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This paper describes multi-detector arrangements for measuring the number of quanta emitted in a cascade. Two set-ups
are described, one with Nal(Tl) detectors and another with liquid scintillators. The latter system has the advantage of
being able to separate between neutron and y-ray events, which is of particular importance for reactions with a large num-
ber of neutrons emitted. The set-ups are used on-line the Stockholm cyclotron. Examples of experlmems with 51 MeV

o-particles and 118 MeV !2C-ions are presented.

1. Introduction

The structure of atomic nuclei at high angular
momentum is an intriguing problem in today’s
nuclear physics and several interesting phenomena
related to high-spin states have been uncovered
during the last few years. Examples of such phen-
omena are ‘‘backbending’') and rotation-align-
ment?).

Much of our knowledge of nuclear states with
high spin-values has come from Coulomb excita-
tion and (particle, xn) reaction experiments. How-
ever, although experiments may be chosen to im-
part angular momentum of 50-80%, only a few
states with spin values in excess of 20 % have been
established. This apparent gap between the angu-
lar momentum input in (HI, xn) reactions and the
dissipation of angular momentum from the evap-
oration residues is, at present, not fully under-
stood. In fact, little is known about the formation
and decay of high spin states and their stability
against fission (see e.g. refs. 3-5). The limiting an-
gular momenta for compound nuclear reactions in
the medium mass region are expected to be in the
40-70 7 range and the angular momentum of the

* Work supported in part by the Swedish Atomic Research
Council (AFR).

* Permanent address: Departamento de Fisica Nuclear, Com-
ision Nacional de Energia Atomica, Buenos Aires, Argen-
tina.

+ Permanent address: Department of Nuclear Physics, Jagiel-
lonian University, 30-059 Cracow, Poland.

evaporation residues should not differ significantly
from that of the compound system. Thus the
main process of the dissipation of angular momen-
tum is the electromagnetic radiation. The low
multipolarity of this radiation (dipole and quadru-
pole) implies cascades consisting of a large number
of y-rays. Because of the relatively high level den-
sity several deexcitation channels are open for
each evaporation residue. The resulting y-ray spec-
trum observed with presently available detectors
has therefore the form of a continuous distribution
with superimposed discrete lines corresponding to
the few final transitions of the cascades.

First attempts®’) to measure the average num-
ber of y-rays (the multiplicity) following (HI, xn)
reactions were performed with a single y-ray de-
tector or with two detectors in coincidence. Re-
cently, multi-detector arrangements have been
used® ') in order to yield information on the dis-
tribution of the multiplicity. Such set-ups normally
involve a high-resolution Ge(Li) detector in coin-
cidence with a set of several Nal(TIl) counters.

This paper describes two multi-detector arrange-
ments designed for studies of y-ray and neutron
multiplicities. The first set-up is similar to those
described in refs. 9, 10 and 11 and employs eight
Nal (Tl) detectors in multi-coincidence mode with
a single Ge(Li) spectrometer. The system allows
for a reasonably high y-ray detection efficiency but
the geometry used does not allow to distinguish
between neutron and y-ray detection. Indeed, the
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distance between the target and the Nal(Tl)-coun-
ters necessary for such a separation by means of
time-of-flight method is of the order of 60cm,
which would imply a system with very big crystals
for a practical experiment.

The second system is designed to distinguish
between neutron and y-ray events. For this rea-
son, NE 213 liquid scintillators are employed to-
gether with pulse shape discriminating electronic
circuits. An additional advantage of the liquid
scintillator system may stem from the simultane-
ous determination of y-ray and neutron multipli-
city. The neutron multiplicity information can be
used for identification of the exit channel in a
heavy ion induced reaction. The system also al-
lows to measure the distributions of neutron mul-
tipHcity in processes where this is not a sharp
number (e.g. HI induced fission).

There are several problems involved with mul-
tiplicity measurements. Thus there are a great
number of corrections to the measured coinci-
dence spectra. In the subsequent section, the gen-
eral idea about multiplicity experiments is out-
lined. In sect. 3 we describe the experimental ar-

Fig. 1. Photography of the multi-detector arrangement.
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rangements and the last two sections describe the
corrections and present examples of the multi-
coincidence spectra for various (particle, xn) reac-
tion experiments.

