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A SCINTILLATION COUNTER ARRAY FOR’ DE’I‘ECTION
OF HIGH ENERGY NEUTRONS '

’Ant.hony S. L. Parsons * and Peter Truocel
| Lawrence Radiation Laboratory
University of California
Berkeley, California 94720 -

and ’

Peter A. Berardo, Roy P. Haddock Lynn Verhey, and
- Michael E. ZellerTT

University of California at Los Angeles, California

-August 1969

'ABSTRACT.
'Ao array of 32 liquid ocintillation cvouhters used to detect .neutrons
in the energy range 20 to 340 MeV is described. Each uﬁif oohsisted'of
a cyliﬁder 45 cm long and 7 ¢m in dié;'neter, with the axis of the c&rlinde_r
parallel to the incident.heutron directi’on,’ Thé array was caiibratod in
the above energy range by use of neutron proton elastic scatterlng The
average efficiency was 0.45, Some secondary properties of the array

have been studied and are described.
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TOn’ leave from Schweizerisches Instifut fir Nuklearforschung, Z'firic_h ‘
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Introduction

In order to measure differential cross sections for the process |
T p - ny we have constructed and calibré.ted an array of neutron de'tec-é

tors. The requlrements of this experiment dictated the follo\mng des1gn

and operational cr1ter1a for the neutron counters

1. High detection efficiency for neutrons ranging in energy from

20 to 340 MeV.

2. Good spatial res'olution per counter, with a tetal»array si'ze:,
which would match the solid angle of the si)efk chamber -
which detected the ph’oii:on. | | | |

3. Well—deter_rnined detection effiéiency.ovelr the ne-eessa,rj
neutron energy region. | -

The constructien and’ caiibration ‘of.sirvnilar' detecto.rs-' ha's)hb'ee;h_v

described by several aUthors?f,S);- however, the de‘manlds' ‘of geo'd' sp'afiall

resdlution, _high efficiency, end' eceu_rate efficiehcy'determination were
not so greet in theif werk as 'in'this epplieation.
| The method of cahoratlon used was neutron proton elavstlc seat-

tering. Detection of the rec011 proton tags the presence of a neutron in

a well-defined direction, and a counter placed in -thls “beam"' of neu-.

*
3 ¢

' trons may be calibrated. This method of tagglng has been prev1ously

used by other auth:ors6).,

Design and Construction

To make the angular resolution of the neutron compatible with
other contributions to the resolution, a 20-mr definition was required.
Considerations of the solid angle, time-of-flight path, and- rﬁatéhing of

array size to the photon s_park—cha.mber solid angle led to the choice
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of a neutron detector consisting of a 7-cm-diameter cylinder,'45 cm

long, placed 365 cm from the target. The detection array contained 32

such cylinders mounted 9 cm ap_art"(center to center), as shown in fig. 1.~

This spacing was chosen after preliminary measurements on the proba-
bilities of scattering of incident neutrons from one counter into another.
The scintillating material chosen was a liquid, NE 2247), The

base for the liqui_d was pseudo-cumene, which has the advantage over

other possible solvents that it does not interact significantly with Lucite

and other materials. Liquid scintillator is sﬁperior to most solids, as

it has a higher hydrogen content and lower light-absorption coefficient in

the spectral region of the scintillations. The major dré.wba.ckv of liquids

is their iarge dependence of volume on temperature. This required

installation of vent lines on each counter to permit expansion of the

“liquid without breaking the container. Air-conditioning the region

around the 'neutron-coun‘l_:er array minimized the effects of temperature
fluctuations during.the experiments.
The basis for the construction was a Lucite tube -of 7.6 cm outside

diameter with a 0.32-cm wall. Details are shown in fig. 2. Before the

design was completed, tests were made on prototype counters. The fype v

of reﬂecfive sﬁfface placed around the tub_é was studieci as a function _obf
""absorption len'gth"' along the tube for scintillations from aléOCo s_burc‘e.
A spectral reflecting surface was chosen. ‘The stabllltyof the-re‘jsp‘@_ns‘e
of the liquid scintillator when it was in contact With various componenfs :

of the counter-~i. e. Lucite, Lucite cement, air, etc. ——wasﬂ also studied.

