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IV. INTRODUCTION

~In fexperimental nuclear physics it is often desirable to detect
neutrons in the presence of & heavy gemma~rsy background. This situ=
ation presents a problem since neutron counters alsc respond to gamma
radiation., However, recently it has been shown that the scintillation
counter employing an organic crystal scintillator and pulse-shape dise
crimination may well furnish the solution to this problem.

Heiztrons can ba counted wilth organic scintillators through the
detection of the scintillations produced by protons recoiling from
neutron-proton collisioué within the crystal. On the other hand gammae
rays manifest themselves in the crystal through the fast electrons they |
produce. However, it is well known that the light output from an organic
scintlillator for fast, heavy particles (recoiling protons) is much less
than for electrons of equal energy. The maximum pulse height produced
by & proton of 2 Me\‘r energy entering an anthracene crystal is only 2/5
of that produced by an electron of the same energyl. Therefore, the
pulse heights due to fast neutrons are appreciably smaller than those due
to garme-rays of the same energy, thus making the detection of neutrons
in the presence of y-rays very d:lfficult. Currently much effort is being
expended in the development of neutron sensitive scintillators whose
efficlency for the detection of gamma-rays is considerably reduéed‘

Even though the solid orgenic neutron detector has the above dise
advantages, 1t also has some very definite advantages. This type counter
has a high detection efficiency. BSecond, it has a very fast response to |
incident rediation. An organic scintillator such as stilbene or anthrae-

cene has a response time of 10«20 mp sec?,



The fact that there exists a difference in the decay times of
scintillation pulses produced by electrons and protons in organic phose
phors suggests the possibility of using this phenomenon to distinguish
between neutrons end ysrays, Methods of overcoming gamewray sensitivity
has been developed by F. D. Brooks? following the work of G. T. Wright'.
Wrightl‘ has shown that the charge pulse at the anode of the photow
maltiplier tube used in conjunction with an anthracene crystal has decay
’times of 31 mu sec and 53 mt sec for electron and mlpha particle exciw-
tation, réspectively. It was also reported‘ by Brooks® and 0wens6 that
othér organic phosphors such as stiil'béne, nephtalene, quaterphenyl, and
properly de-oxygenated liquids showed similar properties. '

As a result of this work, it can be concluded that decey times are
effectively larger for heavier, more highly ionizing particles, such ag
protons, than for electrons. The above f£indings:suggest the possibility
of identifying the particles producing scintillations in organic phog-
phors. This effect has recently been employed in a new type of scintile
lation counter which will discriminate efficiently between protdns ; alphf@ie
particles and electrons. Brooks” has developed & counter which distine
guiches fast neutrons from gamma rays by utilizing the effective decay
time differences between the pulses produced by recoil protons end elec-
trons. The circuit used by Brooks” enables one to balence out all pulses
associated with one effective decay time, but to detect and count those
which have a larger decay itime, 0wena6 also developed several circuits
which have the ability to identify the type of incident radiation. H. W.
Broeks and C. E. 'Anderson'?, end H, 0. I'\mstena, employing circuits simi-
“lar to those used by 0wen86 » have successfully made particle identif'ication.
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Detalled asnslysis of these circuits used can be found in reference 6.
A careful survey of the work being done in this field indicates tﬁat
stilbene 1§ the most promising of ihe organic scintillators for éur-
poses of particle identification,

Since a definite difference exists in the light pulse emitted by
an organic phosphor when excited by particles of different specific
ionization, it was decided to develop a mathematical model vwhich would
predict the observed pulse shape differences and thus provide informae
tion for the deslgn of a circuit vhich will efficiently discriminate
between neutrons and gemmeerays. (Stilbene was used as the scintile
lator in this model.) Hence, it was decided to study the pulse shape
as a function of time.

