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|, « INTRODUCTION,

One of the aims of the research program performed using the monochromatic photon beam
of the LNF LEALE Laboratory - a collaboration with the Sezione INFN of Genova - is the study
af (7, p) reactions on light nuclei: d, 3He, “He 1).

The interest of such investigation arises from thefact that for photon energies above 50 MeV
the experimental data of any of the above reactions do not agree among themselves, Moreover,
for energies above 60 MeV the data do riot agree with theories which do net take into accourt in-
teraction effects in nuclei(z). Indéed, the experiiental cross section integrated up to meson
photoproduction threshold has an higher value than that obtained by classic sum rules. Modern
theories consider explicitly isobaric configurations in nuclei, either by supposing the possibility
of the existence of excited nucleons N’t inside the nucleus - isobaric configuration (IC) of the
rnucleus - or by adding mesonic exchange currents (MEC) to the electromagnetic. photon-nucleus
interaction potential, By means of energetic photons (Ey 2140 MeV) we are able to explore re-
gions of one fermi dimensions, in which such interaction effects probably occur: in other words,
photon-nucleus interaction is sensitive to the high momentum components of the nuclear wave
function and allows to obtain some informations also about N-N¥ and N*-N% short-range corre
lations, From here, the importance of the study of light nuclei arises, especially of the deute-
ron, which can be congsidered as fundamental point "to go to Relativistic Nuclear Physics (RNP)
or, in other words, in order to do the Quantum Field Theory (QFT) of the nucleus"(3),

Deuteron photodisintegration experirnent is at present data taking in LEALE Laboratory(4).

The experimental apparatus used to detect photoprotons is reported in Fig., 1. It is made
uyp of :

- Four E, dE/dx telescopes, at different angles, to detect protons of energies £ 120 MeV. Each
telescope consists of two scintillators : the first one is a plastic scintillator (10x10x 0.3 cm3)

" and it is used to meagsure the energy loss for unitary path; the second one is a Nal (T1) scin-
tillator (cylinder shaped, 6 cm high, 12 cm basic diameter) and measures the total energy loss
of the protons,

« One range hodoscope-telescope (eight angular channels and seven energy channels) to detect
protons of energy 280 MeV,
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FI1G, 1 - The experimental set up for D(y, p)n reaction, PS: pair spectrometer; D:deuteron
target. Four E, dE/dx telescope and a range telescope are placed at different angles on'a
movable platform,

The description of features and performances of E,- dE/dx telescopes has been already re
ported elsewhere 5),

In this paper we describe in some detail geometric characteristics and logical performan-
ces of the range telescope and of the hodoscope (Sect. 2), the electronic coupling and the data
collecting system (Sect. 3). In Section 4 the calculations of the telescope response obtained by
a Monte Carlo method and proton energy spectra from deuteron photodisintegration are repoy-
ted.

2. - THE RANGE TELESCOPE AND THE HODOSCOPE,

2. 1. - Range telescope.

The rarige telescope is mad% up of 11 scintillator counters (type NE 102 A ; photomultipliers
Philips 56 AVP) and a plexiglas Cererikov counter (refractive index: 1,49 ; two Philips 56 AVP
photomultipliers). Counters arrangement is skeiched in Fig. 2.

R RN

Scintﬁllators Thiakrl:‘!)%ss ?clrf\gjlu
03456789 2 30x30
1,2,10 5 "
Cerenkov | 50 | "

(N V7 N VI R 0 O I O
0 C 1 2 3 45 6 7 89 10

FIG. 2 - Sketched configuration of range telescope and scintillator dimensions.



Through the use of light pipes properly shaped and shifted, the overall system results quite
compact (lenght along proton flux direction: 30 cm),

TABLE I - Energy values cal The function of the different counters is the following:
ctilated for protons incoming

. - the 0 counter is used to reduce the neutral particle back-
in each channel,

ground ;
- the ¢ counter eliminates electrons and pions of kinetic

[N v
ig :c_:: Energy values energy 349 MeV with an efficiency of 98 % ;
ER - the 1 and 2 counters are used to discriminate among par
O ID (a) (b) ticles by their pulse-height spectra;
f - the 3f8 counters define energy channels of width ranging
31 95.42 | 100.73 from 1.3 to 2 MeV ;
4| 9 97.35 102,59 - the 10 counter selects the passing protons, i.e. defines
the maximum range of events in the telescope,
5 3 99, 25 104, 42
In Table I (column (a)) the energy values for protons in
6 | 4 101,12 106. 22 coming into each channel are reported: in this case the coﬁg
7 5 102, 97 108, 01 ters are placed as in Fig, 2,
'8 | 6| 104,80 109. 78 Obviously it is possible to raise either the threshold of
| the telescope or the width of each channel, by inserting sui-
| 9 7 l 106. 60 111.52 table absorbers before the 0 counter and between the coun-
‘ [ ters that define the energy channels, In fact, in order to
(8) without hodoscope counters; not reduce the efficiency of the 0 counter, the first absor-
(b) with hodoscope counters; ber is placed between the 0 and the Cerenkov counter.