2. Experimental arrangements
of the multi-detector system

The general layout of the multi-detector ar-
rangement is shown in fig. 1. The detectors are
housed in conical lead-shields which can be placed
in 17 different positions in a semi-spherical holder
made of aluminium and a plastic resin. Fig. 2
shows the cut through the horizontal plane of the
set-up with a Nal(Tl)- and several liquid scintilla-
tion detectors. The minimum thickness of lead be-
tween two adjacent detectors is 4 cm in the Nal
case and 2.5 cm when liquid scintillators are used.
A Cd-Cu mantle surrounds the detectors in order
to absorb the lead X-rays.

The Nal(Tl) detectors employed have a diameter
of 5.1 cm and a height of 7.6 cm. When placed in
the holder, the front of the detector is 15 cm from
the target position. The Nal(TI) crystals are
coupled to EMI 9656 photomultiplier tubes with
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Fig. 2. A horizontal cut-through of the multi-detector arrangement. A total number of 17 detectors may be used, of which 5
are in the horizontal plane. Legend: A - target, B - target chamber window, C — beam tube, D - liquid scintillator, E - light
guide, F — photomultiplier tube, G — PM-base with voltage stabilized dynode chain and preamplifier, H - lead shield, I - conical
hole for the lead shield, J - Nal(Tl) detector. The liquid scintillation and Nal(TI) detectors have their fronts 15 cm from the

target.

partially voltage-stabilized dynode chains. A sim-
ple preamplifier with adjustable decay time con-
stant is included in the base housing.

The liquid scintillator detectors are specially de-
signed in cooperation with the manufacturer, Nu-
clear Enterprise Ltd, Edinburg. They are of the
twpe where the expansion volume is in the sur-
rounding walls. The photomultiplier tubes used
with these scintillators are XP2020, again equipped
with a voltage-stabilized dynode chain.

The Ge(Li) detector is placed in the horizontal
plane opposite to the vertically positioned scintil-
lator detector holder and can be moved over a
large angle.

Fig. 3 shows the y-ray efficiency curves for both
types of detectors, determined with use of stand-
ard intensity calibrated IAEA radioactive sources
and from multicoincidence measurements using
radioactive isotopes with well-known decay
schemes and hence known values of the multipli-
city M.

The electronic arrangement following the out-
puts from the detectors is shown in fig. 4 for the
liquid scintillator set-up. A CAMAC coincidence
register (LRS 2340B) with 2x 8 inputs is used. One
of the two blocks of inputs addresses the bits
2°-27 and the other one the bits 28-2'5. Each of
these blocks has an output signal proportional to
the number of coincidences within the common
gate. The resolving time of the coincidence regis-
ter is typically set to 30 or 40 ns.

When using up to eight Nal(Tl) detectors, only
one of the two eight-fold input blocks is needed.
Then the anode pulses from the Nal(Tl) detector
are fed to the LRS inputs via the preamplifiers.
When the eight liquid scintillators are used in or-
der to measure both the y-ray and the neutron
multiplicities both input blocks are required. The
pulses from each liquid scintillator are fed to a fast
constant fraction timing unit and a pulse-shape
discriminating circuit'?). The latter has two out-
puts, one giving a signal if a neutron is detected,
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Fig. 3. Absolute y-ray efficiency vs incident photon energy for
the Nal(Tl) crystals and the liquid scintillators discussed in the
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the other if a y-ray event has occurred. Thus the
two different signals are fed to the two separate
input blocks of the coincidence register, while the
gate event is the same, namely the pulse from the
Ge(Li) detector.

Fig. 5 shows the separation of neutrons and y-
rays in one of the scintillation detectors during an
actual run.

The information is stored on magnetic tape via
the CAMAC system, the Ge(Li) energy as a 12-bit
address, the multi-coincidence pattern as a 16 bit
address. Thus by recording the actual pattern, in-
formation will be obtained on the angular distribu-
tion of the y-rays and neutrons. A check that all
detectors are working properly is also provided in
this way.

