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L e dxscuss our” experience in ach1ev1ng sub-nan -
~ " secoitd time Tesolution with neutrons about 100 MeV -
" on a seintillation detector 1§ X15 x 100 cm viewed
by a sxngle phototube. . Time compensatlon is accom-
plished by tilting the sc1ntxllator axis with respeet"
. to the neutron flight path as:dilscissed in a previous
- paper.‘-Me also discuss. the: erplay between the ’
; time conpensatlon fiom the’ .geometry of 1light collec~
Z.. ‘tion and the electron1c techn1que r_p;ekzng off the
"»'~t1le szgnal Y R

o The des1gn of neutron d
{volveﬁ nakxng compromxses betwe
;On'the one hand one, wants to ma&e.

’resolutlon. SRR

“The relat1onsh1p between»51ze and. count1ng eff1-
e1encf is: slmple'- Ta a. first approximation: the :
counting ‘rate “is: proportional to the scintillator
volume. ‘The: relaflonsh1p between size. and time resolu=
.tion i%," even to.a first approx1mat10n, much more,
utompllcated ‘In- fhct, in a previous paper! it is shown
‘that one can; circuniven: the simple-notion that.the
fspread in‘transit . times ought to.be proportional to

" ome lznear d1mrns;on of the sc1nt1113tor.‘.‘

“The: scheme is shown oni Ezg ,taken from that .
.. The ‘axis of . ‘the. scznt111ator is tilted so
e sui iof the. neutron and. photon ‘transit - times.
is nedrly 1ndependenz of-the position at which the
-.scintillation. occurs. -Tests ‘with. 26 MeV' neutrons
.- on @ scintillator 3.8 X 3:8.x 46.cm showed that good.j'
5:t1me compensatlon 1s poss1b1e, and sub-nanosecond

',resolut1on was reallzed.

: " Re have now hu1lt larger detectors, 15 X 15 x :
~,100 cm, ‘and have used them for data taklng in> (p n)
: -Teaction experiments: at’the Indiana Universit; S
T ¥ Cyciotron Facility. Ns- report our exper1ence 1th :
. .these- larger detectors. at’ nentron energles around
v,,loo MeV 1n th1s paper. -[f . .

H 'Aspetts of T1me Compensatlon SR

e As can’ be seen from f1g 1 the time of arrzval
‘of a photon at he phototube from a sc1nt111at10n
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" neutron energy, i.e., a given value of 8.

' ‘refraction n = 1.58, Opay =

: 1nstantaneously.

_:nential decay with a characteristic decay time, e. Ees .

2.4 ns for'the NE102 szirtillator that we used. In.

- -addition the recoil proton stopping time becomes-non-
- 'negligible dbove about 100 MeV,
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This figure shows the, geometr|cal parameters
of time compensation. - B is the ratio of
neutron velocity to the velocnty of :light.,

¢ is'the velocity of light. n is the index
‘of refraction of the scintillator. t; is

_ the transit time of the neutron and t, is _
‘the transit time of the light (photon?

IS the length of the sc1nt|llator.~

What we W1sh to. ach1eve by ‘time compensatlon 1s
to make t nearly” 1ndependent of x and y for a given
‘We assume

that. the light is emitted “isotropically.
.do not use a reflector cutside the scintillator so
‘that light emitted with @ larger than the limiting
angle for total retlecf;on is lost,
51°%. Thus, the time -
equation tells us that 1ight from an instantanecus

. flash wili ‘arrive at the,phototube over a pe*1od from o
RO t(x.y,B,B = 0) to t(xl 51°

The tatal amount of 11ght that has reached the"

. ‘phototube by time t(x,y,s 8) is.the amount - of light
7. emitted - in the cone of half—angle 9.
s integral light curves -are shown in fig. 2..
< - of the tilt. angle ¢ is to displace. the abscissa posi- -

Examples. of
The ‘effect

tions ‘of these curves relative ‘to each other. To

A "f;f1rst order; then| “ome would expect to ‘achieve time:

compensation by choos1ng ¢ .50 ‘that the curves_cross
at some-point appropriate for the: tr1gger1ng crzter1on

.Aof the electron1c c1rcu1t used for t1m1ng.

