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A MONTE CARLO SIMULATION OF THE EUROBALLNEUTRON WALL DETECTOR SYSTEM:HOW TO IDENTIFY SCATTERED NEUTRONS�Joa Ljungvalla, Mar
in Pala
zb, and Johan Nybergaand the Neutron Wall CollaborationaDepartment of Radiation S
ien
es, Uppsala University, Uppsala, SwedenbHeavy Ion Laboratory, University of Warsaw, Warsaw, Poland(Re
eived January 27, 2003)A Monte Carlo simulation of the EUROBALL Neutron Wall has beenperformed using GEANT4 to study the problem of s
attering of neutrons.It has proven possible to identify a large fra
tion of the s
attered neutrons.This 
an be used to enhan
e the two neutron 
ompared to the one neutronrea
tion 
hannel in events where two neutrons have been dete
ted by a fa
-tor as large as 35, to the 
ost of loosing 80% of intensity in the two neutronrea
tion 
hannel. For events with three neutrons dete
ted an enhan
ementof three neutron 
ompared to two neutron rea
tion 
hannels of 20 is pos-sible to the 
ost of loosing 92% of the three neutron intensity. The resultsof the simulations have been 
ompared to experimental data.PACS numbers: 29.30.Hs, 29.30.Kv, 29.40.M
, 07.05.Tp1. Introdu
tionIn experimental studies of the stru
ture of neutron de�
ient nu
lei farfrom the line of � stability, the identi�
ation of the nu
lei produ
ed in theheavy-ion fusion-evaporation rea
tions 
an be done by dete
ting the emittedparti
les. In su
h experiments a heavy ion fuses with a target nu
leus toform a 
ompound nu
leus, whi
h then emits parti
les to form a residualnu
leus that �nally emits 
 radiation. The 
ross se
tion for produ
ing theneutron de�
ient nu
lei is very small, due to the 
ompetition with 
hargedparti
le evaporating 
hannels. Therefore it is important to dete
t, with ahigh e�
ien
y, the neutrons that are emitted when these nu
lei are produ
ed.One way of doing this is to use a large array of organi
 s
intillator dete
torssu
h as the Neutron Wall [1, 2℄, an an
illary dete
tor system used with the� Presented at the XXXVII Zakopane S
hool of Physi
s �Trends in Nu
lear Physi
s�,Zakopane, Poland, September 3�10, 2002.(2453)
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z, J. NybergEUROBALL 
-ray spe
trometer [3, 4℄. To do 
-ray spe
tros
opy of nu
leilying 
lose to the proton drip line it is also important to separate rea
tion
hannels with di�erent numbers of emitted neutrons. This is 
ompli
atedby the possibility that the neutrons 
an s
atter between many dete
tors andgive rise to a signal in a few of them. To better understand these multiples
attering pro
esses in the Neutron Wall and, if possible, identify methodsto improve the dis
rimination between 
hannels with di�erent number ofneutrons emitted, the Neutron Wall dete
tor array has been simulated usingthe Monte Carlo 
ode GEANT4 [5℄.2. Experiment and simulationThe Neutron Wall was simulated using a simpli�ed geometry. The mostimportant simpli�
ation was that the other dete
tors in the EUROBALL
-ray spe
trometer and the support stru
ture were not in
luded in the sim-ulation. The Neutron Wall 
onsists of 16 dete
tors, 15 pseudo hexagonal,subdivided into three dete
tor segments, and one pentagonal dete
tor, sub-divided into �ve dete
tor segments. The Neutron Wall 
overs � 1� of thesolid angle in the forward hemisphere of EUROBALL. It uses BC501A [6℄ ass
intillator liquid and the thi
kness of the dete
tor segments is 147 mm. Thisgives an intrinsi
 e�
ien
y of about 50% at a neutron energy of 3 MeV. TheMonte Carlo fusion-evaporation 
ode evapOR was used to generate neutronemission spe
tra in the rea
tion 58Ni (220 MeV) + 56Fe (10 mg=
m2) andneutrons sampled from su
h spe
tra were used as input to the GEANT4simulation. In addition to the neutrons, one of the Neutron Wall dete
torsegments were assumed to be hit by a 
 ray that was mis-interpreted as aneutron every 200th event. For ea