In order to control the experiment and to be
able to perform necessary dead-time corrections,
the sum output signal from the coincidence regis-
ter is used. The amplitude of thls signal is propor-
tional to the number of scintillation detectors (the
fold) fired. By means of single channel analysers,
signals can be generated corresponding to the var-
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Fig. 4. The electronic data acquisition system used together with eight liquid scintillators for y-ray and neutron multiplicity mea-
surements. The n—y switch determines which of the two multiplicity spectra will be stored in the memory block.
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Fig. 5. Spectrum showing the separation between neutrons and
y-rays using liquid scintillation detector and pulse-shape dis-
criminator. The threshold of the pulse-shape discriminator was
set at about 700 keV neutron energy.

nel analyser via a routing system and the energy
signal from the Ge(Li) detector is directly analysed
with respect to the fold. Fig. 4 shows such an ar-
rangement for recording the 0, 1, 2 and 3-fold
coincidence spectra (0-fold is corresponding to
events when none of the scintillation detectors
were fired). Since the 1-fold coincidences are very
frequent, arrangements are made in order to di-
vide the number of these events by 4 or 16 before
storing the data on magnetic tape and in the
memory block. In order to make a full analysis of
the data it is necessary to use the singles or the
0-fold spectra. These spectra are not recorded on
magnetic tape but stored in a memory block.

The counting rates of the various folds are mea-
sured during the run using scalers. Since the 1-
and 2-fold coincidences are recorded both on mag-
netic tape and in the memory block, it is possible
to correct for the dead time of the CAMAC sys-
tem and the magnetic tape station.

3. Multi-coincidence probabilities

and moments of multiplicity distributions

For simplicity we shall start by considering a
case of M+1 y-rays in a cascade. If the photons
are detected in a single Ge(Li) crystal, with the
counting rate Q%, and this detector provides a
‘‘gate event” for coincidences among N identical
scintillation counters, the counting rate for p-fold
coincidences may be written:

Onp = Q°° Py, [M, Q(E), « (E),W (0,$)], (1
where Py, is the overall probability that out of N
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detectors p will be in coincidence within the gate.
Q.(E) is the y-ray efficiency for the ith detector,
a(L) are the conversion coefficients for the y-rays
detected and W(6, ¢) is the angular correlation
function. In addition to the relationship (1) Oy, de-
pends on the probability that one detector may re-
cord more than one quantum. This summing ef-
fect for the scintillation detectors is taken into ac-
count in the following formula valid for the as-
sumptions that Q,(E)= Q = constant and that the
internal conversion and angular dependences may
be neglected:

pN,,=<N> Y (—n"“’(i) [L-(N-k ™.
PJ/i=o

This, in fact, is the sum of the probabilities that
nothing was detected in any combination of
(N—k) detectors while k varies from 0 to p. Quan-
titatively, this is equivalent to the expressions de-
rived in ref. 9.

In the cases when M, N<Q-! eq. (2) may be
approximated by a more transparent expression

Py, ~ @]) e MM M1y, 3)

which is useful for a quick comparison of various
Py, and their dependence on the entering param-
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Fig. 6. The probability Py, of recording a p-fold event when

M +1 coincident y-rays are emitted. 8 and 16 detectors are
used, each with an average total efficiency of 0.004.
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eters. In particular, the ratio of two consecutive
fold probabilities is equal to

Py _ N—-p+1 @2 1)
PN,p—1 p

The coincidence probabilities of eq. (2) are plot-
ted in fig. 6 as functions of the multiplicity for
N =28 and N = 16 detectors, each with the efficien-
cy 2=0.004. It can be seen that the probability of
higher fold coincidences strongly depends on both
M and N (see also appendix).

The experimental values pertinent to eq. (2) are
the ratios
=P = S f(M) Py, @

tot M=0

where /, is the number of counts in a peak in the
p-fold spectrum, [, is the number of counts in
this peak in the corresponding singles spectrum
and f(M) is the multiplicity distribution. In order
to extract the average multiplicity (M) and infor-
mation on the multiplicity distribution various
methods may be applied.

