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I. INTRODUCTION
The design of many types of neutrdndetéctorsl depeﬁds: upon mich £ac£or8
as the neutron energy of interest, the detectien efixciency. and the speed ‘of
‘response. Many types of organic and inorganic ecintmators ¢an be found for
various neutron caunting applica.tioné-i, However. for neutron energiea
greater than about l Mev, the scintmat:ion counter offers a telatively simple,
efficient, and fast detector. One of the princ_:ipal ptoblergs exiating in the use of
such a counter for the detection of proton recoils is the deterwion of its de-
tection efficiency. | _
The efficiency of plastic scintmato?s, for counting neutrons has been studied
by many workers for neutron energies below 14 Mev and for 'scintiilater. thick-

4t 7 Here wé repari on the efficiency of plastic

nesses of the order of 5 em.
' scintillator blocks 15 cm thick, used for counting neutrons in the energy range
of 4 to 76 Mev. The plastic scintillator is ™ 97% polystyrene, = 3 %terphenyl,
and 0.03% tetraphenyl butadiené. This composition hae about equal numbers of
hydrogen and carb&n atoms. . '
| This efﬁciency measurement was‘necessary for our study of the reaction
n1+ p-frf' +?u;+ n. The apparatus used to observe this broceaa cor;eisted ofa
spherical array of 84 écintination counters covering v steradians at ab ft radius.
The plastic scintillator for éach of these counters was 15 cm thick, and varied

4 . _
~ in the other dimensions from 20by 10 em to 20 by 80 em. Since time-of-flight
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was used to distinguish the neutron from the pion in the above process, it was
necessary to determine the time distribution of phototube pulses from neutrons
of a given energy as well as to determine theif detection eifxciem:y

Below 10 Mev and for plastic scintillators up to 5 em thi‘ck. calculated
neutron efficiencies are in agreement with those e;:perimentauy deter;hined-é’ 5.7
One can obtain fair agreement by considering only “sing-lé n-p colli.s;ions while
ignoring the carbon content of the scintillator. However. at energies greater
than 10 Mev the neutron imer’gctiorxs with carbon become im;orta.nt- '

Our method of méasuriizg the neutron e-fficiency» utilized the neutron beam.
from the Lawrence Radiation Laboratory 184-inch cyclotron. The neﬁtrornq
impinge& on a hydrogen target‘. A proton-range telescope selected the forward-

scattered protons from the n-p reaction, thus monitoring the number of mono-

energetic neutrons scattered in a given direction.

11! EXPERIMENTAL ARRANGEMENT . ;

The experimental setup outside of the Cycloﬁron shielding is show_n'in
Fig. .1 - Neutrons were stripped from 450-Mev deuterons incident on a copper
target within the cyclotron. Ata dista.nce of 30 ft from the cyclotron, the
neutrons passed through a steel co).limator l- 1/& in. high by 1-1 /4 in. wide:
by 5 ft long. The liguid-hydrogen target was positioned beyond the collimator.
A eweepi'ng magnet was stationed betw;aén the collimator and the hydrogen target
to remové charged particles from the beax;x . |

The position and size of the neutron beam was checked by placing a hydro-
genous material immediately in frontof an x-ray film at the hydrogen-target
position. The film verified that't'he x;eut:én-‘be’a‘m pobitiou and size were de-
termined by the position and dimensions of the collimator.

Liquid hydrogen was contained in a 4-in ~diam Mylar container with 0.007 in.

walls. The outer vacuum jacket of the target was an aluminum aphere of 1/8 in.
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thickness except for the entrance a.nd exit windows which were also 0.007 in.
Mylar. The whole target apparatus was mounted on rails so that the target
could be temporarily moved aside. A transit could then be placed at the posxtiou
normally occupied by the target in order to accurately determine the acattering
angle of the proton (9 ) and of the neutron (5 ) _ '

The protonﬁrange telescope was iormed by the acintillation counters Sl'
SZ’ 83. and S, together with the coppe: absorbers Al and Az The SZ counter
was geometrically deﬁning,, 1t Waa 3/8 ‘in. high by 3/8 in. wide and located 103 in.
'from the center of the hydrogen target. Protons passiug through the small
solid angle subtended'by .counﬁer,;sa insured that t‘h&ccpjugate neutrons were
emitted within a small éone’ that couid be totally _interéépted by the neutron
counter to be calibrat-ed » '

A differential-ra.nge curve was taken with the proton telescope (9 ) set near
0 deg. A range bite of 2 08-g/cm copper (formed by absorber A, and part of
counter 83) was used to give a small spread in energy to the scattered neutrons,
in conjunction thh a reasonable counting rate. The absorber was varied at Al
for the range curve. 'I‘he méaix énergy of the neutron beam was found to be
205+ 6 Mev at Gp = 30 deg and 2052 3 Mev at 6p = 5 deg. The masximum spread in
energy of the scattered neutrons-obtained by folding in the geometrica}. effects
due to beam, hydrogen target, and counter dimepsionaf-was £ 1.2 Mev.at
T, * 6.8 Mev, and +5 Mev at T, =46 Mev.. |

For the above incident-neutron 'enérgy. the neutron counter was placed at
an angle '6n (See Fig. 1), at which the energy of the scattered neutron coincided
with that desired for the efficiency meagurement. The proton telescope was then
moved _éo the approp;'iate éoxajugate angle Bp 'diete'rm_ined by the kinematics of n-p
scattering for this energy. The appropriate change in the absorber A2 was made

for each of the neutron énergies measured.
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A simplified diagram of the electronics is shown in Fig. 2. A coincidence
of Sl. SZ' 253 with 54 iﬁ anticoinbldence"signale a p-roton of the _desired energy.