In a: real scint1llator the lzght is not en1tted
Rather it follows a curve of expo-

These effects cause
the light curves tgblook lxkelthpse'in fig. 3. A

SUMENT IS, UNUMITED
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iFig. 2. These curves: .show the fraction of emitted
. 1ight that has reached the phototube by time
T t for an instantaneous' light flash at position
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Fig. 3.'°These curves ‘are those of flg. 2 with the

‘decay time of the phospﬁor folded in. e

‘moxre detalled dlscu551on of the preton’ stopplng is )
‘given in ref. 1. At 100 MeV the scintillator decay = -
time is.the dominant effect in determining the light
‘curve. ‘ .

Time Compe1sation Strategies

The 11ght curves in’ fig. 3 are characterized by
_vary1ng rise times as well as vary1ng :amplitudes (due
to the random scattering angle in-the neutron reaction).
Constant fraction timing does not compensate for vari-
"ations” in rise time. An alternative strategy is to
use’'a, fbrm'of extrapolated zerd timing.

We use two d1scr1m1nators set at d1fferent thresh- .

olds on the. output of theé phototube.  Assume the pulse
shape is represented by a function of time, £(t), and-
the pulse begins dt t = 0. At time ty, f(t) reaches’
- the first threshold amplitude, and at the tj it reaches
* the second threshold. "If the functional form f(t) is
‘simple enough, we miglt be able to establish. the time -

. origin from a knowledge of tl, ty and the correspond1ng,g

threshold Values.

Txme correction is part1cu1ar1y s1np1e 1f we' can
* choose the threshold levels so that the time between
the first and second thresliold crossings is equal to

.-crossing. We set up a time-to-amplitude converter
(TAC) to measure tl and another TAC to measure =
ta-ty. “Then subtracting the output ‘of ‘the second:
TAC from the first corrects t; to be the true or1 1n

timel,
) The tlnxng s1gnal 15 then
‘.T’tl'(tZ'tlJ

A

. approx:mat1on of thxs is

~ ém each.

University Cyclotron Facility.

Let L be the threshold -ratio,

| £(t2) = L £(t)) ()]
{This form differs sllghtly from that used in ref. 1
because we have found it more convenlent ‘to- vary )
thresholds than to vary TAC gains.) We can hope to
use this form of correctlon'zf we can find a value
of:L that -makes T =0 wzth the approprzate fbrn for
f(tl s ;

‘ We find from an. 1nspection of the pulses on an -
oscxlloscope that the fhnct1on L ) :
P ‘

P 5,' f(t) % A[1 - cos(t/r)]

i

'is a reasonable approx1mat10n of the leadlng edge of

The sma!l angle

the pulse.  Both A and T vary.

£ % A(t/r] }

compensate ‘for variations in both A and T.

Thus, 1£ (5) 15 a valid approx1mat10n to the
portion of the pulse sensed by the d1scr1m1nators,

- we should choose the tilt angle to line up the orxgins

of the pulses and use extrapolated 2870 t1m1ng with:

.L = 4

.E_*Iﬂl_'“;el‘..t.-".

We have constructed two detectors '15. x 15 x- 1004'
The scintillator is made up of six slabs
2,5'x 15 x 100 -cm coupled by a tapered Iight pipe to
an RCA-3522 phototube.
is shown in fig. 4.

¥We have used these detectors for obtaining neu-
tron -spectra from (p,n) reactions at the Indlana o

‘In most of the spectra the time resolution is

. approximately 1 ns, a portion of which is due to

phase drifts of the cyclotron beam. “The best Teso-
lution we have seen is about 0.8 ns FWEM. It was
necessary to compensate for “the cyclotron. phase dr1ft

. effect to observe thls resolut1on..