{(a) and (b) configurations are
in absence of any absorber,

2. 2, - Hodogcope,

To determine the angle of collected protons a hodoscope is inserted before the 0 counter of
the telescope. The hodoscope is made up of 8 scintillator counters (type NE102; photomultipliers
Fhilips 56 AVP) placed on two planes, as shown in Fig., 3a; each counter has two scintillator
strips, mutually arranged as shown in Fig, 3b,
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FIG. 3 - Hodoscope configuration: scintillators planes and /

dimensions (&) ; scintillator strips arrangement (b).



The hodoscope defines 8 angular channels, by'suitable coincidence betweeii the counters of
the two planes (see Table II). Bach angular channel is 49 large, for a distance target - first
plane of 10.4 cm,.

TABLE II - Hodoscope angular channels.

Coincidence Angle (degree) Coincidence Angle {degree)
Ay A, 24. 15 Ay A, 30, 84
Aj Ag 25.82 Al Ag 32.5
Ay A, 27.5 Ay Ay 34.18
Ay A5 29,17 Az AG 35. 85

The energy uncertainty due to the finite angular widths and to the vertical dimensions of the
seintillators is lower than 1.5 % ; the same amount of uncertainty is due to the finite dimensions
of deuteron target (cylinder diameter: 4 cm).

In column (b) of Table I the energy values for protons incoming into each telescope channel
in the configuration with the hodogcope inserted are reported,

3, - ELECTRONICS AND ON-LINE ANALYSIS,

IN Fig. 4 the electronic coupling is reported. The data acquisition is performed on-line jon
the PDP-15 computer of LEALE Laboratory.
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FIG. 4 - Electronic logical coupling, D: delay; T: discriminator trigger;
C: coincidence ; M: mixer,



The trigger configuration is (0, 1,2, (VZ‘,A), where A is the coincidence between one of the an
gular counters of the first plane and one of the angular counters of the second plane of the hodo-
scope. The trigger opens a gate which enables the transmission to computer of the signals from
the range telescope and the hodoscope (strobed coincidence). Each event resulting from any con-
figuration which is different from those of Table Il is considered a "bad one" and is no longer ela
borated.

To assigne the proton range one should calculate(6) the probability that each of 8 ideal confi
gurations has to form the measured pattern and assume as "true pattern"” that which has thehigh
est probability, This criterion has the advantage to associate to the real pattern the most reli-
able among the ideal ones and the corresponding reliabilities ; the disadvantage is that it takes
toby long tirne for an on-line analysis. Therefore, a different criterion has been used for on-line
analysis. We assume the proton is stopped in the first counter which gives a signal and is follow
ed by at least two counters without a signal, It results that such a criterion differs from that of
ref, (6) by no more than 1% in the worst case,

4, - RESPONSE FUNCTION OF THE RANGE TELESCOPE,
_ The response function of the range telescope has been evaluated by a Monte Carlo calcula-
tion which took into account the energy loss of protons and the spectrum distorsion due to nuc-

lelar interactions, multiple scattering and straggling.

4.1, - Nuclear interactions.

- The probability that proton interact with nuclei of telescope material has been calculated by
the expression: ’

100 - a‘(El)
@ = 10041 - T55 atEy
where:
a(E;) is the percentage of protons, of energy Ej, having nuclear interactions in the range

R(E;) ;

a(Bg) i the percentage of protons which have nuclear interactions in the range R(Eg), whe
re By is the energy of the outgoing protons ;

a is the percentage of protons which have nuclear interactions, with incoming energy
E; and outgoing energy E;.

The values of a(E;) and @ (E;) have been obtained from a best fit of the percentage nuclear
absorption values reported in the Tables of ref, (7). For proton energies below 100 MeV the fit
ig obtained by a fourth order polinomial ; for energies above 100 MeV by a straight line,

4} 2, - Multiple scattering,

Multiple scattering contributions have been evaluated following the Nigam and Sundaresam
theory, in the approximate formulation given by Marion and Zimmerman( ) This approximation
i accurate for medium energy particles scattered by materials of moderate thickness.