In the following we use some of the results
from the analysis in ref. 10, in which several ex-
tensions and generalizations have been introduced
of the treatment of the subject in ref. 9. Thus one
can introduce a quantity R,, representing the
probability for observing a p-fold coincidence
event if only p detectors were present, i.e.

RP = Ppp = i (=n" (’I:l) (l—mg)M.
m=0

The experimentally determined ratios (4) are relat-
ed to the new quantities R, by

N\! ¥ <k>
R, = Py
) (p) 1 (5)

Expanding eq. (5) in powers of Q and setting
Poax <N we get

Mmax

(3a)

(%)

(6)

R, = Z YP"'X"" (M
where

_ 1 > k+m p m
Ypm - ngl (—1) <k> k 3 (8)
and
X,=MM=1)(M=2) ... (M—m+1)>Q". (9

By solving the set of eq. (7) for X,,, one gets

1 Pmax

Xm = I_' Z amka,

tot k=m

(10)

where a,, can be calculated from the recurrence

A. KEREK et al.

relationship

& 1= ()

From the X,, values, we may now try to extract
information on the multiplicity distribution. Thus
by introducing

(10a)

p=<M>=X,Q", (11)
and the central moments

o = (M = (MDY, (12)
we find that

=0, (13a)
Hy =X, Q7% — p(u-1), (13b)
py = X3Q7° =3, (u—1) — p(u—1) (u=2), (13c)

etc.,
which gives us the variance and skewness as

o = (1)}, (14a)
and

s = psfo;, (14b)
respectively.

It should be noted that the various coincidence
folds are not completely independent. The trunca-
tion made by setting the highest fold observed
DPmax = N, is a fair approximation provided that
is small*).

The statistical accuracies obtainable under nor-
mal experimental conditions put severe restrictions
on the determination of higher moments of the
multiplicity distribution. In fact, a detailed analysis
of assumed symmetric and asymmetric triangular
shapes of the distribution (cf. appendix) shows
that already the third moment (the skewness) is
extremely difficult to determine within any signif-
icant level of confidence.

4. Corrections to the multiplicities

There are several corrections to the multiplici-
ties and the higher moments derived from the
method discussed above. In the following subsec-
tions several of these corrections are discussed in
some detail.

4.1. CORRECTIONS DUE TO NEUTRONS DETECTED
IN THE Nal(Tl) CRYSTAL
Since it is not possible to distinguish between
neutrons and y-rays with the Nal(Tl) detector ar-

* This problem, as well as other methods of analysing the
multiplicity data are discussed in e.g. refs. 15-17.



MULTI-DETECTOR ARRANGEMENTS

rangement, a correction for ‘“neutron events” has
to be included. This correction is most transparent
if we consider the multiplicity obtained from the
approximate expression given by eq. (3a), which
may be rewritten as

N—p+1l yo xo
= (" ™ =1),
PN,p—1 P )
where x is the number of evaporated neutrons and
. is the average neutron efficiency of the Nal(Tl)

detector. Thus the corrected multiplicity is ob-
tained by a simple subtraction, i.e.

(M) > (M — xQ,]Q.

(15)

(16)

The 0,/ ratio may be determined in a separate
experiment with, e.g., the time-of-flight technique.
Care should be taken that the effects of neutron
scattering from the surroundings into the detec-
tors are similar in both the multiplicity and the
time-of-flight measurements. The ratio depends
on the reaction studied and should be determined
separately for each exit channel, especially in cases
where preequilibration effects are not negligible. In
the experimental conditions of this work the Q,/Q
ratio was of the order of 0.10.

4.2. CORRECTIONS DUE TO THE USE
OF AN AVERAGE DETECTOR EFFICIENCY

The average total y-ray efficiency £ for the scin-
tillators can be obtained from the absolute effi-
ciency curve measured with calibrated sources (cf.
fig. 3) if the true spectrum of emitted quanta is
known. The latter may be obtained from e.g., un-
folding the energy spectrum measured with a high
resolution detector [Ge(Li), preferrably surrounded
by a Compton-suppression detector]. In most cases
a sufficient approximation, however, is to unfold
the amplitude spectra from the scintillators used.
In order to do this the tabulated response func-
tions may be used in the case of the Nal(Tl) de-
tectors, and a simple differentiation of the ampli-
tude distribution in the case of the liquid scintil-
fators (corrections for the second chance Compton
interaction within the scintillator volume can be
included in a straightforward fashion).