A convenient way to state the efflczency of this
kind of detector is as a percent of the end-on cross
sectional -area. . With tiie detector axis oriented
parallél to the flight path,. the éffzc;ency is the

" fraction of the neutron flux crossing the end area
: that produces detector signals,

.is tilted; we §till ‘express the eff1c1ency with
- respect to the :

When the. detector

: i area, This number can in

; come-greater thar 100%, but since the
probab1 ity of a meutron. 1nteract1ng as it traverses
_theﬁshort dxmens1on is. small, in practice the effi-
ciency i$ léss” than 100%.. Of course it depends .on

; energy thresho}d the neutron energy and the tilt
It 1§ usually necessary to: set the threshold
gh perhaps one ' quarter to one half of the maximm
utron energy. ‘because the flight time of. neutrons at
hat. ‘fraction of the energy becomes greater:than
separation 'of beam pulses, and the time spectra-
from adjacent bursts would overlap if the threshold
wereset lower. W1th typ1ca1 constra1nts, the

. COmbinmg (2) (3), and (5) -we fmd that L= 4 would

The electronlc block d1agran 'T""
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&-small port1on of the exper1ment time was tgken |
to study the effects of varving the tilt angle and
the timing thresholds.. We found that the best

. : : . }
We have stressed the technique of using a single .
.phototube on a large scintillator. .Other experinenters

¢

. time spread of about 0.7 ns. .

resolution occurred with a tilt angle smaller than
-that required to cancel the x dependence in eq. (1).
for the axial light rdys. . For _example, ‘with 117 MeV

neutrons. the, time. spread cancellatlon for longitudinal -

.. position’ occurs for ¢:='43°.  The best, comprom1se for

) llnimlz1ng 10ng1tud1nal and ‘transverse’ ‘position’ effects
is approximately ¢:= 35, giving a total calculated |
We obtained the best

Tesolution, 0.8 ns, at & = 18°.. It -is difficult to

e Tget cons1stent1y reproduclble results because the
- averall resolution is.made up of roughly equal contr1-
“. ‘butions from cyclotron phase drifts .and. detector . -

. effects. Nevertheless, the trend of finding the' best
resolution at tilt angles smaller than: the angles -
calculated from geometry alone seems def1n1te.

o We tentatlvely attribute thls to a slope depend-
ence of ‘the discriminator trlggerlng time. ‘At smaller
tilt angles, the slower rising pulses are moved to an
earlier time with respéct to the fast rising pulses =
(see fig. 2). 1f the discriminator responds more
. rapldly ‘to a faster rising pulse, then one can use the

tilt angle to: compensate for the discriminator charac-

teristics and obtain. better resolution -than one would
calculate for the same operatlng ¢onditions using the
simple arguments.

. The best valiue of threshold ratio, L in.eq. (3),
seemed to be about L= 10. This suggests‘that the *
pulses’are not simply parabolic as we assumed in the
simplified analysis. The best L-value might-also be
affected .by the d15cr1m1nator triggering characteris-
tics. - : . .

We obtained additional information by setting up
a 1 meter long scintillator with axis parallel to the
flight path and a phototube at each end. - The simul-
. taneous time signals from the two ends were recorded
in a.two parameter arrzy.: The timing was done as .
descr1bed above with L = 10.

In this mode the back phototube glves a partly
cowpensated time spectrum while the front -tube gives
_ & spectrum in which the position dependent time.
spreading is cxaggerated The time difference gives
a measure of the position at wh1ch the scintillation
occurred

ln these data the front- back time d1fference
‘seen by the back phototube appears to be barely over
1 ns instead of the 2 ns calculated value. {nfortu-
nately, the data taking grid was too eoarse to-make a
precise determination Sut this is consistent with. -our
observation that the best resolution 'is obtained .at
smaller tilt angles than calculated from thé s1mp1e
.model. One also s¢us the attenuation of neitrons. by .
the scintillator. . The number of events near the back’
is roughly 30% Tess ‘than’ the number near: ‘the front.
Again the data were.too crude to.obta1n a precise
number. The méthod, however, 'is a. “valid technique for
measuring ‘the eff1c1enty of the: detector over. the’
efitire energy spectrurm in one exper1ment. The front
to baek attenuation fcy ‘any portion of the spectrum
is. the detector etficiency at that' emergy. With a
- phototubg at each end and axis parallel to"the: flzght
path; the detector can’'be used to measure its own
efficiency. It is also possible that ‘sufficient . :
position information could be:obtained’ from the pulse
rise time to measure the etf1c1ency w1th only one.
phototube. : . : .