The output of this circuit then opens the gate G, dt a time i_6"naec after ’th'e beam
neutron entered the Hz target. Thus only neutfohs from appro:;imtelf 76 Mev

to 4 Mev can norméliy pass through G,, which was 40 nsec,v-‘wic'ler If neutron

in this range was detected by Ithe neuf;bn. counter, “its 31#::61 ;:v"eﬁ‘t.through_ .géte

Gi. after which it opened gate G, to let tbe original atopping-proﬁn éigngl through.

For neutron energies such that the neﬁtron pnlsé_a were neAax.' 't}ie_ en& of C’l‘
measgsurements were also made with G | position Ashifted :elative to the 'aiglnél in
order to accept any signals which might jitter outéidé of the gafe The stopping-
proton signal was the time '~referenc'e; Both signals then proceeded to a chrono~
' trons where their time difference was meaaured Appropriate delays for gate
openings of G 1 and . GZ and for the chronotron inputs were predetermlned by means
of nanosecond light pulaer39 inatalled in each of the counters.‘ The resulte of
this procedure were corroborated by subsequent actual measurements of the
time of arrival of given-energy neutrons.

A dia.gram showing the geometry of one of the neutron éoupteré used is
shown in.:Fig. 3. This was oixe of the larger bio'é};s tested. fhe scintillator is'.
covered with approximately 1/32 in. -thick shiny electro-polighed alﬁn&iﬁuﬁi
(trade nafne Alzak)' lThe "li.ght guide coupling the acintillator to the phbtdmultip’liet
- (RCA 7046) o alsormade of Alzak. R
As ahown in Fig 2, the output of the neutron-counter photomultiplier tube

“_’ The level of

proceeds to a tunnel-diode discriminator described elsewhere
the discriminator-in conjunction With the high voltige on the photamultiplier«
determined the bias for the counter. In order to be bialed for protons of approx-
imately 4 Mev, we demanded that the counter be able to detect = 20% of the

1.28-Mev y-rays from a Nazz' source. This source was then used to calibrate other

counters.
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To insure that the neutron counter was geometrigany intercepting the ' '
neutron flux determined by the cordugate proton in the proton telescope, the
neutron counter was moved both horizontally and verticaily in the plane per-
pendicular to the direction of the scattered néutrons ﬁntil a loss in neutron flux
resulted For 9p> 15 deg, we found that the neutron counter interc&pted all
neutrons at a distance of 5 ft from the hydrogen target. For 6 <15 deg (hence -
neutron energies less than 15 Mev), thé neﬁtron counter was moved closer to the
hydrogen target for the absolute efficiency meaaurement. These experimentally
determined angular spreads of the scattered neutrons were in agreement with
results calculated from the geo_metry of our apparatus. .

_‘The counting rate in the proton telescope varied as a function of angle. The
average counting rate in the telescope was =1 count/sec with a range bite of |
Z.O&-g/cmz co-pﬁer in the pfoton teie:ncope. and the solid angle detérmined by
counter S, . - - . |
| III. m:sm..'rs

The neutron efﬁciency ior our ocintﬂlator is shown in Fig. 4 for the energy"’
' region 4 4 to 76 Mev. For these results the meaaured effects of the target
container and of accidental events have been subtracted. The resul_zing errors
are statistical. Most of the measurements wefe made with plastic écixxtillator
A which {x?as 15 cm thick, 20 cm high, and 60 cm wide. Three poiats are in-
cluded with scintillator B, whose co.rrespond'ih‘g dimensionswere 15 by 20 by
20 cm. As seen in the Figure; A and B give the same résults; ’

The curve shown in Fig. 4 is the calcuhted efﬁciency. considering only
eingle n-p collisions and using the n-p cross aections of Hughes and Harvey u
A proton bias of 4 Mev was used in the calcula.tion The trend of our measured
efficiency seems to indicate a bia- betwéen 3 amd 4 Mev. as originauy anticipated.
As mentioued earlier the effect of the carbon in the a;inhilator is not important
below 10 Mev. Above 10 Mev its effect can be noted by the departure of our

experimental points from the calculated n-p efficiency.
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It is of inxerest to compare the results with those of Grassler and
“I‘esch They obtained 14-Mev. neutrone from the reaction T{(d, n) Heé. and

scattered them on a CH; target.. Neutron ef.ﬁcxencies were then measured

. below 14 Mev in a 5-cm-~thick plastic scin:illator. Their results are shown

in Fig. 4 for a 3.5-Mev bias. The two seté of data have very nearly. the same
shape and bias, but differ in magnitude by apprommately a factor of 3. which

ie the’ ratio of the thickneaéés‘ of scintillators used '

In Fig. 5 the distributiou of neutron cc\mter pulaea in time is shown £or

two neutron energies. The average ilight path fér the neutrons was 5.25 ft.

The calculated time of flight for the mean enérgies indicated is shown by the
m"rows The spread in time of the pulses is due to such effects as energy
~ spread of the scattered neutrans. t}ﬂckness@fthe neutron counter. and electronic
spread from the phototube a.nd discriminator due to light eignals of va.z'ying
levels in the scin;mator. The integrated histograms of Fig. 5 yield the

o,

efficiencies given in Fig. 4. - | o B g
o Acmowmnczmm
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FIGURE CAPTIONS
Schematic diagram of e'xpeﬂmgqﬁél area.
Simplified achéma.tié ‘of"e‘lect;rontc~é¢ '
Neutron cmmter. |
Neutron counter efﬁciency.

4

Time distribution of output signals £rom neutron counter fox two 4

.

" neutron energies.
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