For the materials used in the counters, no significant loss in response

was observed during several months of testing.




-4 : - - UCRL-19259

The photomu;ltiplier tube used was an RCA 8575. This tube was
chosen because of its hlgh quantum eff1c1ency (approx1mately 28% hlgh
gain (approximately 10 ), and low dark current (approxnnately 10" 9 A).

An important factor in the design of the system was the type of
discriminator to be used with fhe phototube. We chose an EGG type
140 discx_'iminato-rs) which has the following. property: the‘presence of
~ an output pulse is d'eterm.ined whenbthie leading edge of the pulse ex‘ceedsv.
a given pulse heigﬁt (é;s in a conventional aiscrirﬁinator); the tirn‘ir;g .of‘
the output. pulse' is determined when the input pulse, appropriately cli'ppec.l.
crosses zero. The single unit has }the‘proper.ties of a system that“would'
normally require two discrifninators ahd_ an "AND" circuit. The EGG~
140 is ''fixed level", and the bias on a given eountef ‘Wa'.s adjusted by
varying the high voltage on the phototube. The dynqde signe.ls \';ve:.c_e. ﬁeed '

to give puISe-height infol_'mé.tiori,

The biases on the 32 counters were set to be eqiié.l in the fpliowing '

manner. With a 60Co source placed at a stanvderdugeometrical pe.siti_@n‘
on a eounter, two pulse -height dlstrlbutlens ‘were obtained: one g‘ated by
the anode dlscrlmlnator, and’ one ungated ‘The hlgh voltage on the tube
was then adjusted until the lower limit of the gated_spectrumvcorresvpo‘nde‘d
to fhe upper limit of the ungated 60Co distribution (seefig. 3) "The lower
limit is determined by‘ the ;liscrimination le\fel oe the anode signal; the
upper limit represents vthe Compton svcaf:tei"irig end poiﬁt of 6"OCo., Each
tube__'i{sl thereby set at an elect_ron_bias level of.abeut 13 MeV.. Tﬁe re-
producibility of this method in terms of the efficiency of the ceuniv:‘ersA forl

neutron detectlon was checked exten51ve1y at 112 MeV neutron klnetlc

energy and to a lesser extent at 50 and 20 MeV. Comparlson of the

s -
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efficiencies of ten counters as well as the efficiency of one counter on

several different oécasions is shown in fig. 4. This method alldwed the

- bias, in terms of the threshold for a given Ienergy depositied in the scin-

tillator,b to .be set at the same levél fdr each counter regaifdless‘of the
gain of the phototube or the discriminator 1:hresho'1d°
Calibration |

The array was calibrated by use of néutron—proton elastic scat-
tering. . The setup is shown in fig. 5.

The neutron beam was 'obtained from the Berkeley 184-inch
cyclotr‘on.' Apart from one calibration measurement at 340 MeV neutron
kinetic 'énergy,A’ the beam Was: thained by stripping 450-MeV v'deﬁtgl.'ons
on an internal beryllium target, - This yielded a beém of 204-MeV neu-
trons with full vs}idth at half height of 60 MeV. - After collimation, the
beam a.t-thé liquid h}fdro'gen targvet was 3.2 cm high and 2.5 cm_Wide;

A Polaroid film exposed just downstl;eam from é CH converter in the
beam line determined thes'e dimensions. For the 34.0—MeV measurements
the neutrons were p'x.'oduced‘by 730;-MeV protons dvn berylliufn, | The spec-
trum in this case had a peak at 650 MeV, a full width at half height of
about 100 MeV, anld a long low-energy tail. For this energy, collinvna—v
tion was less effective, and the‘ limits of tA:'hewbeam at the target were
consequently less well defined.