Scintilletion pulse shapes have been studied by Owena6, Swank?,

ll, Kallmen and Brucker'2, From a careful

Barrisoni®, Wrignt, Birks
survey of their data one might conclude that for organic scintlllators
the most general scintillation decay pulse may be described as & sum of
several exponential components. The first component can be described as
a "fast” millimicrosecond component which carries 80 percent or more of
the total light in the gcintillation. In eddition to this component there
also exists one or more "slow" components which have decay times between
0.1 psec and 100 psec. Harrisonlo showed that pulses produced in anthra-
cene and stilbene contained several slow components, the decay times for
stilbene ranging from .25 usec to 80 psec. He also showved that liquid
scintillators produce few, if any, slow components. Kallman and Bruckeri®
concluded that there 1s essentially no difference in the "fast" decay time

for electron and alpha excitation. This finding was verified for a large
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nunber of organié solids and liquids. Owens6 also showed thet the fast .
component decay times were not mflﬁenced by particles of different spee
cific ionization. He also was eble to show that the "slow” component
decay times vere the same for electron and proton excitation in a wide
variety of pho:éphorm However, the number of slow component cmissions was
higher, ord that of fast component lowver, in proton scintlllations. In
fact, the longer lived components were found to be about twice as intense
under proton excitation as under gamma-ray or electron excitation. Thus,
the net oi compoegite decay time for protons is eensidei‘e.bly longer than
that for electrons because protonsscintillations contain a higher number
61‘ slow components., | |

In drder to interpret the effective decay time difference of stilbene,
consider a proton or electron stopping in the crystal. The incident pare
ticle loses energy dE in an element of distence 4X along its track by
producing excited molecules M* and ionized molecules MY. There ere
primerily two modes by which the excited molecules decay.
These arct |

M* M + hv (1)

M¥* M + heat energy (2)
In the first process the molecule emits light photons which could ultie
mately be detected. The second process is & quenching process where elece
tronic excitatlion energy is converted into vibrational energy. JIonized
molecules formed by the Iincident particle must undergo & delayed recombi-
nation processy

Mt e 3 o " (3)
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The excited molecule Mi formed by recombinatiocn can now decsy by either
(1) br (2). It has been suggested ﬁh&t the recombination process islrg;aa
| tively slov, having a lifetime of approximately 10°7 sec?. According to
Birks, the light output is a fun:bion of the initial lonization and exci-’
tation density i.e. number-of‘?%*'”énd H* per unit path length along
the track in the scintillator. For proton excitatlon, where the loniza-
tion anﬁ excitation density is high, the excited molecules find themselves
ia an environment which offers additicnal modes of quenching. Thus, for
protons, less light is emitted initially {fast components) than for eleca
trons which have a considersbly smaller ionization and excitation density.
ﬁear the end of the path where dE/dX 4s greatest, more MY wmolecules
are formed and hence recombine according to (3). However, M* < molecules
are born into an enviromment where the exeitation density is muéh less
than it was initially so the molecules are most likely to emit photons
rather than be quenched, This slow component decay time is essentially
- the recombination time. Thus for heavily lonizing protons more light
would be emitted in the long component than for electrons.

In this discussion photon emission from stilbene crystals is assumed
10 be composed of K exponential cumponehta. The charge pulse appearing
at the anode of the photo-multiplier is determiﬁed analytically, by
studying the time dependence of the assoclated voltage pulse. Usping the
assumed model for scintillation decay, & method 1s devised which emables
one to calculate the decay times of the components involved. As a result
of this model the percentage light carried by each component is determined,
thus checking the conclusions of Owenss. The analytical shaperof the

charge pulse appearing at the anode is compared to the observed pulse
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shepes,. The experimental results were obtained by using the ssgsumed model
as a guide, An expressibn is given for a dimensionless variable which COM=
pletely describes the pulse shape. This varieble is normalized to the peak
pulse height and is a direct result of the assumed mbdél. A correlation

is made between the observed pulse shapes and those predicted by the sssumed
model, hence Justifying the initial assumptions. The pulse shapes were
observed under neutron and germe-rey excitation. Therefore, conclusions
can be made as to the varistion of cherge pulse shepes for particles of

different specific ionization.
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V. THEORY

The voltege pulse sppearing at the anode of a photo-multiplier tube,
due to a scintillation; will be analytically described in terms of the
circuitry shown in figure 1. The photomultiplier is connected and used
in tﬁe conventional manner. Iet Cj denote the total stray capacitance
shunting 'the ancde load resistor Rj.

