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This paper describes m ulti-detector arrangem ents for m easuring the num ber o f quanta em itted in a cascada. Two set-ups 
are described, one with Nal(TI) detectors and another with liquid scintillalors. The latter system  has the advantage of 
being able to separate between neutrón and >'-ray events, which is o f particular importance for reactions with a large n u m ­
ber o f neutrons em itted. The set-ups are used on-line the Stockholm cyclotron. Examples o f experim ents with 51 MeV 
a-particles and 118 MeV '^ c .jo n s  are presented.

1. Introduction
T he structu re  o f atom ic nuclei at high angular 

inom en tum  is an in thgu ing  problem  in today’s 
nuclear physics and  several in teresting  phenom ena 
related to high-spin sta les have been uncovered 
during the last few years. Exam ples o f such phen ­
om ena are “ backbending” ')  and  rotation-align- 
ment^).

M uch o f our know ledge o f nuclear sta tes w ith 
high spin-values has com e from  C oulom b excita- 
tion and (particle, xn) reaction experim ents. How- 
ever, a lthough  experim ents m ay be chosen to  im- 
part angular m o m en tu m  o f 50 -8 0 /), only a few 
sta tes w ith spin valúes in excess o f  20 h have been 
established. This apparent gap betw een the  an g u ­
lar m om en tum  input in (HI, xn) reactions and  the 
d issipation  o f angular m om en tu m  from  the  evap- 
oration  residues is, at p resent, not fully under- 
stood. In fact, little is know n about the  form ation 
and  decay o f high spin sta tes and the ir stability 
.against fission (see e.g. refs. 3-5). T he lim iting an ­
gular m om enta  for com pound nuclear reactions in 
th e  m édium  m ass región are expected to be in the 
4 0 -70  'h range and the  angular m o m en tu m  o f the
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evaporation residues should  not differ significantly 
from  th a t o f  the  com pound system . T hus the 
m ain process o f the  d issipation o f angular m o m en ­
tu m  is the  electrom agnetic radiation. T he low 
m ultipolarity  o f  th is radiation (dipole and  quadru- 
pole) im plies cascades consisting o f  a large num ber 
o f y-rays. Because o f th e  relatively high level den- 
sity several deexcitation channeis are open for 
each evaporation residue. T he resulting  y-ray spec- 
tru m  observed w ith presently  available detectors 
has therefore the  form  o f a con tinuous d istribu tion  
w ith superim posed discrete lines corresponding to 
the few ñnal transitions o f the  cascades.

First attem pts^ '') to  m easure the  average n u m ­
ber o f y-rays (the m ultiplicity) following (H I,x n ) 
reactions were perform ed w ith a single y-ray d e ­
tector or w ith two detectors in coincidence. Re- 
cently , m ulti-detecto r arrangem ents have been 
used*^") in order to yield Inform ation on the  d is­
tribu tion  o f the  m ultiplicity. Such set-ups norm ally 
involve a h igh-reso lu tion  G e(Li) detector in co in­
cidence w ith a set o f several N al(T l) counters.

T his paper describes tw o m ulti-detector arrange­
m ents designed for stud ies o f  y-ray and neu trón  
m ultiplicities. T he first se t-up  is sim ilar to  those 
described in refs. 9, 10 and 11 and em ploys eight 
N al (TI) detectors in m ulti-coincidence m ode w ith 
a single Ge(Li) spectrom eter. T he system  allows 
for a reasonably high y-ray detection  efficiency but 
the  geom etry used  does not allow to d istinguish  
betw een neu trón  and y-ray detection. Indeed , the



484 A.  K E R E K  et  al.

d istance betw een  th e  target and  th e  N aI(T l)-coun- 
ters necessary for such  a separation  by m eans of 
tim e-of-fligh t m ethod  is o f the  order o f  60 cm , 
w hich w ould im ply a system  w ith  very big crystals 
for a practical experim ent.

T he second system  is designed to d istinguish  
betw een n eu trón  and y-ray events. For th is rea- 
son , N E  213 liquid scin tillators are em ployed to- 
g e ther w ith pulse shape discrim inating electronic 
circuits. A n additional advan tage o f th e  liquid 
scin tillator system  m ay stem  from  the  sim ultane- 
ous de te rm in a tio n  o f y-ray and n eu trón  m ultipli- 
city. T he n eu tró n  m ultiplicity Inform ation can be 
used for identification o f the  exit channel in a 
heavy ion induced  reaction. T he system  also al- 
lows to  m easure  th e  d istribu tions o f  neu trón  m ul- 
tiphcity in processes w here th is is not a sharp  
num ber (e.g. HI induced fission).

T here  are several problem s involved w ith m u l­
tiplicity m easu rem en ts. T h u s there  are a great 
num ber o f  corrections to  th e  m easured  coinci- 
dence spectra. In  the  subsequen t section, the  gen­
eral idea about m ultiplicity  experim ents is out- 
lined. In sect. 3 we describe th e  experim ental ar-

rangem ents and the  last tw o sections describe the  
corrections and  presen t exam ples o f  th e  m ulti- 
coincidence spectra for various (particle, xn) reac­
tion  experim ents.