The use of an average y-ray efficiency intro-
duces an error in the calculations discussed in sec-
tion 3. As far as the resolved lines in the mea-
sured spectra are concerned, this effect may be
corrected for, provided that the decay scheme is
known. In essence, the contribution from resolv-
able transitions to the measured probability for
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detecting a multi-coincidence event can be ac-
counted for explicitly by plugging the actual y-ray
efficiencies, branchings and side-feeding fractions
into the formulae. Exact formulae for this proce-
dure are given in ref. 0.

For a case of a straight cascade (i.e. without
branchings) of s y-rays following the gating tran-
sition, a simple correction for the known efficien-
cies £, can be introduced. The average efficiency
Q should be replaced by

Z Q-0
QaQ/

k=1
1 + <MunC0rr> Q b
where (MU is the uncorrected multiplicity va-
lue deduced from eq. (11). The average multiplici-
ty value (M, for the transitions preceeding the
gating one can thus be expressed as

(17

M > = My — z Qk/Q. (18)
k=1

Note that neither here, nor in the previous discus-

sions, we have considered the transition detected

in the Ge(Li) spectrometer. The total multiplicity

in this notation is always {M)+1.

4.3. CORRECTIONS DUE TO INTERNAL CONVERSION

If the average conversion coefficient « is known,
we may include a correction which is due to the
fact that those transitions taking place by means
of internal conversion are not observed. This cor-
rection is included by means of the substitution

Q- Q1 +a), (19)

for the average efficiency. Clearly, certain assump-
tions on the multipolarity have to be made in or-
der to obtain a.

4.4. CORRECTIONS DUE TO ANGULAR CORRELATIONS
OF THE y-RAYS

A detailed description of the angular correlation
effects can be found in ref. 13. It is also pointed
out there that the corrections depend strongly on
the geometry and by suitable placement of the de-
tectors the corrections can be kept small. In this
case, the following approximate correction formu-
lae, given in ref. 10 can be used.

Thus the peak areas of the l-fold spectrum
should be divided with

<W1> = N_l [Wl(oGe’ 01) + W1(Oce, 02) + ...+

+ Wl (HGe ’ ON)] ’ (20)
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where 0, is the angle of the Ge(Li) spectrometer
and 0, the eight angles of the Nal(Tl) detectors.
The corrections to the higher-fold spectra, are

Wy =W [ =(p—1) (1 = <WD)], (21)
or simply (W,)~(W,) which only gives an error of
1% or 2% compared with eq. (21).

4.5. CORRECTION DUE TO COINCIDENCE SUMMING
AND CROSS-SCATTERING

According to ref. 9, summing in the Ge(Li) de-
tector may be taken into account by multiplying
the scintillation detector efficiency 2 by (1—Q,)"!,
where €, is the total average efficiency of the
Ge(Li) detector.

In order to estimate the number of false coin-
cidences due to cross-talk between the Nal(Tl) de-
tectors, a coincidence measurement was performed
with all but one of the detectors shielded from the
target by 12 cm thick lead cones.

The true 1-fold coincidences then come from
the unscreened detector, while the 2-fold events
are due to Compton scattering from the open crys-
tal detected in one of the other detectors. After
correction for the transmission of gamma rays
through the lead shields, the cross-talk was calcu-
tated to increase the 2-fold coincidence rate by
<1.5%.

A. KEREK et al

4.6. CORRECTIONS DUE TO COINCIDENCES
BETWEEN 7-RAYS FOLLOWING TWO REACTIONS

Another important source of false coincidences
is due to y-rays following two reactions, within
the same beam burst or within the coincidence re-
solving time in the case of a continuous beam.
The average y-ray multiplicity of such an event is
then doubled. This actually limits the possibility
of a meaningful determination of the higher-fold
ratios. The importance of this effect was first
pointed out by Ockels and Greeuw, KVI, Groning-
en, and can be illustrated by the following exam-
ple.

