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Abstract

This work presents a method for the evaluation of dynamic coincidence solid angles for 2n-detector arrangements with
large illuminated target area or volume, based on Monte Carlo simulation. Particular constructions useful for
photonuclear experiments, using film and gas targets, are considered.

1. Introduction

New theoretical approaches [1,2] for the description of
polarization observables of two-particle photodisintegra-
tion of light nuclei motivate the interest to make
measurements at low photon energies, where experi-
mental results are practically absent [3]. Such kind of
experiments require quasimonochromatic photon beams
and can be carried out on high duty-factor electron
accelerators, associated with the photon tagging tech-
nique [4,5]. However, the tagged photon flux is limited to
a maximum of about 10’ s~ . Low photon flux and small
cross sections require a 2m-detection system and large
illuminated target area or volume in order to maximize
the photoreaction yield. Other requirements of this kind
of experiment are

(i) measurement of energy spectra of both disintegration
fragments;
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(i1) use of very thin film or low-density gas targets in
order to allow the coincidence detection of two par-
ticles emitted in opposite directions.

The procedure for the extraction of the differential
cross section, do/d€2, from the measured yields of two-
particle photodisintegration, involves, in the case of ex-
tended targets, a sophisticated evaluation of the average
solid angles [6,7], even for single-arm measurements.
Some particular cases for such calculations were con-
sidered in Refs. [8-10].

Two-arm measurements make the problem yet more
complicated because it is necessary to take into
account the reaction kinematics, that may drastically
change the efficiency of the detection system. More-
over, the theoretical analysis of the data is usually
done in the center of mass system (CM). The attempt
to calculate analytically the average dynamic coincid-
ence solid angles leads to ambiguities in the solutions
and huge difficulties, which arise from multiple integra-
tions over the spatial boundaries of the target and
detectors [11]. A more reasonable way is to obtain the
required data by Monte Carlo simulation [12] of the
two-particle photodisintegration events. For this
purpose we developed a computer code, which involves
not only the experimental setup geometry, but also
the physical parameters of the reaction that allows
to obtain the average dynamic coincidence solid angles
in the CM system, even for complicated detector
arrangements.
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2. Definitions

The number of coincidences for the two-particle
photodisintegration can be written in the following form:

dg™ o
N= f <g—g ©,9.E,) >Ny(x, VN, AQi(x, y, 2) dx dy dz,
(1)

where ((do°™/dQ) (0, ¢, E,) is the differential cross sec-
tion in the center of mass system, averaged over the
detectors acceptances, AQL(x, y, z) is the dynamic solid
angle subtended by the detector pair (i, j), from the point
with coordinates (x, y, z), considering the reaction kin-
ematics, N,(x, y) is the photon flux density, and N, is the
target density.
On the other hand,

N = ({97 N\ Nonocagid 2)
- dQ Y- n< cm /2 ( /

where <{(do*™/dQ ) is the differential cross section in the
center of mass system, averaged over the detectors ac-
ceptances and over the target volume, (AQLS> is the
dynamic solid angle subtended by the detector pair, aver-
aged over the target volume; N7 is the photon flux; and
Ny is the number of nuclei per cm? of the target. It is
important to notice that

dom\\ 1 do ™\ AQGl(x, y, 2) dv
dQ TV ]y \ dQ {AQL] ’

so that the average of the cross section over the target

The aim of the Monte Carlo simulation is to obtain
{AQLJS using the correlation between the emission
angles, according to the reaction kinematics. The statist-
ical uncertainties of the Monte Carlo simulation results
have to be much less than the required accuracy of the
differential cross sections, in order to have a negligible
contribution to the overall uncertainties.