2. Experimental arrangements 
of the multi-detector system

T he general layout o f  th e  m u lti-de tec to r ar- 
rangem ent is show n in fig. 1. T he detectors are 
housed  in conical lead-shields w hich can be placed 
in 17 different positions in a sem i-spherical holder 
m ade o f a lum in ium  and a plástic resin. Fig. 2 
show s the  cu t th rough  the  horizontal plañe o f  the  
se t-up  w ith a N al(Tl)- and  several liquid scintilla- 
tion  detectors. T he m in im u m  th ickness o f  lead be­
tw een tw o adjacent detectors is 4 cm  in the  N al 
case and 2.5 cm  w hen liquid scin tillators are used. 
A C d -C u  m antle  su rrounds the  detectors in order 
to absorb the  lead X-rays.

T he N al (TI) detectors em ployed have a d iam eter 
o f  5.1 cm  and  a height o f  7.6 cm . W h en  placed in 
the holder, the  front ó f  the  d etec to r is 15 cm  from  
the  target position. T he N al(TI) crystals are 
coupled to  EM I 9656 photom ultip lier tubes w ith

Fig. 1. Photography of the m ulti-detector arrangement.
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Fig. 2. A horizontal cu t-through of the m ulti-detector arrangem ent. A total num ber o f 17 detectors may be used, of which 5 
are in the horizontal plañe. Legend: A -  target, B -  target cham ber wlndow, C -  beam tube, D -  liquid scintillator, E -  light 
guide, F -  photom ultipller tube, G -  PM-base with voltage stabilized dynode chain and preamplifier, FI -  lead shield, I -  conlcal 
hele for the lead shield, J -  Nal(Tl) detector. The liquid scintillation and Nal(Tl) detectors have their fronts 15 cm from the 
target.

partially voltage-stabilized dynode chains. A sim ­
ple pream plifier w ith ad justable decay tim e con- 
s tan t is included in th e  base housing.

T he liquid scintillator detectors are specially de- 
signed in cooperation w ith the  m anufactu rer, N u ­
clear E nterprise L td, Edinburg. They are o f the  
type w here the expansión volum e is in the sur- 
rounding  walls. T he photom ultip lier tubes used 
w ith these scintillators are XP2020, again equipped 
w ith a voltage-stabilized dynode chain.

T he Ge(Li) detector is placed in the  horizontal 
plañe opposite to the  vertically positioned scin til­
lator detector holder and  can be m oved over a 
large angle.

Fig. 3 show s the y-ray efficiency curves for both 
types o f  detectors, de term ined  w ith use o f  s tan d ­
ard in tensity  calibrated lA E A  radioactive sources 
and  from  m ulticoincidence m easurem ents using 
radioactive isotopes w ith w ell-know n decay 
schem es and  henee know n valúes o f the  m ultipli- 
city M .

T he electronic arrangem ent following the  out- 
pu ts from  the  detectors is show n in fig. 4 for the 
liquid scintillator set-up. A C A M A C  coincidence 
register (LRS2340B) w ith  2 x 8  inputs is used. One 
o f the  tw o blocks o f inpu ts addresses the  bits 
2 ° -2 ’ and the  o ther one th e  bits 2 * -2 '^  Each of 
these  blocks has an  o u tp u t signal proportional to 
the  num ber o f coincidences w ith in  the  com m on 
gate. T he resolving tim e o f th e  coincidence regis­
ter is typically set to 30 or 40 ns.

W hen  using up to eight N al(T l) detectors, only 
one o f the  tw o eight-fold input blocks is needed. 
T h en  the  anode pulses from  the  N al(T l) detector 
are fed to the  LRS inputs via the  pream plifiers. 
W hen  the  eight liquid scintillators are used in or- 
der to m easure both the  y-ray and  the  n eu trón  
m ultiplicities both  inpu t blocks are required. T he 
pulses from  each liquid scintillator are fed to  a fast 
constan t fraction tim ing u n it and a pulse-shape 
discrim inating  circuit'^). T he la tter has tw o out- 
pu ts, one giving a signal if a n eu trón  is detected .
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ENERGY IN MeV

Fig. 3, A bsoluta y-ray efficiency vs incident photon energy for 
the Nal(Tl) crystals and the liquid scintillators discussed in the 
text.

the  o th e r if  a y-ray ev en t has occurred. T h u s  the 
tw o d ifferent signáis are fed to  th e  tw o separate 
inpu t blocks o f  th e  coincidence register, w hile the  
gate even t is the  sam e, nam ely th e  pulse from  the 
Ge(Li) detector.

Fig. 5 show s the  separation o f  n eu tro n s and  y- 
rays in one o f th e  scin tillation  detectors during  an 
actual run.

T he inform ation  is sto red  on  m agnetic tape via 
the  C A M A C  system , th e  Ge(Li) energy as a 12-bit 
address, the  m ulti-coincidence p a tte rn  as a 16 bit 
address. T h u s by recording the  actual p a tte rn , in ­
form ation will be ob tained  on  th e  angu la r distribu- 
tion o f the  y-rays and neu trons. A check th a t all 
detectors are w orking properly is also provided in 
th is  way.