The equivalent A, C. vcircuit of the cutput stage of the multiplier
tube is given in figure 2 In this analysis, it is asssumed that the
input impedance of the oscilloscope is purely resistive, Also shown in
figure 2 is & block disgram of the individual circuit elements which will
effect the voltage pulse E(t). In each block the transfer function
relating the input end output variables for that perticuler block is shown,
The transfer functions are written in usual operator notation, where
P= __‘?; is a complex differential operator. From figure 2 it can be seen

dat
that

eo(t) - Ry '
i(t) (r0),P+ 1 @)

vhere (10); = (Cg + C1)R; is the anode time constant. ILikevise:

E(t) _ (x0)F 2)
¢o(t) (ro) P +1

vhere (-ro)a = 3202 is the input time constant of the measuring circuit

(oscilloscope)s. By combining equations (1) and (2) we can relate E(t)

to 1(t),

E(t) _  Rylro)p ).
1(t)  [(ro) P + 1) [ (v0);P + 1] |
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Figure 1.- Photomultiplier and assoclated circuits.
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Expanding the denominator of the sbove equation and making the assumption
that (10)p >> (70); and P >> 1 we obtain:

E(t) . Rl(fo)gp
1(t) (15)2(10)11’2 + B‘co)l + (To)a]P +1

Ry

e i
"('ro)lP +1 W

) The‘ above results indicate that the anode circuit can be cénsidered‘as
consisting of only & resistance and capacitor in parallel, if the assump.
tion (7o), >> (75); 15 made and if the input of the scope is only resise
tive, This result will enable us to describe the voltage pulse ’by a first
order differential equation. Thus, we have shown that the pulse aha.pe is
independent of the Cop and is determined only by (o), end the analyt.
lcal form of i(t), vhere i(t) is the current pulse at the anode of the
ultiplier fube resulting from a scintillation.

In order to describe the operation of the circuii, conslder the effece
tive losd at the anode of the multiplier to consist of a capacitance,
Cg + C3, in parallel with e resistance R;. It follows from equation (4)
that the differential equation describing the vdltage pulse at the anode

can be given by

B
z " 1(t) (5)

dE
(cg + C1) 5Tt
for 0 <t<t, and 1i(t) non-zero, where t, is the time required for
the voltage pulse to reach its maximum value Eg. For tg <t <w,

1(t) = 0 so the voltege pulse can be described by

dE _ E
(c8+01) ?&'*“'R““ (6)
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Rewriting equations (5) and (6) in terms of (7g) j Ve obtain |

and

4B BE ,

a.{-;-?aa() to St X (8)
where

Tg = ('ro)l = (Cg + 01’31‘

The initial conditions which must be satisfied in order to completely
describe the pulse shape are
E(0) =0, E(ty) =B, and E(t = ) = 0

The solution of equations (7) and (8) using the 1n1tial conditions given
above will completely describe the voltege pulse as a function of time,
assuming 1(t) to be & known function. In the above mnalysis, i(%) is
& function vhich is dependent on thé properties of the particular scine
tillator used, In the forthecoming development we will assume an approe
priate form for i(t) and thus obtain a solution to equations (7) end (8).

Assume that the stilbene crystal is excited at ¢t = 0o by a high
energy ionizing particle. Let us further sssume that the photon emission
by the phosphor when it de-oxclites 1s composed of K independent compoe
nents of light. The fraction of fluareacenqe photons emitted between ¢

and t + dt, compared to total number Ny emitted in the scintillation,

can be given by

W) ) syl @
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vhere N, 1is the number of photons emitted in the Kth components and
‘ 1
ZHR = Foe
K=1

It follows that the rate of photon emission for t >0 is

i 1 i
% N(t) © ZNkak(t) = Zﬂkfk(t) (l@)
K=l K=l K=1

We shall essume that fk(t) - is a step i'ise followed by an exponential
decay, since photon emission is & Pirst order process. Thus £ (t)

assumes the following form
£,.(t) = (11)

ﬁml the rate of photon emission for ¢ > QO can be given by

d “keuthk
Y N(t) = T (12)
K=1

Hence, we have teken the scintillation pulse to be a étep rise followed
by & series of exponentially decaying components.
The charge vhich is collected at the anode due to a scintillation

( t"TL)

q(t) = {sn(?\)es }}:Nke (13)

vhere g d4s the number of photons/scintillation which falls on the

can he given by

photo-cathode, ;1(7\) is the average quentum efficiency for photo-

electric conversion at the cathode and is a function of wavelength, A,

r
of the emitted spectrum. The quantity 8 is the total gain of the
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multiplier tube, where the tube contains r unifom dynodé. stages each
of mean gain 35, and € 1s the electronic charge, Due to & finite time
lag, Ty in the multiplier, the anode charge pulse does not necessarlly

follow the scintillation pulse shape. The net effect of this delay is to
shift the maximm value of the charge from t = o to a later point in
time. From an inspection of equation (13), one can see that i(t) will
have a maximm et + = 7y, and hence differs from the step rise assumed
for the scintillation pulse. By operating the multiplier at large values

of plate voltage, ?L can be minimized to smie extent., In generai

1~ 10749 gec which is an order of magnitude smaller then 7, for most

scintillators. The anode current can now be given by

| 3o t/ridy
i(t) = %@(t}] = {gﬁ(h)eﬁr}zf{e (14)