h simulated event the time of �ight ofthe neutrons and the energy deposited in the Neutron Wall by the neutronswere stored.The results of the simulation were 
ompared to the experimental dataobtained in a EUROBALL Neutron Wall experiment run with the samerea
tion. 3. Methods used to identify s
attered neutronsTwo methods were used to identify s
attered neutrons. The �rst methodis based on the fa
t that s
attering of one neutron between the dete
torsegments are mu
h more likely for dete
tor segments whi
h are 
lose to ea
hother. Therefore reje
ting events in whi
h two 
lose lying dete
tor segments�red, will in
rease the ratio of true two neutron events to events with ones
attered neutron. This is usually 
alled neighbor reje
tion. The se
ondmethod uses the 
orrelation of the distan
e and the time di�eren
e (� TOF).The distan
e is measured as the number of dete
tor segments, NS, that arein between the �ring segments. This is illustrated in �gure 1. In this �gure



A Monte Carlo Simulation of the EUROBALL Neutron Wall : : : 2455the problem of mis-interpreted 
 rays is also seen. The two neutron eventsthat are due to mis-interpreted 
 rays have a time di�eren
e distributionthat is mu
h more similar to real two neutron events. These methods 
ouldalso be generalized to three neutron events. This was however only triedusing results from the simulations, be
ause events with three neutrons 
ouldnot be identi�ed in the experiment.
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Fig. 1. The �TOF distribution for events with two neutrons dete
ted as a fun
-tion of the distan
e between �ring dete
tor segments measured as the number ofdete
tor segments (NS) lo
ated between the �ring dete
tor segments for s
atteredsingle neutron (left) and two neutron (right) events. The experimental �TOFdistribution is from a 2p2n parti
le gated data set.4. Results and dis
ussionThe enhan
ement ratio R(x) = [Iin;jn(x)=Iin;jn℄ = [Ikn;jn(x)=Ikn;jn℄, isused to measure how a

urately the s
attered neutrons are identi�ed. It isa double ratio between four experimental intensities, or in the 
ase of thesimulation, just the number of events that �t the 
orre
t 
riteria. The indi
esi and k tell how many neutrons were emitted in the rea
tion while the index jtells how many neutrons were dete
ted. The x stands for any extra 
onditionapplied, su
h as a 
ondition on the �TOF or on the distan
e NS betweenthe �ring dete
tors. It is possible to enhan
e 2n rea
tion 
hannels 
omparedto 1n with a fa
tor R of almost 35, with a redu
tion of the 2n intensity� 85%. An enhan
ement fa
tor for 3n rea
tion 
hannels 
ompared to 2n
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z, J. Nybergof about 20 is possible to a
hieve while loosing about 92% of the intensity.The results are summarized in Table I.By 
omparing results from simulations in
luding or ex
luding 
 rays, it is
lear that the mis-interpreted 
 rays are responsible for a large deteriorationin the 
orre
t identi�
ation of the number of neutrons that were emitted ina single rea
tion. It therefore seems that the shielding of the Neutron Wallagainst 
 rays should have a high priority. TABLE IEnhan
ement of 2n and 3n events 
ompared to s
attered 1n and 2n events usingneighbor reje
tion and �TOF gates. Column 3�5 of the upper part of the tableis the numerator of the ratio R(x) for simulated data without 
 rays in
luded,simulated data with 
 rays in
luded, and experimental data, respe
tively. Column6�8 is the ratio R(NS;�TOF) for the same three 
ases. The lower part shows theresults for 3n events and 
ontains no experimental data. The experimental resultsare from a 2p2n parti
le gated data set.NS �TOF I2n;2n(NS;�TOF)=I2n;2n [%℄ R(NS;�TOF)Gate [ns℄ Sim. Sim. + 
 Exp. Sim. Sim. + 
 Exp.�1 >15 46 46 32.4(7) 56 14 5.2(9)�3 <10 35 35 21.0(5) 1 23 34(3)�5 <15 16 16 8.7(1) 1 22 36(5)NS �TOF I3n;3n(NS;�TOF)=I3n;3n R(NS;�TOF)Gate [ns℄ No 
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