In order to control the  experim ent and  to  be 
able to  perform  necessary dead -tim e corrections, 
the  sum  o u tp u t signal from  th e  coincidence regis­
ter is used. T he am plitude o f  th is signal is propor- 
tional to  the  num ber o f  scin tilla tion  detectors (the 
fold) fired. By m eans o f  single channel analysers, 
signáis can be generated  corresponding to  the  var- 
ious folds. T hese signáis are fed in to  a m ultichan-
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detectors p  will be in coincidence w ith in  the  gate. 
Í2,(£) is th e  y-ray efficiency for th e  ith  detector, 
a (E )  are the  conversión coefficients for the  y-rays 
detected  and  W{d,(l)) is the  angu lar correiation 
function. In addition  to  the  re lationsh ip  (1) de- 
pends on the  probabiiity th a t one detector m ay re­
cord m ore th an  one q u an tu m . T his sum m ing  ef- 
fect for the  scintiiiation detectors is taicen into ac- 
coun t in the  foliowing form ula valid for the  as- 
sum ptions th a t Í3,(£) =  Í2 =  constan t and th a t the 
in ternal conversión and angular dependences may 
be neglected:

Pnp —
Fig. 5, Spectrum showing the separation between neutrons and 
y-rays using liquid scintiiiation detector and pulse-shape dis- 
crim inator. The threshold o f the pulse-shape discrim inator was 
set at about 700 keV neutrón energy.

nel analyser via a routing  system  and the  energy 
signal from  the  Ge(Li) detector is directly analysed 
w ith respect to the  fold. Fig. 4 show s such  an ar- 
rangem ent for recording the  O, 1, 2 and  3-fold 
coincidence spectra (0-fold is corresponding to 
even ts  w hen  none o f the  scintiiiation detectors 
were fired). Since the 1-foid coincidences are very 
frequen t, a rrangem ents are m ade in order to d i­
vide the  num ber o f  these even ts by 4 or 16 before 
storing the  data  on m agnetic tape and  in the 
m em ory block. In order to  m ake a full analysis o f 
the  data  it is necessary to use the  singles or the 
0-fold spectra. T hese spectra are not recorded on 
m agnetic tape bu t stored in a m em ory block.

T he counting  rates o f  the  various folds are mea- 
sured  during the run  using scalers. Since the  1- 
and  2-fold coincidences are recorded both on m ag­
netic tape and in the  m em ory block, it is possible 
to co rred  for the  dead tim e o f the  C A M A C  sys­
tem  and  the  m agnetic tape station.

3. M ulti-coincidence probabiiities
and moments of multiplicity distríbutions

For sim plicity we shall start by considering a 
case o f M + 1  y-rays in a cascade. If the photons 
are detected  in a single Ge(Li) crystal, w ith the 
counting  rate and th is detector provides a 
“ gate e v e n t” for coincidences am ong N  identical 
scintiiiation coun ters, the  counting  rate for /?-fold 
coincidences m ay be w ritten ;

(2np =  Q °‘ n , [ M ,í2 , . ( £ ) ,a ( £ ) , í r ( 0 , ,^ ) ] ,  (1)

w here is the  overall probabiiity th a t ou t o f  N

\P
1  ( - 1 ) “

* = 0
(2)

This, in fact, is the  sum  o f the  probabiiities tha t 
no th ing  was detected  in any com bination  of 
(jV -^ )  detectors w hile k  varies from  O to p. Q uan- 
titatively , th is is equivalen t to the  expressions de- 
rived in ref. 9.

In the  cases w hen  M , N ^ Ü  ' eq. (2) m ay be 
approxim ated by a m ore transparen t expression

//V \

PJ
- N D M  í M S i (3)

w hich is useful for a quick com parison o f various 
and the ir dependence on th e  en tering  param -

Fig. 6. The probabiiity PNp o f recording a /)-fold event when 
M + 1 coincident y-rays are em itted. 8 and 16 detectors are 
used, each with an average total efficiency of 0.004.
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eters. In  particular, the  ratio o f tw o consecutive 
fold probabilities is equal to

N p N - p + l
N , p ~  1

(3a)

= I  / ( M ) P
■* fnl \A — n

Np^

Rp = Ppp m ) (5)

T he experim entally  determ ined  ratios (4) are relat- 
ed to  the  new  quan tities by

yv\“ ‘ /fc^
^  ' n T .  (6)Rp =

Expanding eq. (5) 
we get

I y  Y ̂pm mi

in powers o f  Q  and setting

(7)

w here

m\ V'
fe” , (8)

and
=  < M (M -1 )  ( M - 2 )

By solving th e  set o f  eq. (7) for X,
I Pma

'tot k = m

( M - m + l ) >  «"■. (9) 
one gets

(10)

w here a„i, can be calculated from  the  recurrence

T he coincidence probabilities o f  eq. (2) are plot- 
ted  in fig. 6 as functions o f  the  m ultiplicity  for 
A^= 8 and  A^= 16 detectors, each w ith the  efficien- 
cy Q  =  0.004. It can be seen th a t the  probability o f 
h igher fold coincidences strongly depends on both 
M  and  N  (see also appendix).