K=1
where
§k = ‘!L /“fko

Substituting the above value of i(t) into equation (7) one obtains

g ~t/metdy
€ E .._L.Z“k ‘
ETR P S clm*'x'e 0stzt (15)

vhere @ = gi(A)e5 is assumed to be invariant. Equation (15) is a
first order, linear differential equation which can be solved by applying
the integrating factor e*t/"r"; The solution of the sbove equation is of
the following form, vhere the constant of integration is determined by

epplying the initlal condition E(0) = 0.
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The solution for equation (8) for t >ty is given by

«—t/'ro

1
B(t) = —9 = znkegkﬁ 2t (x7)
&1

Cg +
The above two equations describe the voltage pulse st the anode at a
time t after the scintillstion is produced. Here N, = g, is the
, 1

charge collected by the anode due to the Kth component and K%qk .
is the net total charge which flows to the anode during the whole scine
tillation, The voltage pulse depends not only on 7, (decay parameter
of the scintillator) but also on Qgs 8nd T, It is desirable to

eliminate the dependence of E(t) on the paremeter Tg, and hence
obtain a clearer picture of how E(t) varies as a function of Ty, G

and time. Rewriting equation (16) end using the definition of Gys ORE

i
o e e
Cs+ C1/ 75 = 7 e L)
K=l

If 1o >> 1 the above equation reduces to:

obtains

2 L
) = gg) o 1 ()
Kz=1

The derivative of equation (18) is given by:

’ k
ae(t) __ 1 b 0<t<t, (29)
dat Cs + Cl Tk
K=1
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Equation (19) can be rewritten in the following form

(ca * cl)d—'{?a:r(tl = 1(t) (20)

where 1(t) is given by:

zq i-t/‘l’ki-5k
1(t) = .fi;.e o<t<t

K=l
Thus we obtain a very important result, nemely, for To >> 7, E(t) is
groportional to the time integral of i(t).

It cen be seen that equations (18) and (20) completely describe the
leading edge of the voltage pulse. The leading edge 1s a function only
of qy, TR 8nd time, and 1s completely independent of 174, assuming
To > Tk The current pulse produces across the R C loed a voltage pulse
heving an exponential rise with time constants equal 4o those of the K
scintillation components. Thereafter, for t > t,, the voltage pulse
slowly decays to zero, the rate of decay being determined by the ancde
circuit time constant, 7,. This voltage decay is given by equation (17).
The leading edge of the voltage pulse contains much useful information
concerning the decay properties of the particular phosphor used. For
example, if E(t) can be determined experimentally, then 9—2{-‘-’1 could
be determineﬁ. graphically and, using equation (20), Tk end Qe could
be calculated, However, this usually is a very difficult procedure to
£ollow and the accuracy with vhich 7tk and q, could be deteminéd.
would be limited considerably.

In order to reduce equation (19) and (20) to a more useable form,
ve define a dimensionless variable (t), vhere: 7(t) = 1 « %:"—1



» 20 -

Oof Ty, 9. end % qu +1? the later parameter belng very importent when

analyzing pulse shepes due to particles of different specific ionization,
The function »(t) completely describes the scintillstion pulse if &,

is very small, i.e. a step rise followed by exponentially decaying

components. The assumption that 8, ~0 is not a bad one if the photo-

- multiplier is operated at maximm plate voltage.
Furthermore, an expression relating y(t) end i(t) can be obtained

from equation 24, A useful extension of the above equation can be obtained

‘vy relating y(t) to 1i(t)

dy(t) ae(t) 1
at | at CE,
= o- —E% G"'s"%"ﬁ'i} i(t) To. > " (25)
. * ; 1 U
o~ | 7(t") = 7{0) = - T j; i(t)as | (26)

Thus, 1f 8 ~0 then g, = (Cg+ Cl>E° end 7(0) = 1.0 therefore,

t*
* 1l '
y(t7) = 1‘ - fo 1(t)at 0._<_ t <t (27)