3. Description of the computer code

The code was written in FORTRAN-77, version 5.3.
The input parameters are: beam spot shape and dimen-
sions and tilt angle of the target (film target case) or
length of the target (gas target case). In the first step three
coordinates are randomly generated, determining the
photon—nucleus interaction position in the lab system;
see Fig. 1 (in the case of a film target, only two are
needed). Then, in the center of mass system, we generate
randomly and uniformly, for each event, the polar
(cos 8°™) and azimuthal (¢°™) angles of one of the reac-
tion products and calculate the angles of the other. So,
now we have the angles 8°™ and ¢°™ for both particles.
The next step is the transformation of these emission
angles from the CM to the lab system, according to the
reaction kinematics

I singg™
o2t = arctg< m—>
Ye Xa + cOs 657

1 sing™
02 = arctg < 7>
¥y — cos g5

3

volume, V, is weighted on the solid angle subtended by where

the detector pair for each point of the target volume. In

this way, the average is actually done over an effective Y = S+ MA Fab = ﬁ <,

target volume, where the solid angle is not zero. Since 2M A\/_

photonuclear cross sections usually present smooth

angular dependences, this average is a good representa- I * nd B Bis M}

tion of the cross section in that small region. “b T Ex, 4 CS+ MY
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Fig. 1. Schematic view of the strip detector arrangement with a film target.
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M ,, M, and M, are the masses of the target nucleus and
of fragments a and b, respectively, and

- =|:(S—Ma2 —M})? —aM; M,,Z]m

45
S=Mi+2EM, and E;,=./(P*yY + M],.

Having the reaction position and the emission angles
of each particle in the lab system, the last step is the
determination of the coordinates where the particles tra-
jectories hit the planes where the detectors are located,
and the analysis of the boundary conditions. As a result,
the code delivers four countings: N; and N; are the num-
ber of particles detected, respectively, by detectors i and j;
N;,; the number of coincidences; and N the number of
undetected particles.

So, the sorting of the emission angles of the particles is
done in the CM system, but the analysis of the boundary
conditions (to determine whether the particles hit or not
the detectors) is done in the lab system, where it can be
done in a simple way. In such an approach, the CM
system average coincidence solid angle is

L N
AQL] = —N—’ 4r,

where N, is the number of Monte Carlo starts.

4. Testing the computer code with the film target case

To check the code and to understand the influence of
the main geometrical parameters in the coincidence effi-
ciency, we reproduced the result of an analytical calcu-
lation [6,7] for the single-arm average solid angle and
calculated a simple coincidence case: photofission of 238U,

4.1. Comparison with the analytical calculation

Table 1 presents the results for the single-arm average
solid angle subtended by a circular 10 mm diameter

Table 1
Comparison between analytical calculation and Monte Carlo
results

Source Solid angle (sr)
diameter
(mm) Monte Carlo Analytical
(this work) calculation (Ref. [7])
2.0 0.659 (1) 0.6599
30 0.634 (1) 0.6341
6.0 0.558 (1) 0.5589
9.0 0.465 (1) 0.4653
12.0 0.376 (1) 0.3766
150 0.302 (1) 0.3030

detector, located 10 mm away from a circular, uniform
and isotropic source, as a function of source diameter.
Source and detector are centered over the same axis.

In the analytical calculation [7], the determination of
the single-arm average solid angle of the disc is approx-
imated using the analytical expression for the solid angle
of an n-sided regular polygon of the same area. In the
Monte Carlo simulation the circular source is used dir-
ectly. The estimated accuracy of the analytical calcu-
lation is 0.1%. Statistical uncertainties of our simulation
are about 0.2%. There is an excellent agreement between
both resuits.

4.2. Simulation of the coincidence case

The simulation of the photofission of **U, monitored
by two opposite circular detectors (10 mm diameter)
located 30 mm away from each side of the target, is
discussed in this section. In this case the CM and lab
systems coincide.

Fig. 2(a) presents the count rates for each individual
detector and the coincidence count rate versus the dis-
tance from a 45°-tilted target to one of the detectors,
which is movable. The beam diameter in this case is
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Fig. 2. Results of Monte Carlo simulations for the count rate
dependences: (a) versus the target-detector distance (dashed
curve: coincidence counts; solid curve: movable detector counts;
dotted curve: fixed detector); (b) versus beam radius (dashed
curve: coincidence counts; solid curve: singles counts of one of
the detectors).
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5 mm. The target tilt angle is defined as the angle between
the beam direction and the plane of the target (see Fig. 1).
For asymmetric positioning, the coincidence count rate is
determined by the count rate of the farthest detector and,
beyond a certain distance (40 cm in our case, see Fig.
2(a)), both count rates approximately coincide. So, when
we take away one of the detectors to infinity, both the
singles rate of this detector and the coincidence rate
coincide and become zero, but the count rate of the other
detector does not change (see dotted curve in Fig. 2(a)).
This result is in itself a positive test of the computer code.
Fig. 2(b) shows the singles count rate for each of the
detectors and their coincidence count rate as a function
of the photon beam radius, for a 45° tilted target. We
assume a constant beam intensity per unit area and the
singles count rate (solid line in Fig. 2(b)) is roughly
proportional to the square of the beam radius. Fig. 2(b)
also shows that the coincidence count rate saturates at
a beam radius of about 4 mm. Illuminated target areas
beyond this radius will contribute only to random coin-
cidences, since only the single count rates increase.