According to this theory, the distribution of the root mean square angle 0 of multiple scat-
tering is approximately a Gaussian one and is given by :

. 2, 2
F(x) o exp (-x /xy) (1)
where
x = O/J{CBl/z s (2)
2
%= 0.1569 Zz+hzt (3)

A(pv)




B is a root of B -InB=5»
(The theory is valid for 45B$15);

b =1n [2730(Z+1) 21/37,21;/A B?‘] - 0.1544;

B2 -1 . (1 +E/MD) ;

E and Mc2 are kinetic energy and rest mass of incident particle;
Z = atomic number of scatterer;

z = atomic number of inecident particle;

A = atomic weight of scatterer;

t = thickness of scattering foil (gr/cmz}i;

pv = momentum-velocity product of incident particle in MeV,

The parameter x gives the angle 0/, at which the angular distribution is reduced to /e
of its value at x=0, It is a function of B. B values as a function of b are reported in Tables in
ref. (8). In the same reference the behaviour of %y versus B is reported. E(b) -and x,(B) have
been evaluated using,respectively, a fourth order and a third order pelinomial, of which the
coefficients have been calculated from best fits of the quoted values.

From the relation
2
X

-z 8t/
d w

0 (B) (27

1/e

the 04/, angle is deduced. Then the variance ¢ = gl/e/ \/—2- of Gaussian distribution of multiple
angle scattering is obtained,

The subsequent steps of the routine are the assumption that the proton is scattered at an an
gle 0 in the middle of the path and the random extraction of the distribution of the @ angle, The
outgoing protons coordinates for a given material and the proton energy loss, taking into account
different path of the scattered particle, are finally calculated.

4,3, - Straggling.

Uncertainties in the proton range due to straggling in telescope materials have been taken
into account by assuming a Gaussian shaped range distribution, of which the variance o, ig
given by(g) :

1/2
)1/

o= Ro(lloz.z/Mc2

o f(E/Mc?) ,

where R is the mean range of the proton and f is a function which is different for various ma
terials, We have used the graphs of f(E/Mcz) valid for particles stopping in iron and 00/]@{0
values for aluminum,; copper and beryllium, relatively to iron, reported in ref, (8). The values
of 645/R, for CH have been obtained from those for Be and Al by linear intérpolation, ‘

The uncertainty 4R on the range R, of a proton of energy E is extracted bytheroutine from
a Gaussian distribution of variance ¢, and mean value 0.

Straggling correction is not applied if the proton is absorbed for nuclear interaction or if it
leaves the telescope because of multiple scattering or because of large incidence angle,

In Table III the range telescope response for different energy intervals is reported, From
the Table it results that the response distorsion is considerable at low and high energy,while at
intermediate energy it is not effective, since the absorption percentages in each channel are
nearly constart,



TABLE III - Range telescope response for three different

energy intervals: R is the ratio between incoming and detec

ted:protons in each channel; AR is the error on R, due to

statistical fluctuations; proton losses due to nuclear absorb

tion are reported in the third column,

Energy interval Absorption
R AR
of each channel percentage|
(MeV)
93,4595 95.4169 0. 9468 0, 0457 0.0934
95, 41869 97, 3461 0.9238 0.0471 0.1111
97.3461 - 99,2460 0.9218 0. 0480 0.1023
99,2460 ~ 101,1232 0.8720 0. 0451 0. 1555
101.1232 - 102,9736 0. 8496 0. 0442 0.1715
102, 9736 - 104.7988 0.8648 0. 0458 0.1450
104, 7988 - 106, 6004 0.8524 0. 0448 0. 1559
122, 0850 - 123, 6413 0.8368 0. 0421 0. 1950
123.6413 - 125,2352 0. 8450 0. 0420 0, 1782
125, 2352 -~ 126,8204 0. 8244 0. 0417 0,1964
126, 8204 - 128, 3903 0.8289 0.0413 0.1896
128, 3903 - 129,9461 0,8131 0.0416 0.2040
129, 9461 - 131, 4998 0.8008 0. 0407 0.2078
131.4996 - 133, 0361 0.8190 0.0418 0. 1880
204, 0446 - 205, 1849 0. 8740 0, 0425 0,.1718
205, 1849 - 2086, 3208 0. 8387 0.0419 0. 1835
206, 3208 - 207, 4520 0. 8400 0. 0404 0.1844
207, 4520 - 208,5790 0, 8405 0. 0406 0.1835
208, 5790 - 209, 7019 0, 7709 0.0396 0.2464
209.7019 - 210.8192 0, 6734 0.0355 0. 3412
210,8192 -~ 211,9378 6. 6900 0, 0357 0. 3260

In Fig. 5 proton spectrum measured by the range telescope for photon energy Ey = 200 MeV

and for only one angular channel is reported,

The curve ig the result of a calculation which takes into account:

1) photon incoming spectrum

2) kinematics effects ;

3) proton energy loss in liquid deuterium ;
4) range telescope response function.

1000
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FI1G, 5 - Proton spectrum measu-
red by the range telescope for pro
ton energy Ey =200 MeV and for one
angular channel (8= 30, 83°) (soli
de angle 3,83 msterad), The solid
curve is the result of a calculation
which takes into account the photon
incoming spectrum, kinematics ef
fects, proton energy loss in liquid
deuterium and the range telescope
response function,
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