. The hydrogen target, a 10.15-cm-‘-diamefer,;ver.tic;g’lt cyl;}nder 20

cm high, was the same as used in the main experiment. To

allow a variable target thick.ness, the target cylinder was divided by a

- 0.02-cm-thick vertical 'Myl'a.r wall perpendicular to the beam. For the

calibration experiment both halves were filled. The vacuum jacket was -
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made of 0.12-cm a-luminum with 0.07-cm Mylar entrance and exit windows.
The recoil scattered protons were detected in a differential- range tele-
scope. This telescope cons1sted of a 2.5X2.5-cm counter placed 14.3 cm
from the target, counters in front of and behind the range at about 200 cm
radius, and an anti-counter hehind the differential range. .The counter
close to the target (P1) and the well-collimated incident neutron beam
defined an interaction volume in the target which excluded the flask Wa115).
This definition reduced the back'g:round»due to events not associate'd.with
hydrogen to about 1% . |
The direction of the proton ivn'a given event was dete rmined .by vthe
counter .Pi and an 8 X8 array of LZ?—ctn crossed hodoscope counters
~placed in front of the differential range counters at a radius ‘of 196 cm -

from the target center. The neutron counter array was placed 365 cm

from the target the same radlus as for the main experiment. The counter :

P1 also provided a start sig’nalfor measurernent of the neutron tirn'e .of'
flight. |

| | At 205 MeV incident energy, v‘ru‘nsdwer‘e taken at eight angles c\or'-_‘
responding to. scattered-neutron energies between 20 and 140 MeV : The‘
upper limit was set by the low energy of the recoil proton. At 650 MeV
incident energy the only practical neutron energy was around 340 MeV
This energy y1e1ded a maximum in the event rate, since the range in the proton
telescope was not too great, and the solid- -angle transformatmn factors

- were still favorable - At each angle the amount of copper range in the
Vproton telescope was set to give the .largest stopping-proton rate in the
differential range. The shape of the range curves obtained reﬂected. the

incident neutron spectrum. The differential range was 2.9 g/crn2 of copper.
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A PDP5 computer was used to monitor the é_.pp‘aratds and to pro-

vide a buffer for data storage on magnetic tape. Upon an event trigger,

normally a stopping proton, the addresses of the hodoscope and neutron

counters that fired and the neutron time of flight and pulse height were

r_ecorded. and monitored for system stability.
At each angle more than 5><104 prqtoﬂs were sfoi)ped,- yielding
about 104 events in which a neutron also wa.‘.sv detected. |

‘Measurements with empty target were also taken; they showed a
contribution of 1 to 2% to the event rate with target full. Random neu-
trons were less than 1% of the events, and were monitored by use of the
time -of -flight information.

The calibration experiment was used to fneasuré the efficiency of
the array and to check the spatial—.andv,time-re.solu_tion function for re-
construction of the two-body kinematics in the radiative -capture experi-
ment. The béckground-—free sample of two-body events .from the neutron-

proton scattering data was well suited for this check.

Efficiency Calculation

The measurement of the efficiency was closely coupled to a Monte

Carlo simulation of the experiment. = This prografn to generate events

included the foilowing effects:
(a) A uniform spati.al distribution of néutroné ‘- in the beam over
the area measu_fed.
(b) The measured energy rd‘istribt;.tion of neutrons.
(c) Multiple scattering of protons in the target, yaéuum jacket,
and counters. - | |

(d) Energy selection of p_.rotons due to the differential range.
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(e) Interaction of neutrons in the target and vacuum jacket,.
(f) Computation of the geometrical potential path iength (PPL),
“ of the neutron in a neutron counter, expressed -as the fractlon
of actlve counter a given neutron can traverse if. 1t does not
interact. |
. (g) Neutral cross-scattering in the neutron-counter array; in
this process a neutron enters one COunter and scatters into

another without the recoil's being detected, but a 51gna1

is produced in the second counter. ThlS effect was measured

in a secondary experiment' to be descrlbed,
Be51des the obvious geometrlcal effects, (c) and (g)'wer_e the main
‘ contrlbutlons to the resolution functlon.