Given a known form cf 1(t), then the normalized cherge pulse shape will
be completely described by the above integral, sssumling exponential decay
of scintillation light pulse. Since 7(t) is normalized, any variations
in photo-multiplier gain or eny fluxuetions in supply voltage will not
éffect the normalized pulsc shape assuming the tube to a linear component.
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VI. EXPERIMENTAL

The purpose of this section is to provide a detailed description .
of the procedure used‘ in experimentally determining scintillation pulse
shapes, Using the assumed mathematical model as a gulde, the experimens
tel data is reduced to a form which can be used to formulate pulse shapes.
Pulse shapes were determined for a stilbene crystal using neutron and
gamma~ray excitation.

The circuit used to determine scintillation pulsve shapes is shown
in figure 1. The 6292 Dumont photo-multiplier tube was operated with an
snode voltage of 1450 volts, thus obtaining 105 volts/dynode., With these
voltages the overall gein of the tube is approximately J.G?. This rela-
tively high voltagéa reduces the electron transit time (7;,) and the sta-
tistical spresd of the output voltage pulse. The stilbene crystal (CyuH;,)
was mounted on the flst photcécathode, and the entire crystaletube asseme
bly was ma&e light tight. Precaution was taken to keep the photo~multiplier
tube moderately cool, thus reducing ;}g{lggpfge. Noise due to 60 cycle
plckeup was reduced by eliminating all ground loops formed by the photo~
miltiplier tube and assoclated circults. Any auxiliasry electronic equipe
nent used vas connected to 2 common high quality earth ground.

The pulse formed at the ancde of the mulﬁiplier tube wms fed to the
vertical input of & Textronics model 541 oscilloscope (Fig. 1). The vertie
- cal input signal was used to trigger the horizontal sweep circuit, thus
providing a time base. This signal was delayed 10 psec before being
- pasged to the deflection plates. With this vé;rrangfmevnt the horizontal
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sweep circuit 1s triggered 10 usec before the arrival of the vertical
input‘ signal at the deflection plates, thus reducing the overall rise time
of the scope. The type 54l scope has a .12 musec vertical rise time,

The display pattern on the cathode ray tube was modulated using the verti-
cal input signel to gate cathode ray tube. The type 54l scope is inter-
nally wired to perform the above function. The scope was adjusted to
trigger'on negative slopes of the input pulses and the triggering level
wvas set at zero volts. The vertical input was calibrated using square
waves of known amplitude, and through out this entire experiment the hor-
izontal eweep sensitivity was mainteined at .2 psec/cm. The wave form
displayed on the screen of the scope is a plot of E(t) versus ¢ ’(Fig. 1),
These pulses were recorded using a land Polaroid cemers with g specisl
scope attachment., Polaroid type 3000 film vas used. This is an Ie:ctrémely
fast film end it proved adequate for this application. Enlargements

(5" x 8") were made from the original photographs, and these, in turn,
were projected on & screen and enlarged by & factor of 2, thus enabling
one to enalyze them with reasonable accuracy. Photographs of E(t) ver
sus t . due to individual scintillation pulses broducea by gammy-rsy and
neutron excitation were obteined, Usizig 0060 88 & gamma-ray source,
anode voltage pulses were obtained for three values of the anode time cone
stant, T, Only the largest pulses vere photbgraphed, thege corresponding
to the absorption of the l.17 mev and 1.33 mev gemmas emitted by

0060. Use of this relatively high energy excitation helps to reduce stae
tistical variation in pulse shapes, The anode load resistor wés taken to
be 9.1 x m6 ohms, and two different values of C; were used. The stray
cepacity, Cs, shunting the anode load was determined to be approximately

10 puf. Values of time constants used are tabulated below, where
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o= (Co+ C1) Ry
Ry Cg ¢y T
(1) 9.1x100 10 ppr 0 91 psec
(2) 9.1 x 100 10 puf 24 ppf 310 usec
(3)  9.1x10% 10 WO WSS psec
It was Sound that the leading edge of the voltege pulse was independent
of the value of 7Ty This result is in agreement with equation (18),

since the three values of 7, used are extremely large compared to any

T oncountered for this particular crystal. Figures (3), (4) and (5)
1llustrate the leading edge of E(t) versus t for three pulses of equal
pulse helghts, and for anode time constents of '91 usec?ao;:; 455 péec ’
respectively.