T he experim ental valúes pertinen t to eq. (2) are 
the  ratios

relationship

From  the  X„ valúes, we m ay now try to  ex tract 
Inform ation on the  m ultiplicity  d istribu tion . T hus 
by in troducing
tx = { M y  = X , Q - \  (11)

and  th e  central m om ents

(4)

w here is th e  n u m b er o f  coun ts in a peak in the 
/)-fold spectrum , Î „̂  is the  n um ber o f  coun ts in 
th is  peak in th e  corresponding singles spectrum  
and  f { M )  is th e  m ultiplicity  d istribu tion . In order 
to  extract the  average m ultiplicity {M) and  Infor­
m ation  on th e  m ultiplicity d istribu tion  various 
m ethods m ay be applied.

In th e  following we use som e o f the  resu lts 
from  the  analysis in r e f  10, in w hich several ex- 
tensions and  generalizations have been in troduced 
o f  th e  trea tm en t o f  th e  subject in ref. 9. T hus one 
can in troduce a q uan tity  representing  the 
probability for observing a /;-fold coincidence 
ev en t if only p  detectors were present, i.e.

we fm d tha t 
=  O,

1 - 3

( 12)

(13a)

(13b)

H, = X , Q - ^  (13c)

etc.,

w hich gives us the  variance and  skew ness as
(14a)

and
s = Hil(^3, (14b)
respectively.

It should  be no ted  th a t the  various coincidence 
folds are not com pletely independen t. T he trunca- 
tion m ade by setting  the  h ighest fold observed 
Pm^x = N , is a fair approxim ation provided th a t Í2 
is small*).

T he statistical accuracies obtainable u n d er no r­
m al experim ental conditions pu t severe restrictions 
on th e  de term ination  o f h igher m o m en ts  o f  the 
m ultiplicity d istribu tion . In fact, a detailed  analysis 
o f  assum ed  sym m etric and  asym m etric  triangular 
shapes o f the  d istribu tion  (cf. appendix) show s 
tha t already the th ird  m om ent (the  skew ness) is 
extrem ely  difficult to  de term ine  w ith in  any signif- 
icant level o f  confidence.

4. Corrections to the multiplicities
T here are several corrections to  th e  m ultip lici­

ties and the  h igher m om en ts derived from  the 
m ethod  discussed above. In the  following subsec- 
tions several o f these  corrections are d iscussed  in 
som e detail.

4.1. C o r r e c t i o n s  d u e  t o  n e u t r o n s  d e t e c t e d
IN THE Nal(TI) CRYSTAL

Since it is not possible to  d istingu ish  betw een 
n eu trons and y-rays w ith the  N al(TI) detector ar-

* This problem, as well as o ther m ethods o f analysing the 
muhipHcity data are discussed in e.g. refs. 15-17.
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rangem en t, a correction for “ n eu trón  e v e n ts” has 
to be included. T his correction is m ost transparen t 
if  we consider the  m ulíipiiciíy  Obtained from  the 
approxim ate expression g iven by eq. (3a), w hich 
m ay be rew ritten  as

^  N - p + \

"  N . p - l  P

w here x  is the  num ber o f  evaporated  neu trons and 
Q„ is the  average n eu trón  efficiency o f the  N al(T l) 
detector. T h u s the  corrected m ultiplicity is ob­
ta ined  by a sim ple sub trac tion , i.e.

<M> ^  < M > -X Í2 J Í2 . (16)

T he Í3n/Í2 ratio may be de term ined  in a separate 
experim ent w ith , e.g., the  tim e-of-flight technique. 
Care shou ld  be taken  th a t th e  effects o f neu trón  
scattering  from  the su rround ings into the  detec- 
tors are sim ilar in both  th e  m ultiplicity and  the 
tim e-of-flight m easurem ents. T he ratio depends 
on the  reaction stud ied  and  shou ld  be determ ined  
separately for each exit channel, especially in cases 
w here preequilibration effects are not negligible. !n 
th e  experim ental conditions o f  th is w ork the Ü„/Í2 
ratio was o f the order o f 0.10.

4 .2 .  CORRECTIONS DUE TO THE USE

OF AN AVETIAGE DETECTOR EFFICIENCY

T he average total y-ray efficiency ü  for the  scin- 
tillators can be obtained from  the  absolute effi­
ciency curve m easured w ith calibrated sources (cf. 
fig. 3) if the  true  spectrum  o f em itted  quan ta  is 
know n. T he la tter may be ob tained from  e.g., un- 
folding the  energy spectrum  m easured  w ith a high 
resolution detector [Ge(Li), preferrably su rrounded  
by a C om pton-suppression  detector]. In m ost cases 
a sufficient approxim ation, how ever, is to unfold 
the  am plitude spectra from  th e  scintillators used. 
In order to do th is  the  tabu lated  response func- 
tions m ay be used in the  case o f  the  N al(T l) de- 
tectors, and  a sim ple d ifferentiation  o f  the  am pli­
tu d e  d istribu tion  in the  case o f the  liquid scintil- 
iators (corrections for the second chance Com pton 
in teraction  w ith in  the scintillator vo lum e can be 
included in a straightforw ard fashion).