Assume that the multiplicity is 15 and that the
ratio of double-to-single events is 0.01. This gives,
if 8 detectors with £ =0.004 are used, an increase
by 1.1% for the 1-fold, 2.6% for the 2-fold, 5.8%
for the 3-fold, 14,2% for the 4-fold, and 32% for
the 5-fold probability.

The number of “double reactions™ was estimat-
ed by measuring the time spectrum taken between
two detectors (cf. fig. 7). The first peak (A) is
mainly due to the true coincidence events. The
second peak (C), one beam burst later, is a false
one due to signals from p-rays (or neutrons) com-
ing from two different nuclei produced one beam
burst apart in time. The ratio C/A is approximate-

B Tns—=f =— —128ns ——

-~ Starty, Stopy, or
Start ny Stop n,

Start n; Stop Y, —

~

‘Starty, Stopn,

COUNTS

—t

* %Scm

1 L 2 P
100 200 300
TIME

I s 1
400 500

Fig. 7. Example of time spectrum between two detectors. Events associated with area A are mainly due to true and B to random
coincidences. The second peak (C) has its origin in events when the start and the stop signals are generated by y-rays (or neu-
trons) from two different nuclei produced one beam burst apart in time. During the experiments the ratio A/C was kept > 150.
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ly equal to the reaction probability per beam burst
times the multiplicity. In order to have the dou-
ble-to-single event ratio equal approximately to
0.001, the ratio A/C should be kept above ~ 100.
From the time spectrum shown in fig. 7 it is also
possible to estimate the number of random coinc-
idences due to radioactivity (B).

5. Examples of measurements

Experiments have been performed with eight
Nal(Tl) detectors or eight liquid scintillation detec-
tors. The latter were used in conjunction with ex-
periments where targets were bombarded with
118 MeV '2C and up to eight neutrons were evap-
orated from the compound nucleus, while the
Nal(Tl) detectors were used for («, 3n) and (a, 4n)
experiments.

5.1. EXPERIMENT USING EIGHT Nal(Tl) DETECTORS
A self-supporting metallic target of '**Er (en-

ARRANGEMENTS 49]

richment >969%), was prepared to a thickness of
~3mg/cm?. The target was bombarded with
51 MeV a-particles, i.e. the optimum energy for
producing the 'Yb final nucleus. The Ge(Li) de-
tector used in this and in subsequent experiments
has at 1.33 MeV an efficiency of 11%, a resolution
of 2.0 keV (fwhm), the peak height to Compton
edge height ratio of 37:1 and peak to total ratio of
~0.07.

During the experiment, =33 million events
were recorded on magnetic tape. These tapes were
subsequently analysed and the various spectra
corresponding to p=1, 2, 3 ... were obtained (fig.
8). The results of the analysis for the first two mo-
ments of the multiplicity distribution are summar-
ized in figs. 9 and 10. The total multiplicity is
found to increase with increasing spin value, while
the width of the distribution is constant (g=4).
For detailed information how to extract the side-
feeding multiplicity, we refer to ref. 10.
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Fig. 8. Examples of coincidence spectra from the !$6Er(a, 4n) reaction at £, = 51 MeV.
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5.2. EXPERIMENT USING EIGHT LIQUID SCINTILLATOR DE-
TECTORS

A self-supporting '*Yb target (enrichment
>96%) was bombarded with 118 MeV 2C ions.
Neutron and gamma ray patterns from the multi-
coincidence arrangement were recorded on mag-
netic tape. The singles spectrum of the gamma
rays and spectra of the first folds were recorded si-
multaneously in a multi-channel analyser. The
time distribution was monitored separately on a
PDP-9 computer.

The results for the y-ray multiplicity summar-
ized in fig. 11 show that the average gamma-ray
multiplicity (M) increases from 15.5 for the
2+ 50+ transition to 19 for the 14+ —12* transi-
tion, while the width ¢ is constant and around 6
units.