. Since the iength of a counter was much 1a\rge‘r.than-its radius,
the PPL had a nonnegligible probability of being‘less than vcone° | The
average f’PL determined from the Monté Carlo program was uSed to’
line-a.rly normaiize all 'efficiencies to a'fuil counter length of 45 cm. The
final eff1c1ency is thus the ratio of the experlmental to the’ normahzed
' geometrical eff1c1ency., Th1s eff1c1ency is ‘shown in flg 6 and table 1 as
a function of neutron kinetic energy. The calculated eff1c1ency9) for a
"single counter of the appropriate size is shown in fig 6 The eff1c1encyw
of our total array is expectedly hlgher, ‘since we detect many of the out-

scattered neutrons elsewhere in the array.

Event Reconstruction and Monte Carlo Check

Slnce the eff1c1ency is strongly dependent on the Monte Carlo
calculatlon of the mean PPL, it is important to check that the program
correctly s1mu1ates the data. Such a check is made with an event-by-
event fitting program. Both the Monte Carlo- generated events and the .

data were subjected to the same. analysis routine. This routine used the
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measured quantities for each event,. including the beam direction, méan
beam momentum, angles of scattered neutron and proton, ‘a.n‘d ne}liuvtron“
time of flight to compute an overall XZ for the event to fit the elastic |
scattering process. The errors used in computing this xz Wé_re geo-
metrical only, i.e., neutron and protén scattering were notv included.
The extent to which events -lie anomalously far from_a XZ of zero there-
fore reflects the arhount of such scatterings. = The comparison of xz
distribution for the data and the Monte Carlo calc'ul’ation is sho\;/n- in fig.
7a-c for three energies.

A second check on the Monte Carlo program was m.adé by analy‘zing
data taken with the.‘ array at a 198-cm radius. The g_eo_metrica.i effects of
this decreased distance are quite large, but since the Monte ._Ca‘rlo pro-
gram effectively removes the geometrical dependence from fhe efficiency |
per PPL, a comparison of the efficiencies measured‘a_.t the two radii is
a check on _the Monte Carlo calculation. Fig.uz.'é 7d compar.es the XZ
distribution for the dé.ta and Monte Carlo -fof ‘60-1.\v/IeV h‘eutron‘energ'y‘
with thé ér‘ray at 198 cm. |

Neutral and Charged Cross Scattering

Neutral cross-scattering is defined as the detection of a neutroﬁ
in a counter other than that which it entered; charggd crdSs-scatteririg'.
is a similar effect except that tile recoil is also dete.cte.d ih;t_he first
counter. Both»proc.eése‘s have the effect pf bfoade_nipg t}‘1.eibs1;atial reso-
lutién function. .11;1 practice the charged scattering is less serious, since
the count_ef ‘which the neutron first éntered can be found By choosing the
~counter that gives the b‘e st fit to the two-body kinematics hypothesis.

Some propérties ’of the charged cross-—scaf‘cei‘ing are S‘L}mmar‘izved. ,
in figs. 8 and 9. Figure. 8’shows the frequency of charged cr‘oss.-'sc;lat-

terine or multiple events versus the kinetic energv of the neutron.
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Figure 9 shows the spatial and time difference between two counters
participating in a double-counter event for two energies. ' The Sha.rply
peaked tirﬁe—differénce distribution indicates ’th.at thefe isb only a small -
contribution to the doubles from random neutrons. The spatial 'di.stributi‘on
sho\ws that large spatial displacements are not uncommon, and presumablg "
correspond to a neutron's traversing several counters before reconverting.
The peak at small dist_ances contains the contributions from the charged
recoil particles reaphing adjacent counters.