Voltage pulses due to individual scintillations produced by fast
neutrons were bbtained using a radium~beryllium neutron source. Since
this source had a relatively high gammé. output, steel blocks were used
to shield the acintillation detector from the source. In stilbene,

0060 gammaeyays will produce secondary electrons with energies up to

about 1.33 Mev. The largest number of neutrons from a radiumeberyllium
source are emitted at approximately 4.5 Mev and hence provide recoil
protons with energies up to U4.5 Mev, 8ince the luminescent efficiency
of stilbene for protons is about 1/3 of that for electrons, the largest
of the gamms.ray pulses relative to the most frequent recoil proton pulses
is in 'Ehe ratio of 3(1.33)/4.5. Using only the neutron pulses which
occurred most frequently, the peak pulse heights for the neutrons and the
1,33 Mev gampas were very nearly equal, thus reducing nonlinear effects

of the crystal and photo-multiplier. A typical voltage pulse obteined



E(t) versus t (0<t<ty).

Figure 3.- Leading edge of gamma pulse (7o = 91 psec).
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E(t) versus t (0 <t <tp). L-61-2188

Figure 4.- Leading edge of gamma pulse (T, = 310 psec).
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E(t) versus t fo <% < ty). L-61-2189

Figure 5.- Leading edge of gamma pulse (71, = 455 usec).
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using neutron excitation is shown in (Fig. 6). All pulses using neutron

excitation were obtained with 1. = 455 usec;

o

Observation of figures {3}, (4), (5) and (6) indicates that at least
two components of decay ea.n be rasolve&, One can easlily distingulsh a
fast component which lasts for approximately 100 musec and a2 longer come
ponent which dies out after about 2 usec. There are probably Jmiger
decay components, but with available equipment these could not be resolved.
'I‘he} scintillation pulse shape y{t) = 1 - E(t)/E, was calculated using
date obtazined from the leeding edge of the experimentally determined voltage
pulses. For this calculation, the transit time of the multiplier tube vas

neglected, l.e. & = o. The value of E, was taken to be the maximum

observable deflection of the voltage pulse. The scintillation pulse ghape
was plotted on semielog paper as a function of time. PFigure (7) illuse
‘trates typical scintillation pulse shapes (y(t) versus t) for stilbene
using neutron and gammeersy excltation.

Figure (7) clearly indicates that the scintillation pulse is composed
of at least two exponentisl components of decay. By assuming that, for
t > 200 musec, the fast component has died out and only the longer come
ponent remains, the decay parameters and the fraction of light carried by
each component can be calculated., Ilet T3 and Tp be the decay time
for tne short and long components respectively. The fraction of light

q q
carried by each component is defined as -di- and 5-3_. Values of these

paremeters were obtained for several pulses, using both gemme-ray and
neutron excitation. The results of these calculations are tabulated in
table I. These results agree generally with those published in refere
ences l-6. Hovever, no direct comparison can be msde since the purity

of the crystal used is not known.



E(t) versus t (0<t <ty)- L-61-2190

Figure 6.- Leading edge of neutron pulse (T, = 455 psec).
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Figure T.=- Scintillation pulse shape.



TABIE I
T Eos Tl T2 9 q q
Excitation ug;c volts mus:zc xnps;c 'a'i’ ‘g‘?; '5']5
91 | 0.170 | 13.9 655 | 0.725 | 0.275 | 2.64
310 75 | 12,8 | 6Y . 725 275 | 2.64
Garma. 310 2190 | 14,0 61k 136 264 | 2,79
455 260 | 12,2 624 723 277 | 2,61
hss 2169 | 15.8 eh7 .Tho 260 | 2.85
{Mean 13.3 631 2,71
455 | 0.300 | 18,1 615 | 0.637 | 0.363 | 1.75
455 211 | 16.3 625 +660 L340 | 1,9%
455 «230 | 15.4 600 638 «362 | 1.76
Neutron 155 £200 | DT 575 690 310 | 2.22
455 <310 | 15.2 563 .688 312 | 2,20
b55 | W335 | IT.T | G431 J650 | W350 | 166
455 178 | 13.5 587 700 300 | 2,35
455 .200 | 144 570 638 »362 | 1.76
Mesn 15.7 584 1.97 |
| Overall mean 4.8 €03
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VII. CONCLUSIONS

From a comparison of figure.6 and table I, it appesrs that the
decay parameter, T3, is Independent of the type of initiel excitation,

One might also conclude that the long component decsy parameter, Tos
1s virtually the same for neutron and gamma excitation., Any lsrge dif.
. ference between (12)7 and ('r;g)n is due to inherent errors in the

measuring apparatus and in the determination of y(t). It is believed
that the main sources of error are the finite rise time of the oscil.
Joscope and the dispersion of the pat’éern obtained on the scope.