5.3. NEUTRON MULTIPLICITIES

The neutron coincidence spectra obtained dur-
ing bombardment of '"*Yb with 118 MeV 2C are
displayed in fig. 12. An analysis of the strong
lines, which all correspond to transitions from the
178YH(12C, 8n)'80s reaction is shown in fig. 13a.

16f *°Er@,4n)*¥b; Eq = 51 MeV
ground band ) *-
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Fig. 9. Experimental values of the multiplicity (M) and width
g of the multiplicity distribution as function of spin / for the
166 Er(a, 4n)!60 YD reaction at 51 MeV.
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Fig. 10. Multiplicities of side feeding of the ground band as a
function of spin 7 for the !®6Er(a, 4n)!66Yb reaction at
51 MeV.
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The quantity (M), where M is the neutron mul-
tiplicity and £ is the liquid scintillator efficiency
for neutron detection, remains constant within the
errors for all the transitions. The same analysis
was made for the !'Gd(2C,8n)'*Yb and
190Gd(12C, 6n)'5Yb reactions at 118 MeV incident
energy and the ratios of corresponding transitions
from the two reactions are shown in fig. 13b. The
ratios are close to 8/6 =1.3 as expected for reac-
tions when 8 and 6 neutrons are evaporated re-
spectively. The set-up might thus be used as a
tool for reaction identification. In particular, the
reaction channels of the type (HI, axn) and
(HI, 2p(x+2)n) could be distinguished without de-
tecting the a-particle.

Since five of the eight detectors are in one plane
it is possible to directly obtain the angular distri-
butions of the neutrons (fig. 14). It should how-
ever be born in mind that no correction for the
change of detector efficiency with neutron energy
has been applied while significant variations of the
neutron energy spectra with the laboratory angle
may be expected.

The multi-detector systems of the types de-
scribed may also be applied as valuable spectros-
copic tools, e.g. as multiplicity filters accentuating
detection of transitions between very high spin
states or locating high spin isomeric states etc.
The description of such applications, which is out-

78yp(12c,8n) 18005 Erpe = 118 MeV
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Fig. 11. Measured values of the multiplicity (M) and width ¢
of the multiplicity distributions as a function of spin / of in-
itial states for the 176Yb(12C, 8n)!800s reaction at 118 MeV.
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Fig. 12. Gamma-ray spectra, in multiple coincidence with neutrons detected with liquid scintillators, resulting from the bom-
bardment of 176Yb with 118 MeV 12C.

TABLE 1
Calculated contributions S, to the final error du; from various coincidence folds for 2=0.004, [,,, = 105. 8u; :(% Sk)%

M) N S $, $3 $4 Ss Ss $; /E lSk
S 8 4 50 114 90 12 1 0 271
16 1.6 7.2 3.0 10.0 33 04 0.0 25.5
24 0.9 1.8 0.1 2.2 14 0.3 0.0 6.7
9 8 75 480 264 1027 450 75 6 4377
16 28 38 1 49 72 32 7 227
24 14 3 4 3 17 15 6 62
15 8 875 2202 10 4435 5187 2014 395 15118
16 267 31 120 15 316 423 239 1411
24 110 i1 21 10 13 82 106 353
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side the scope of this paper, will be treated sepa-
rately.

Results obtained with the systems described in
this paper will be published elsewhere!?).

The experimental set-ups used are parts of a
larger project carried out in collaboration with the
KVI laboratory, Groningen. The experimental fa-
cilities of the KVI laboratory will be presented in
a separate paper. The present authors benefited
greatly from experience gained during experiments
in Groningen and from discussions with especially
Drs. W. J. Ockels and M. J. A. de Voigt, as well
as with the participants of the multiplicity work-
shop in Swierk, June 13-16, 1977.