T he use o f an  average y-ray efficiency in tro ­
duces an  error in the calculations discussed in sec- 
tion 3. As far as the  resolved lines in the  m ea­
sured  spectra are concerned, th is effect may be 
corrected for, provided th a t the  decay schem e is 
know n. In essence, the contribu tion  from  resolv- 
able f.ransitions to th e  m easured  probability for

detecting  a m ulti-coincidence ev en t can be ac- 
coun ted  for explicitly by plugging th e  actual y-ray 
efficiencies, branchings and side-feeding fractions 
in to  th e  form ulae. Exact form ulae for th is  proce- 
dure  are given in ref. iO.

For a case o f  a straigh t cascade (i.e. w ithout 
branchings) o f  s y-rays following the  gating tran- 
sition , a sim ple correction for the  know n efficien­
cies Qi, can be in troduced. T he average efficiency 
Q  should  be replaced by

I (Í2-Í3.)
1 + < ^ u n c o r r > ( 1 7 )

w here is th e  uncorrected  m ultiplicity va­
lué deduced from  eq. (11). T he average m ultip lici­
ty valué <M|n) for the  transitions preceeding the 
gating one can th u s  be expressed as

(1 8 )

N ote th a t ne ither here, ñor in the  previous discus- 
sions, we have considered the  transition  detected  
in the  Ge(Li) spectrom eter. T he total m ultiplicity 
in th is no tation  is always <M> +  1.

4.3. C o r r e c t i o n s  d u e  t o  i n t e r n a l  c o n v e r s i ó n

If the  average conversión coefficient a  is know n, 
we m ay include a correction w hich is due  to the 
fact th a t those transitions taking place by m eans 
o f in ternal conversión are not observed. T his cor­
rection is included by m eans o f  the  substitu tion  
í 2 ^ í 2 / ( l + a ) ,  (19)

for the  average efficiency. C learly, certain  assum p- 
tions on the  m ultipolarity  have to  be m ade in o r­
der to  obtain a.

4.4. C o r r e c t i o n s  d u e  t o  a n g u l a r  c o r r e l a t i o n s
OF THE y-RAYS

A dgtailed description o f the  angu lar correlation 
effects can be found in ref. 13. It is also pointed 
ou t there  th a t the  corrections depend strongly on 
the  geom etry and by suitable placem ent o f th e  de- 
tectors the  corrections can be kept sm all. In this 
case, the  following approxim ate correction fo rm u­
lae, given in ref. 10 can be used.

T h u s the peak areas o f th e  1-fold spectrum  
should  be divided w ith

[H/,(Oce, Ol) +  l^l(0Ge, 0^) +  ... +

+  ( 2 0 )
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w here 0oe is th e  angle o f  th e  Ge(Li) spectrom eter 
and  0, th e  e igh t angles o f the  N al(T l) detectors. 
T he corrections to  th e  h igher-fold spectra, are 
<W;> =  (M 'i) [1 -  ( p - 1 )  i d  -  , (21)
or sim ply {W^==={W^) w hich only gives an  error o f 
1% or 2% com pared w ith  eq. (21).

4.5. CORRECTION DUE TO COINCIDENCE SUMMING 
AND CROSS-SCATTERING

A ccording to  ref. 9, su m m ing  in the  Ge(Li) de­
tecto r m ay be taken  in to  account by m ultiplying 
the  scin tillation  detec to r efficiency Q  by (1 — Í2o)“ ' , 
w here is th e  total average efficiency o f the  
Ge(Li) detector.

In order to  estím ate  th e  num ber o f  false coin- 
cidences due  to  cross-talk  betw een the  N aJ(Ti) de­
tectors, a coincidence m easu rem en t was perform ed 
w ith all bu t one  o f the  detectors sh ielded from  the 
target by 12 cm  th ick  lead cones.

T he tru e  1-fold coincidences th e n  com e from 
the  unscreened  detector, w hiie the  2-fold events 
are due  to  C om pton  scattering from  the open crys- 
tal detected  in one o f the  o ther detectors. A fter 
correction for th e  transm ission  o f gam m a rays 
th ro u g h  the  lead shields, the  cross-talk  was calcu- 
lated to  increase the  2-fold coincidence rate by 
< 1 .5 % .

4.6. C o r r e c t i o n s  d u e  t o  c o in c i d e n c e s
BETWEEN y-RAYS FOLLOWING TWO REACTI0NS

A n o th er im portan t source o f  false coincidences 
is due to  y-rays following tw o reactions, w ith in  
th e  sam e beam  burst or w ith in  the  coincidence re- 
soiving tim e in the  case o f  a co n tin u o u s beam . 
T he average y-ray m ultiplicity  o f  such  an  ev en t is 
th en  doubled. T his actually  lim its the  possibility 
o f a m eaningful d e term ination  o f  th e  higher-fold 
ratios. T he im portance o f  th is  effect was first 
pointed  ou t by Ockels and  G reeuw , KVI, G roning- 
en , and can be illustra ted  by th e  following exam - 
ple.