5. Geometry analysis of a strip detector arrangement

The geometry optimization of a detection/target sys-
tem can be described as an improvement of the geometri-
cal parameters of the detecting array and target in order
to minimize the uncertainties of the measured quantities
(like cross section, Z-asymmetry, and others), obtained
for a fixed acquisition time, taking into account the
physical requirements and characteristics of the experi-
ment (angular resolution, beam, target and detectors
dimensions and so on).

It is clear that the space-extended character of the
target restricts the angular definition that can be
achieved in a single-arm angular distribution experiment.
On the other hand, for a reaction with a well-defined
kinematics, it is interesting to install a second detection
arm and make a coincidence measurement. In this case
the cross section is determined from experimental data
obtained in double-average view (see item 3), including
kinematical effects, allowing a much better angular def-
inition, since it is possible to trace back the reaction
position in the target and to define which angles (0, @)
contribute to the cross section measured by each detector
pair.

The aim of this item is to optimize the detector/target
geometry and to obtain (i) polar and azimuthal angular
distributions on phase plane, and (ii) the average dy-
namic coincidence solid angle for each detector pair.
Monte Carlo simulation is the only practical way to get
this information.

The main characteristics of the strip detectors and
associated electronics were presented in a previous paper
[13]. Here we will be concerned with the relevant geo-

metrical parameters of the arrangement as a whole. We
will divide our discussion in two parts, dealing with the
film and gas target cases, respectively.

5.1. Film target case

Here we study the expected behavior of an experiment
involving a simple angular distribution of photofission
fragments, supposing a film target allowing both frag-
ments to be emitted in opposite directions. In this case,
the CM and lab systems coincide. The optimized beam—
target—detector geometry (for unpolarized photons)
corresponds to (see Fig. 1) H, = H, =16 mm, beam
dimensions are 30 x 30 mm? and the target tilt is 17°.

The final results for the angular distribution simula-
tion are shown for some extreme cases of strip position-
ing: (i) opposite strips (without shift along beam direc-
tion), corresponding to 6,, =90°, Figs. 3(a)—(c) and (ii)
oblique strips (maximum shift along beam direction),
corresponding to 6,,, = 22° and 158°, Figs. 4(a) and (b).
All other cases lie between these ones. Figs. 3 and 4 show
that the polar angle subtended by the detector pair spans
a range of +4° around its mean value, while the azi-
muthal angle lay inside a +45° interval.

As mentioned before, the knowledge of the average
dynamic coincidence solid angle of each strip pair is
necessary for the experimental data analysis. The results
obtained from the simulations are presented in Table 2.
We can see that the calculated efficiencies of the strip
pairs vary about 40 times through the range of strip
coordinates. The maximum value is reached for opposite
strips facing the middle of the target, while opposing
strips that face the limits of the target are about 15% less
efficient. It is interesting to note that this difference be-
comes much larger if the target is illuminated by a nar-
row {along the target length) beam. Strip pairs close to
the middle of the target are much more sensitive to the
dimensions of the illuminated target area than the strips
close to the extremes of the target, as shown in Fig. 5. The
largest solid angle difference occurs between the strip
pairs (1-64) and (32, 33), corresponding to the two ex-
treme oblique cases. This difference arises mostly because
of the effective target area that corresponds to the whole
target in the first case and is very small (a thin transversal
strip in the middle region of the target) in the second one.
This difference will not occur in an actual experimental
situation, because the large solid angle of the first case
comes from events in which the particles were emitted
almost parallel to the target surface, thus subject to high
energy losses.

