
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6. - COI'ICLUSIONS 

Wi th the experimental arrangement described in this report it has 

been possible to deposit accurately control l ed amounts of enerQ' 

uniformely ove r the whole volume of scintillator detectors to determi ne 

their response; recoil protons with energy as low as 1 He il can be 

accurately detected with good resolution . 

Wi th the same facility a detailed study of the PSD properties for 

various 2.i. c;,~id scir:.ti l lators is in progress ; a prototype !-1ST has 9.1so 

been test ed in a charged high energy beam. 

Results of this test , combined with t hose described in this 

r eport show the feasibility of a full size MST for pp elastic sca"_ ';ering 

at very high energies. 
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G e T 
" n n 

(degrees) (degrees) (NeV) 

80 .00 90 . 50 14.10 

82.50 87.95 14 .14 

85.00 85.42 14.18 

87.50 82 .90 14 . 22 

90 .00 80 . 41 14 . 27 

TABLE 1 - Kinematical quantities relevant to the 

reaction T(d , n)" at 200 KeV . 

TARGET TYPE NE 102 HE 213 

Density (G/cmJ) 1.032 0 . 874 

LiGht output(% Anthracene) 65 78 

Decay time. (nsec) 2 . 4 3 .7 

Wavelength of max . emission ( ~) 4 ' 230 4 ' 250 

Atomic ratio HIC 1.104 1 . 213 
'. 

15 
Shape and dimensions (mm) , 

rL-/'" 
= 

I f 
oq 

, 

\ 

/~/ 
X'~ \.'.J 

~/ 60 

/ 

= oq 

1'ABLE 2 - Characteristics and dimensions of the scintillating tarr,ets. 
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e T spec . TOF e T 
n n n p p 

(degrees) (MeV) (nsec/m) (degrees) ( ~\eV) 

14.93 13 .25 20.1 74.95 0.95 

19.92 12 . 54 20.6 69.93 1.66 

24.90 11.66 21.4 64 . ,)2 2 . 54 

29.88 10.65 22.3 59.91 3.55 

34 . 87 9 . 53 23 .6 54.90 4 . 67 

39.86 8.33 25 . 2 49.89 5 .87 

44.85 7.10 27.3 44.89 7.10 

l'9 .84 5 . 87 30.0 39 .89 8 . 33 

54.84 4 . 67 33 . 6 34.90 9 . 53 

59 . 84 3.55 38.5 29 . 91 10.65 

TABLE 3 - Kinematical quantities relevant to np elastic 

scattering at 14.2 MeV . 

n + p -+ n + p n + C -+ n + C n + C -+ n + C 

T do TC do TC* do 
n p de de de 

x 

(degrees) (~leV ) (mbarn) (MeV) \mbarn) (MeV) (mbarn) 
rad rad rad 

17 .4 1. 28 6 . 4 0 .17 15 .7 .13 2 .3 

22.4 2 .08 6 .3 0.25 13 .0 .19 1.9 

27 . 4 3.03 6 . 2 0.36 10 .3 . 26 1.4 

32.4 4.10 6 .0 0 .48 6 . 9 .35 1.1 

37.4 5.26 5 . 7 0 .60 .4.5 .45 0.9 

42 .4 6 . 48 5.2 0 .75 3.4 .5 5 0 .9 

47.4 7.72 4.8 0.90 2.4 . 67 0 .8 

52 . 4 8.94 4.2 1.05 1.4 .80 0.8 

TABLE 4 - Comparative table of kinematical parameters and cross

-sections (integrated over azimuthal acceptance of N 

counter) for reactions np-+np, nC-+nC, nC-+nC* (4.43 MeV) 

at 14.2 MeV (Ref. 13) 

2 r! '" , L. 
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E (MeV) °E ( ~leV) 0E /Ep p 
P p 

1.5 0.6 0 . 40 

2 . 5 0 . 6 0.24 

3 . 5 0 . 5 0 .14 

4 . 5 0 . 4 0 .09 

5 . 5 0 .3 0.05 

6.5 0 . 25 0 . 04 

7 . 5 0 . 2 0.03 

8 . 5 0.2 0 . 02 

TABLE 5 - Resolution for E as obtained from measured 
p 

TL and TR throuGh kinematics. 

E 0Q/Q (NE 213) 0Q/Q (NE 102) p 

( I-.leV) 

1 to 2 0.32 0 .19 

2 to 3 0.24 0 .19 

3 to 4 0 . 22 0 .18 

4 to 5 0.19 0 .13 

5 to 6 0.15 0.10 

6 to 7 0.14 0 .06 

7 to 8 0.12 0 . 06 

8 to 9 0.10 0.05 

TABLE 6 - Ratio of 0Q and Q versus Ep' The energy 

Ep 1S obtained from TL and TR. 

'. 
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Fig. 3 - Flowchart of the data acquisition program. 
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