A ssum e th a t the  m ultiplicity  is 15 and  th a t the  
ratio o f  double-to-single ev en ts  is 0.01. T h is gives, 
if 8 detectors w ith  Q  =  0.004 are used , an  increase 
by 1.1% for the  1-fold, 2.6% for th e  2-fold, 5.8% 
for the  3-fold, 14,2% for the  4-fold, and  32% for 
th e  5-fold probability.

T he num ber o f  “ double reac tions” was estim at- 
ed by m easuring the  tim e spectrum  taken  betw een 
tw o detectors (cf. fig. 7). T h e  first peak (A) is 
m ainly due to the  tru e  coincidence events. The 
second peak (C), one beam  burst iater, is a false 
one due to signáis from  y-rays (or neu trons) com - 
ing from  tw o d ifferent nuclei produced one beam  
burst apart in tim e. T he ratio C /A  is approxim ate-

3

O

O

T I M E
Fig. 7. Exam ple o f tim e spectrum  between two detectors. Events associated with area A are m ainly due to true and B to random 
coincidences. The second peak (C) has its origin in events when the start and the stop signáis are generated by y-rays (or neu­
trons) from  two different nuclei produced one beam burst apart in time. During the experim ents the ratio A /C  was kept >150.
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ly equal to  the  reaction probability per beam  burst 
tim es the  m ultiplicity. In  order to  have the  dou- 
ble-to-single even t ratio equal approxim ately to 
0.001, th e  ratio A /C  should  be kept above ~  100. 
F rom  the  tim e spectrum  show n in fig. 7 it is also 
possible to estim ate  the  n um ber o f random  coinc- 
idences due  to  radioactivity (B).

5. E xam ples of m easu rem en ts
E xperim ents have been perform ed w ith eight 

N al(T I) detectors or eight liquid scintillation detec- 
tors. T he la tter were used  in conjunction  w ith ex ­
perim ents w here targets were bom barded with 
118 M eV ’^C and up to  eight n eu trons were evap- 
orated from  the  com pound nucleus, while the 
N al(T l) detectors were used for (a, 3n) and  (a , 4n) 
experim ents.

5.1. ExPERIMENT USING e i g h t  Nal(TI) DETECTORS 

A self-supporting m etallic target o f ' “ Er (en-

richm ent > 9 6 % ), was prepared to a th ickness of 
^  3 m g /c m ^ . T he target was bom barded w ith 
51 M eV ar-particles, i.e. the  op tim um  energy for 
producing the  ‘^^Yb fm al nucleus. T he Ge(Li) d e ­
tecto r used  in th is  and  in subsequen t experim ents 
has at 1.33 M eV  an efficiency o f 1196, a resolution 
o f 2.0 keV (fw hm ), th e  peak height to  C om pton  
edge height ratio o f  37:1 and  peak to  total ratio o f 
-0 .0 7 .

D uring the  experim ent, ===33 m illion even ts 
were recorded on m agnetic tape. T hese tapes were 
subsequently  analysed and  the  various spectra 
corresponding to  /? =  1, 2, 3 ... were ob tained (fig. 
8). T he results o f  the  analysis for the  first tw o mo- 
m en ts o f  the  m ultiplicity d istribu tion  are sum m ar- 
ized in figs. 9 and  10. T he total m ultiplicity is 
found  to increase w ith increasing spin valué, while 
the  w idth  o f the  d istribu tion  is co nstan t ( a ~ 4 ) .  
For detailed Inform ation how  to ex tract the  side- 
feeding m ultiplicity , we refer to  ref. 10.

3-FOLD 51 MeV a-particLes on Er 
colncidence with y - r a y s  

N a l ( T l )  detectors

6x10',2 -

2-FOLD

O
O

6x10-̂

a
1-FOLD 4*—2* 

228.1
6*—r
337.2

6x10 ‘

a*
i30.i 10--8‘

20*-18-'
5888

507.5 12*-1(r;

i6*-ir
¿9¿.5

569.3
18*-16* ir-*12*

6032509.1

1000 2000
C H A N N E L  N U M B E R

3000 ¿000

Fig. 8. Examples o f coincidence spectra from the '^^Er(ar, 4n) reaction at £ ^  =  51 MeV.
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5 . 2 .  E x p e r i m e n t  u s in g  e i g h t  l i q u i d  s c i n t i l l a t o r  d e -

TECTORS

A self-supporting  '^^Yb target (enrichm ent 
> 9 6 % ) w as bombardee! w ith  l lS M e V  '^C ions. 
N eu tró n  and  gam m a ray patterns from  the  m ulti- 
coincidence arrangem en t w ere recorded on mag- 
netic tape. T he singles spectrum  o f th e  gam m a 
rays and  spectra o f  the  first folds were recorded si- 
m ultaneously  in a m uU i-channel analyser. T he 
tim e d istribu tion  was m onitored  separately on a 
PD P-9 Computer.

T he resu lts  for the y-ray m ultiplicity sum m ar- 
ized in fig. 11 show  th a t th e  average gam m a-ray 
m ultip licity  <M> increases from  15.5 for the 
2+ -»0+  transition  to 19 for the  1 4 + ^ 1 2 '^  transi- 
tion , w hile th e  w id th  o  is co nstan t and  around 6 
un its.