vphototubes and a special timing technique.*

' - that.a single phototube suffices.’
drawback that the compensation is energy dependent .
~ is’ really not very harmful because the energy window .

have prev1ously achieved large sc1nt111otor volumes by
.1) ‘using many small sc1nt111ators, 2) using a trans- -

verse scintillator with two phototubes and mean tining, .

and 3) using a longitudinal scintillator with tto

- With respect. to multiple small detectors, our -

‘results show thatthe individual detectors ‘can. be veri T

Iarge,

Wzth respect to the other techniques one can )
make comparisons showing. the . advantages and drawbacks

‘of using-a scintillator in a transverse, parallel or

tilted orientation relative to the flight path. -The

.-1nformat10n in eq. (1) covers all these conditions.

”” Wlth a, transverse sc1nt111ator one must use a
phototube at each end and one compensates for the

- photon. transit time spread by electronically taking

the mean time. The rise times of the pulses seen by~

_either. tube vary dccording to the distance to the

scintillation but a fast rising pulse at one end goes
with a slow rising pulse at the other end and the -
effect tends to cancel out. .The main drawback of a
transverse scintillator is that it must be thin in

- the .direction of the forward scattered proton recoils.

At 100 MeV, for example, the proton range is 7.5 cm,
A detector 7.5 cm -thick already gives a time spread
of .58 ns, One would really like to make the detector
several ranges thick so that most of the protons
deposxt most of their. energy

If the detector axis is parallel to the flight'

- path the thickness is used to best advantage with

respect to the proton recoils, The time dispersion
due to transverse thickness, the y term in eq. (1),
is exactly zero. One then needs to compensate for
the x time dispersion. With two phototubes this has
been done with. analog. c1rcu1try” and can be done_also -
by appropriate processing of the two timing signals-
as our results here show. A disadvantage of the ,
technique is that a phototube, base, and light pipe
are placed in the neutron path, and for precise ’
measurements the neutron attenuation. in these objects.
must. be known, and the dita corrected agcordimgly..

'We'think that one. could oompensate a 1bng1£ud1;

nal detector with a single phatotube by making: use
"of the rise time information from the back tube.

Note also, that when 8 = 1/n the compensation occurs
naturally. This corresponus to 274 MeV neutrons in

'NE 102~ sc1ntlllator.

. Theftrlted scintiliator seems to us to be an
attractive technique for which we have demonstrated
The apparent

is’ fairly large. For: example, for a 1 m long detector .

“‘tilted 4at 40° the timing  spread due to the x. terms in
v.,:eq (1) is less than 0.5 ns between ‘108 MeV and 173
. MeV.,
even wider beciuse a given energy resolution corre-
't sponds to poorer - c1m° resolut1on at 10her energy.

In terms of emergy resolution the window locks

Conclus1ons

we have shown that a txlted sc1nt111ator viewed

Vo

;by a single- phototube gives good results as-a time-
‘of-flight neutron detector. .

Our results indicate’
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b ‘\yghat further opt1m12at1on of thzs scheme might be
. 'possible. We propose for ourselves’ further experi- . =
* ments‘in which we would record in event mode the B
thxeshold -crossing times for the threé discrimi-,
.~ nators, the pulse amplitude and the time from as
‘. phototube at the front end of the scintillator.  From

« woy

,mvtilinz funct1on. V';/,;ge,_.
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Aithis information we can.hope to. deduce the’ opt1mum N 2.
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