The singles count rates are about 20 times higher than
the coincidence rates for opposite strips and do not vary
so much with strip position.

The total dynamic coincidence solid angle can be
evaluated as Qg = 4n(},;; N;j)/Nns, where Nj; is the
number of coincidence counts between strips i and j and
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Fig. 3. 8 and ¢ phase plane for film target and (a) strip pair
32-64 (0., =90°, target working area is close to the upper
detector plane); (b) strip pair 16-16 (6., = 90°, target working
area is located midway between the detector planes); (c) strip
pair 1-33 (8, = 90°, target working area is close to the lower
detector plane).
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Fig. 4. 8 and ¢ phase plane for film target and (a) strip pair
32-33 (B}, =22°, particle emission direction is almost parallel to
the target. Effective target area is very close to the whole target
surface); (b) strip pair 1-64 (8, =158°, very small effective
target area).

Table 2

Angular acceptances and average dynamic coincidence solid
angles for some strip pairs of a 2n-detector arrangement, work-
ing with a film target and detecting fragments from photofission

Detector Omin—bmas Penin— Prmax AQ
pair (degree) (degree) (1073 s1)

1-33 86.5-93.5 130-225 778 (5)
16-48 86.5-93.5 140-215 9.36 (6)
32-64 86.5-93.5 130-225 7.77 (5)

1-64 148-158 130-230 8.139 (5)
32-33 2-32 130-230 0.20 (1)
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Fig. 5. Average dynamic coincidence solid angles for detector
pairs (16-48), squares, and (1-33), dark squares, as a function of
beam height. Taking as reference the point where the line joining
detectors 1 and 33 crosses the target, the beam spot was centered
1 mm above this point in the first case and 16 mm above in the
second one. The target tilt angle is 17°.

N, is the number of Monte Carlo starts. For the case of
photofission, the setup discussed above presents a total
dynamic coincidence solid angle of about 20% of 4.

5.2. Gas target case

In this case we study the behavior of a photodisinteg-
ration experiment performed with polarized photons,
namely 7(®He,pd). The geometrical parameters are
H, = H, =31 mm, beam size equals 30 x 60 mm? and
target length is 100 mm. The detector-target distance
was increased in this case to improve the azimuthal
angular definition, since the ability to extract the Z-asym-
metry depends on this parameter. The increase in the
detector—target distance, on the other hand, decreases the
statistics, so the final distance is obtained by a compro-
mise between the two parameters.

In this case there is a significant difference between the
expected angular distributions observed in the CM and
lab systems, especially in the near-threshold region. Con-
sequently, all the characteristics that are being discussed,
like phase plane angular distributions, average dynamic
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Fig. 8. (0. ¢) phase plane for gas target and strip pair 1-33
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coincidence solid angle and even dynamic single-arm
solid angle depend on the incident photon energy. Fig. 6
shows the dynamic single-arm solid angle, as a function
of strip number, for three photon energies. The depend-
ence with strip number is clearly asymmetric for E,
= 5.5 MeV (close to the threshold), becoming symmetric
at E, = 14 MeV.

Figs. 7 and 8 show the (0, ¢} phase plane for the two
extreme combinations of detector pairs, namely pairs
(1-33) and (1-64). All other combinations lie between
these. The results show that (i) polar angles are within
a 14° interval for opposing pairs and within a +8°
interval for the extreme oblique case; and (ii) azimuthal
angles for all combinations are within a + 20° interval.
The total dynamic coincidence solid angle corresponds
to 14% of 4n, for E, =6 MeV.

6. Conclusions

We presented a Monte Carlo method for the deter-
mination of average dynamic solid angles and also for the
study of the relevant geometrical parameters of 2n-
detector arrangements for coincidence measurements.

A detailed consideration of the particular construc-
tions for film and gas targets shows that moderate angu-
lar resolution can be achieved even with large illumin-
ated target area or volume and large total solid angle.
This is a very important characteristic to be considered in
the design of two-particle photodisintegration experi-
ments where the particles are measured in coincidence.
Accurate determination of the dynamic solid angles is of
fundamental importance for the experimental data anal-
ysis of such experiments.
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