5 . 3 .  N e u t r ó n  m u l t i p l i c i t i e s

T he n eu trón  coincidence spectra obtained dur- 
ing bom bardm ent o f ‘’^Yb w ith 118 M eV '^C are 
displayed in fig. 12. A n analysis o f  the  strong 
lines, w hich all correspond to  transitions from  the 
i76Yb(i2c, 8n )’*°0s reaction is show n in fig. 13a.

u
12

10

^ 8
V

e
b  4 

2

“ E r ío . in f^ -b ;  E« = 51MeV 
ground band

f

i M  I

2 4 6 8 10 12 14 16 18 20 
SPIN OF INITIAL STATE

Fig. 9. Experim ental valúes o f the m ultiplicity {M) and width 
a  o f the  m ultiplicity d istribution as function o f spin /  for the 
'^^Er(ar, 4n)'^^Y b reaction at 51 MeV.

10

8

V
'  4 

2

-^®®Er(a,4n) ^®®Yb,Ec = 51 MeV 
ground band

o 2 4 6 8 10 12 14 16 18 20 
SPIN OF IN ITIAL STATE

Fig. 10. M ultiplicities o f side feeding of the ground band as a 
function o f spin /  for the  '*^Er(ar, 4n)'^^Y b reaction at 
51 MeV.

T he quan tity  {M Q),  w here M  is the  n eu tró n  m u l­
tiplicity and  ü  is the  liquid scin tilla tor efficiency 
for n eu trón  detection , rem ains co nstan t w ith in  the  
errors for all th e  transitions. T he sam e analysis 
was m ade for th e  ' “ G d ('^ C , 8n )‘ ‘̂*Yb and  
' “ G d('^C , 6n)'^^Yb reactions a t 118 M eV incident 
energy and th e  ratios o f  corresponding transitions 
from  the  tw o reactions are show n in fig. 13b. T he 
ratios are cióse to  8 / 6 =  1.3 as expected  for reac­
tions w hen  8 and  6 n eu tro n s are evaporated  re- 
spectively. T he se t-up  m ight th u s  be used  as a 
tool for reaction identification . In particular, the  
reaction channels o f  th e  type (H I, oocn) and 
(HI, 2 p (x + 2 )n ) could be d istingu ished  w ithou t de- 
tecting the  a-particle.

Since five o f  the  eight detectors are in one plañe 
it is possible to directly ob tain  th e  angu lar distri- 
bu tions o f the  n eu trons (fig. 14). It shou ld  how- 
ever be born in m ind  th a t no correction for the 
change o f detector efficiency w ith  n eu tró n  energy 
has been applied while significant variations o f  the  
n eu trón  energy spectra w ith th e  laboratory angle 
m ay be expected.

T he m ulti-detecto r system s o f the  types de- 
scribed m ay also be applied as valuable spectros- 
copic tools, e.g. as m ultiplicity filters accentuating  
detection  o f  transitions betw een very high spin 
sta tes or locating high spin isom eric s ta tes etc. 
T he description o f such applications, w hich is out-

Fig. 11. Measured valúes o f  the m ultiplicity <M> and width a 
o f the multiplicity d istributions as a function o f spin I  o f in- 
itial states for the Y b('^C , 8 n ) '* °0 s  reaction at 118 MeV.
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Fig. 12. Gam ma-ray spectra, in m últiple coincidence with neutrons detectad with liquid scintillators, resulting from the bom- 
bardm ent o f >’^Yb with 118 MeV '^C.

T able 1

Calculated contributions 5* to the final error á //3 from various coincidence folds for Í2 =  0.004, =  10^. á //3 = (2 5 /t)^

(M ) N 5, ^3 S4 Ss ^6 ■S7
7

*=i

5 8 4 50 114 90 12 1 0 271
16 1.6 7.2 3.0 10.0 3.3 0.4 0.0 25.5
24 0.9 1.8 0.1 2.2 1.4 0.3 0.0 6.7

9 8 75 480 264 1027 450 75 6 4 377
16 28 38 1 49 72 32 7 227
24 14 3 4 3 17 15 6 62

15 8 875 2 202 10 4 435 5 187 2 014 395 15 118
16 267 31 120 15 316 423 239 1411
24 110 11 21 10 13 82 106 353
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side th e  scope o f  th is  paper, will be treated  sepa- 
rately.

R esults ob tained  w ith  th e  system s described in 
th is paper will be published e lsew h ere '“).

T he experim ental set-ups used  are parts o f  a 
larger project carried ou t in collaboration w ith the 
KVI laboratory, G roningen . T he experim ental fa- 
cilities o f  th e  KVI laboratory will be presented  in 
a separate paper. T he presen t au tho rs benefited 
greatly from  experience gained during experim ents 
in G ron ingen  and  from  discussions w ith especially 
Drs. W . J. Ockels and M. J. A. de V oigt, as well 
as w ith th e  participants o f th e  m ultiplicity work- 
shop in Swierk, June  13-16, 1977.