To study neutral crOss-s%:attering the neutron co,untéx; array w'aé
placed at 198 cm from the target, thus increasing the rate at which neu-
trons entered the central countelx.'s.. ~For each energy two runs of about
105- events were recorded, one Wit-h the ;:omplete array, the second with
one of the central counters removed. The loss of events in all the counters
due to the remox}al of one counter, co'i"rectved for charged cross-sciatte.r'ingv
from that'counter‘, was faken as a méas’ure of the neutral cross 'scéttérir\lg.
Distributions were mea_sured at three energies, and a‘,re. presented in |
fig, 10. The assumption is made that t':hese‘ diétributions measured at
198 cm radius can be used to describe cross-scatteifin;g at 365 cm. m114:“:'15
unlikely that the- radiﬁs of the array is of primary ifnpori:ance for this

process. The probability of neutral cross-scattering v.evrs'usk energy‘i:s‘

o
> -

shown in fig. 11.
Application

The efficienéy quoted 1s the efficiency fdr detection ovf. the neutron
anywhere within the array, not necessarily within the counter initially
entered. This efficiency can bé carried over to the main experiment;

as long as a suitable resolution function is used and some correction
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féctors are applied. These corrections, arising from the lack of exact
correspondence between the two experimental arrangements, will now be
described.

The most significant‘ correction arose from the difference in the
distribution of neutrons entering the array,v In the radiative-capture ex-
periment the distribution was essentially uniform; in the calibration ex-
perimeﬁt the selection of events by the proton telescope pfodubed a dis-
tribution which was peaked at the center of the array, and fell 'almost to
zero at the pe rimetel;, simulating an infinite array of counters. Since
the efficiency is defined for detection .of a neutron anywhere within the _
array and because the neutral cross-scattering is 10 to 20%‘, a cor-
re“ction factor must be applied for the relative losses of neutfons out
of the side of the array‘; this loss in each case was computed from the

measured neutral cross-scattering distribution. The relative correction

was between 2 and 5% with an error of 1% .

The distribution of events in the hydrogen target and consequently
the absorption of neutrons leaving the .tal;get were different for the cali-
bration and photoproduc‘tion expérirnents° This d‘ifference in distributions
was due to tﬁe different beam profiles, the geometric selection of events
by the proton teléscope, and (usually) use of only the‘ downhs-tream half
of the target in the main exper.iment‘whereas the targ'e't‘“was full during
calibration. The interaction of neﬁtrons was included in Monte Carlo
calpulations describing both expe r.ime’nts, and allowed a. rela;fivéJ cor-

rection to be made (less than 1% ).

Summary

The method of construction and operation of the neutron counters

has proved reliable and repeatab"lve in terms of counter efficiency and
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time res olutioﬁ., The calibration eXi;e riment has shown that' the neutron-
. counter array fulfilled the requirements of the e.xpei'ifhent for which it
was designed. Aléo,: the successful application of the above -mentioned
corrections demonstrated the pdsAsibility of using the same c.oun‘tersA in
other configurations.
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Figure Legends

1. The neutron counter array., (left) Neutron view. The letters
assign counters to one of four independent time—of-fvlight mea-
suring systems. [ For much of the data taking A, B and C.D
were combined to form two srystems only. ] (b) Plan view. The
counters focus on a target at 366 cm from the froﬁt face.

2. Details of the construction of one neutron counter.

3. Pulse-height spectra used in setting phototube bias.

4. Comparison of the efficiency at 112 MeV (a) for several
countér‘s, " (b) for one counter on diffe'rer‘ltlocc'asiohs.

5. Néutrén proton elastic scattering setup. The neutron counter

array is offset to allow it to be placed as close as possible to the

T beam in the radiative capture experiment.

6. Detection efficiency of neutron counter array versus neutron kinetic ene rgy.

7. )'(2 distributions for the n - p elastic 'scaf,tering data ;and for the
Monte Carlo-("‘]TT]T) simulation of the process. The Monte Carlodistri-

bution has beeﬂ normalized vto the same number of events as the
data (T 1),

8. Probability of multiple neutron counter events versus energy of
the neutron.

9. Relative spatial and time distribution of double neutron counterv
ev;ent's. One couﬁter unit is nearest neighbor, two counter units
is next nearest neighbor, etc. |

10. Neutral cross 3cattering_probability distributions.

11. Total probability of neutral cross scattering versus energy;
i.e., ratio of counts in secondary counters to counts in primary

counter.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "'person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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