Appendix

Analysis of the accuracies required to determine higher

moments of the gamma ray multiplicity distribution
Assume that we want to distinguish between

two triangular multiplicity distributions, an asym-

metric and a symmetric one as shown in fig. 15,

with the same mean value and variance. The

a)
of

301-{*;;{*
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Fig. 13. (a) Measured values of (MQ) as a function of spin of
initial state for the 170Yb(12C, 8n)!800s reaction at 118 MeV.
M is the neutron multiplicity and € is the liquid scintillator
efficiency for neutron detection. (b) Ratio (Mg, {MQ), for
corresponding  transitions from the two  reactions
160Gd(!12C, 8n)!64Yb and '60Gd(!12C, 6n)'66Yb at 118 MeV in-
cident energy. The dashed line indicates the theoretical value
8/6 =1.33.
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skewnesses of these distributions are —0.566 and
0, respectively, and the difference of the third mo-
ments Adu; =|uP™—ui¥™| = 0.566 3. What is
the experimental accuracy required for the multi-
fold spectra?

It follows from eq. (I13c) that the experimental
error in u; is given by the expression

81,12 5012
2 _ 2 %0t 2 |93
(6p3)” = p3 I, + U3 0 +
R, 2 |6, g

+‘Q-2k;1 ank Py ‘jk— s (22)
where
Ay, = BMY (MY = 1)+ 1 =36 2y, —

I(M> —1

- —gé—g—) %App + o2 LETR (23)

In an idealized case when the relative errors
8l /1, =0, 8Q2/Q2=0, and &I, =VI,, expression
(22) can be rewritten as

Pmax

1
(5/13)2 = _Qz‘k; a§k<PNk‘>-

tot

24)

Two sets of calculations were performed, with
(My=S5, 6?=3 and M) =15, g2 =28, for various
numbers of detectors, N, and average efficiencies,

NEUTRON ANGULAR DISTRIBUTION

IN LAB. SYSTEM
AL Sc.
118MeV 12¢ \cf.?;...-

M6y

1 1 2

el L

180° A 0°

162°
18

126° [90° 54°

Fig. 14. Angular distribution of the neutrons emitted in the
16Cd(12C, xn) reactions at 118 MeV.

<M>

Fig. 15. The symmetric and asymmetric triangular distribu-
tions with the same mean value (M) and variance 2. The skew-
nesses of these distributions are 0 and —0.566, respectively.
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Fig. 16. Dependence of (Py;) on the detector number N and

efficiency 2 for the triangular distribution with M) =15,

0% =28. The solid lines correspond to 2=0.004, the broken

lines correspond to a constant product N=0.032.

Q. Fig. 16 shows the dependence of {(Py,) on the
detector number and efficiency for the triangular
distribution with (M) =15. Fig. 17a shows the ra-
tio du;/Adu; plotted vs N, for a typical number of
counts under the peak in the total (singles) spec-
trum /[, =10°. In order to distinguish between
the symmetric and the asymmetric shape of the
distribution, this ratio should be kept well below
1. Theoretically, this can be achieved, e.g., by in-
creasing the detector number. In practice, how-
ever, the gain is slow because the very weak high-
er folds (6-fold, 7-fold, ...) contribute then with in-
creasing weights to the estimated error. This is il-
lustrated in table 1 where relative contributions to
the final error from various coincidence folds are
calculated for several values of N and (M). The ra-
tio depends also on the expected multiplicity va-
lue.

In the idealized sample case of fig. 17a with
(M) =15, a meaningful determination of the third
moment is attained for N=20, 2=0.004. It
should be noted that the figures of merit for skew-
ness for NQ = const. are nearly independent of N
for the N value sufficiently large. Thus an alterna-
tive though usually less practical way of improv-
ing the conditions for determining u; is to in-
crease the detector efficiencies.
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100, 100,

b)

—— N=0.004
-=- N{1=0032
I <M> =S
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Fig. 17. Calculated errors in g3 (a) and u, (b), expected in the
idealized case for two triangular multiplicity distributions with
M)=5, 62 =3 and (M)=15, ¢? =28. The assumed number
of counts is /.o = 10°. The seeming superiority of the lowest
N is not real and it is caused by setting p,, <(M) in eq. (7).

In general it may be concluded that except for
very large (M) values a practical determination of
u, requires specially designed, very efficient mul-
tidetector arrangements. With the set-ups present-
ly described the statistics necessary for such a de-
termination would be almost prohibitively large.

Fig. 17b shows results of a similar analysis for
the relative error of the second moment. Reason-
able small errors are here easily attainable even
with rather low detector number and moderate
statistics.
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