Appendix
A nalysis o f  the accuracies required to determine higher 
moments o f  the gam m a ray muhiplicity distribution

A ssum e th a t we w ant to  d istinguish  betw een 
two triangular m ultiplicity d istribu tions, an asym - 
m etric and  a sym m etric  one as show n in fig. 15, 
w ith th e  sam e m ean valué and  variance. T he

4tD 

■i 30

I  20 

10

TRANSITIONS IN
GROUND BAND

4* 6' 8* 10* 12* i r  16*

SPIN  OF INITIAL STATE

a

10 12 14 16 

SPIN OF IN IT IA L STATE

Fig. 13. (a) M easured valúes o f {MQ) as a function o f spin of 
initial State for the 8 n ) '* °0 s  reaction at 118 MeV.
M  is the neutrón  multiplicity and Q  is the liquid scintillator 
efficiency for neutrón  detection. (b) Ratio for
corresponding transitions from the two reactions 
' “ Gd('2C,8n)i*>''Yb and ' “ GdC^C, 6n)>“  Yb at 118 MeV in- 
cident energy. The dashed line indicates the theoretical valué 
8 /6 =  1.33.

skew nesses o f  these  d istribu tions are -0 .5 6 6  and
O, respectively, and  the  difference o f  th e  th ird  m o ­
m ents zl/Í3 =  l / í f " ’ — =  0.566 . W hat is 
the  experim ental accuracy required for th e  m ulti- 
fold spectra?

It follows from  eq. (I3c) th a t the  experim ental 
error in /I3  is given by the  expression

2
2 SQ

t̂ot
+  /̂ 3 Q

I Pmax

+

d h

k= l
w here
flN. =  [3<AÍ> « M >  -  1) +  1 -  3rr^] -

Q

(22)

(23)

In an idealized case w hen  th e  relative errors 
<5Aot/Aoi =  0 > 8 £ 2 /ü  = 0, and á/* = v7 /t, expression 
(2 2 ) can be rew ritten as

k= 1
(24)

Two sets o f  calculations were perform ed, w ith 
(M )  =  5, (T̂  =  3 and (M)  = 1 5 ,  = 28, for various 
num bers o f detectors, N ,  and  average efficiencies.

Fig. 14. Angular distribution of the neutrons em itted in the 
"^ C d ( '^ C ,x n )  reactions at 118 MeV.

Fig. 15. The sym m etric and asym m etric triangular distribu- 
tions with the same mean valué (M ) and variance . The skew­
nesses o f these d istributions are O and —0.566, respectively.



M U L T I - D E T E C T O R  A R R A N G E M E N T S 495

100

0.1

o 5 10 
NUMBER OF DETECTORS
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—  n = 0.006
----Nflc 0.032

I <M> =5
n <M> =15

Fig. 16. Dependence of on the detector num ber N  and 
efficiency Í2 for the triangular distribution with 0V /)=15, 
<7̂  =  28. The solid lines correspond to Í3 =  0.004, the broken 
Unes correspond to a constant product N  =0.032.

Q. Fig. 16 show s the dependence o f on the 
detector num ber and efficiency for the triangular 
d istribu tion  w ith {M )=  15. Fig. 17a show s the  ra- 
tio 5 n i /A n ^  plotted vs N ,  for a typical num ber of 
coun ts un d er the peak in th e  total (singles) spec- 
tru m  /(ot =  10^ In order to  d istingu ish  betw een 
th e  sym m etric and the  asym m etric shape of the 
d istribu tion , th is ratio shou ld  be kept well below
1. T heoretically , th is can be achieved, e.g., by in- 
creasing the  detector num ber. In practice, how- 
ever, the  gain is slow because the  very weak high- 
er folds (6-fold, 7-foid, ...) con tribu te  th en  w ith in- 
creasing w eights to the estim ated  error. T his is il- 
lu stra ted  in table 1 w here relative contribu tions to 
the  final error from  various coincidence folds are 
calculated for severa! valúes o f  N  and {M). T he ra­
tio depends also on the  expected m ultiplicity va­
lué.

In the  idealized sam ple case o f fig. 17a w ith 
<A/)= 15, a m eaningful de term ination  o f the  th ird  
m om ent is a tta ined  for N > 2 0 ,  Í2 =  0.004. It 
shou ld  be noted  tha t the  figures o f m erit for skew- 
ness for A"í3 =  const. are nearly independent o f N  
for the  N  valué sufficiently large. T hus an  alterna- 
tive though  usually less practica! way o f improv- 
ing the  conditions for determ in ing  is to in- 
crease the  detector efficiencies.

Fig. 17. Calculated errors in (a) and m2 (b), expected in the 
idealized case for two triangular m ultiplicity distributions with 
( M } = 5 ,  0-2 =  3 and ( M} =  15, = 28. The assum ed num ber 
o f counts is =  10^. The seeming superiority o f the lowest 
N  is not real and it is caused by setting < ( M )  in eq. (7).

In genera! it may be concluded tha t except for 
very large <M) valúes a practica! determ ination  of 

requires specially designed, very efficient m ul- 
tidetector arrangem ents. W ith  the  set-ups present- 
ly described the  statistics necessary for such a de­
term ination  would be alm ost prohibitively large.

Fig. 17b show s results o f  a sim ilar analysis for 
the  relative error o f  the  second m om ent. Reason- 
able smal! errors are here easily attainable even 
w ith ra ther !ow detector num ber and m oderate 
statistics.
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