Since the decay parameters seem to be independent of the type of
radiation, one infers that the modes of energy transfer and de«excitation
are the same for both neutron and gamma excitstion. This result is in
agreement with the work of Owens, However, the results tabulated in
table I indicate that the percentage light output associated with the
J.Dné component 1s definitely larger for neutrons than for gemma«rays.
This indicates that the relative number of excited molecules which
decay with the large decay parsmeter is greater for neutron than for
ganmaeray excitation.

Assuming that the observed differences in a decay parameter for
different types of excitation are due only to the inability to measure
them accurstely, we want to show that the effective composite decsy time
for neutron excitation is considerably longer then fox; garma«rays. This
assumption 1s not only based on vresulta determined here, but also in the
resultg obtained by Owens, Brooks, Kallman and Brucker, Weighing each

detez’ﬁination of 1y and To the seme, regardless of type of excitation



meen values were found to be ?l. = 1%.8 mps and ?2 = 603 mus,

Rewriting equation (16) for two components (1=2) end using meen

values for Tty and 7, we obtaln,

B(t) __ 1 BTo fe-t/?J. N e~t/‘t’o . o e-t/?a i e“b/"'o (28)
B, P+1 -rl—'roL | Ta=1o
Q}_‘
where B = =,
Y2

Since Tp > Tp >> 11 the above equation reduces to

E(t) __1 {B(l - e‘t/;l) + (1 - e‘t/?a)} : (29)

E, B+l

Since the mean values: ??l and "-?2 do not change with type of excitation,

the above equation is a function of time :and g only. Differentiating
equation (28) and setting the results equal to gzero one can determine the
time, tos required for the voltage pulse to reach its maximum value.

Bince t, >> T1,, then e ~ 0,
T.x H T, = T
to = =22— n 2p 2241, (30)
1’2 - To [o] “Il - 1'0

For a fixed value of 7, the only factor which will influence the value

q
of t, for different types of excitation is ot a Be For 1, >>1,>> 7
o q, o 2 i

the sbove equation reduces to

to=« 7, In ;—s-@ * 3] (31)
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The effective difference in durstion of the leading edge of pulse proe
duced by neutrons end gamme-rays is given by

. ) - :‘_-2 - ?2 .
Gy - (ol Ty o -y 0 35,
=5 - 72 in l:m (52)
It is important to note that At, depends only on Tp and the vslues
of fg and B, Using the values of Tps By ond By deternined

experimentally (table I), Oty is found to be M0 musec.

Thue, tha above result indicates that a neutron pulse has & longer
effective decay time than the corresponding gemma pulse., The plot of
equation (29) using sppropriste values of §, is illustrated in figurc B.
The effective decay time difference between the leading edges of neutron
and gemma pulses cen easily be sesn, Figure 8 indicates that the neutron
pulse actually lago behind the gemma pulse by 1h0 mpsec. The reason for
this effective decay time difference is thet a neutron scintillstion cone
tains & larger proportion of slow components than a germa scintillation,
each having the game total light in the scintillation. In eccordance
with equation (32), & decay time difference vill alvays exist, except
for Py m B,,. It wvas found without exception in this experiment that

B, > Py thus indicating & definite decay difference.

The resulte of this experiment indicate that for neutron excitation
mere light is emitted in the glov component of the geintillation than for

q 9 (1 _ (91
excitati 1.0, (-3»> > (---) « Also 1t wves found that ( ) <( )
ganne on, % A % y 8 10 Q'é‘ a qg y



1.0

3

.2

o1

I o—

A~ gamma pulse

O~ neutron pulse

1 I | | | | |

100

200 300 ,9’¥00 500 600 700
t x 10 sec,

Figure 8.- Leading edge of voltage pulse.



since more of the light emitted in the fast component is quenched inb the
case of neutron excitation. In order for the explanation given m» the
introduction to accurately describe the effective decay time differehc‘ég
the above two results must be valmsa In this experiment both of the
above conditions vere experimentally verified, thus supporting previous

analysis.
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