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OPTIMIZATION OF A HORNYAK-BUTTON DETECTOR FOR FAST-NEUTRON DETECTION*

C. L. Fink
Argonne National Laboratory

Argonne, I l l i n o i s 60439

SUMMARY

As p a r t of an ongoing program t o improve t he
fuel-notion capability of the fast-neutron hodoscope,
a response model has been developed for the Hornyak-
button detector. The model provides a description of
the efficiency and gamma sensitivity of a Hornyak
button in terms of detector parameters such as
scintillator concentration, grain size, length, and
transparency. It is possible using this model to
quantitatively choose detector parameters for the
llornyak button.

INTRODUCTION

A Hornyak b u t t o n ' i s a proton - re col 1
scintillation detector that is used to detect fission
neutrons in Intense gamma-ray fields. A typical
Hornyak button consists of a mixture of ZnS(Ag) grains
and a hydrogenous material such as lucite. This
mixture Is moulded Into a semi-transparent button that
Is placed on the front of a photomutiplier tube.
Neutrons are detected from the light produced by
recoil protons striking the ZnS(Ag) grains. Since the
processes of ionization, Rerenkov radiation, and
luminescence result in considerably less light from
electrons (produced from ganma-ray interactions) than
from protons* p t n e llornyak button can be nade
insensitive to gamma rays by use of a high
discriminator threshold. Finally, ZnS(Ag) has a fast-
decay component̂  of approximately 100 ns that allows
the llornyak button to be operated at high count rates.

An array of several hundred Hornya k-butt on
detectors is used by the fast-neutron hodoscope^ at
the TREAT reactor to detect fuel motion using fission
neutrons. This detector uas chosen because of an
adequate efficiency for fission neutrons (~0.\Z), low
gamma sensitivity without complicated electronic;:,
high count-rate capability, and small coat per
package. Future fuel-motion needs of new test
facilities will require changes in the detector
design. In particular, improvements are needed in the
absolute efficiency, in the detection of hi/jh-energy
neutrons relative to low-energy neutrons,, and in
decreasing gamna-ray background.

While there is an extensive li terature 3,5,6
concerning the efficiency and the light attenuation
properties of specific llornyak buttons, enly limited
information is available on choosing detector
parameters (such as grain size, grain concentration,
length, and sc in t i l l a to r ) to optimize specific
detector properties. It Is the purpose of this paper
to develop a seni-quanti tative model that will
describe the efficiency and gamma sensitivity of a
Hornyak button and provide a method of selecting
detector parameters.

The eff ic iency of a Hornyak button can be wri t ten
as a product of (1) the p robab i l i ty tha t a neutron
w i l l i n t e rac t within the ZnS(Ag)-lucitu mixture, (2)
the probability that a neutron-produced charged
particle will strike a scintillator grain, and (3) the
probnbility that the scintillation light produced will
reach Che phot (Multiplier tube with sufficient
intensity to be detected above the discriminator
threshold.

Probability of Neutron Detection

The probability of a neutron Interacting in the
ZnS(Ag)-lucite mixture, Pn> can be written as

1-e - I L (1)

where E is the macroscopic cross section for neutron
scattering from hydrogen, and L Is the length of the
detector. In F.q. 1 the probability of producing a
charged parcii directly in the scintillator grain
has been neglected. Calculations using the <n,p) and
(n,a ) reaction cross sections for ZnS indicate that
this contribution to P is typically two orders of
magnitude smaller than the hydrogen scat ter ing
contribution•

Probability of Proton-recoil Detection

The probability that a recoil proton will strike
a ZnSfAg) grain, Pp , can be written In closed form if
It is assumed that an evenr. is detected whenever a
proton strikes a grain. Since this assumption implies
that a recoil proton is detected independent of the
amount of light produced in the scintilatlor grain, it
is equivalent to setting the discriminator threshold
of the Uornyak button to zero. Errors introduced hy
this assumption can be par t ia l ly corrected by
modifying the equation for the t ransmission
p r o b a b i l i t y .

Figure 1 shows a recoil proton of energy, Ep, and
range, R(Ep), surrounded by two volumes. The start of
the recoil is assumed to occur within the volune V ,
and the distance "a" corresponds to the radius of the
scintillator grain, which is assured spherical. The
dimensions of V and V are chosen so that a recoil
proton will intersect a grain If the center of the
grain lies wi'-hin V and V . For those grains whose
centers lie within V , "he recoil proton nust
originate in the ZnS(Ag .̂ Since these events can be
neglected (see the discussion of 1q. 1), the
probability of detecting the recoil proton in Fig. 1
is equivalent to the probability that the center of a
grain will lie within volume V . This probability can
be obtained from the Poisson distribution if the mean
number of scintillator grains in V̂  is known.

PROTON-RECOIL TRACK

Work performed under the auspices of the V. S. De-
partment of Energy.

Fig. 1. Sketch of the volune around a recoi l proton.
The volune Is such that if the center of a
grain l i e s within the volume the grain i s
struck by the proton.

The mean number of grains in Vm i s given by

NV " N<7ra2R) = *R , (2)>

where II i s the nunber of 12nS(Ag) grains per cra^, and *
i s the to ta l cross-sect ional area of the gra ins . The
quantity 4> Is also equivalent to the inverse of the
mean distance between l
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For a Hornyak button in which the weight percent
of scintillator is a the quantity <t> can be written as

0.75(pb/pz)a/a

From Eq. 6 and from the assumptions of an
exponential light Intensity and detector threshold F ,
the fraction of events detected at X can be written Ss

(3)

where P, is the density of the Hornyak button, and P
Is the sclntill.itor density. The current TREAT
Hornyak button has an a of 5 weight percent and an
average grain radius of 20 microns. These parameters
correspond to a 4 of 4.9 cm-1.

For a 2-MeV proton whose average range is 0.0008
cm the mean nunber of grains within V is nuch less
than one. For a 2-MeV electron, however, the range is
0.84 en, and .ae mean nunber of grains Is greater than
one.

The probability of detecting one or more grains
within V'm is simply one minus the probability of
detecting no grains. If *R is the mean number of
grains, then the probability of detecting the recoil
proton is simply

p(Ep) = 1 - e , (4)

where the exponential corresponds to the Poisson
distribution probability that no scintillator grains
He within Vm. It is necessary to integrate En. 4
over al l possible recoil energies to obtain the total
detection probability. Pp. Thus ,

E

Pp(E) = f (1 - e"*R)dEp/E , (5)

0
where E is the neutron energy of interest.

Probability of Transmission

Because of the mismatch in the Index of
refraction between the s c i n t i l l a t o r and the
hydrogenous material, the Horuyak button is not
completely transparent to the light from the
Bclntlllator. Hence it is necessary to take into
account the probability tliat scint i l lat ion light
produced at some distance x in front of the
photomultiplier tube will reach fie tube with
sufficient intensi ty to be detected abo"o the
discriminator threshold.

Let F represent the fraction of scintillation
events at A that reach the photomultiplier tuba with
sufficient intensity to be detected. This fraction
will depend on the light distribution of scintillation
events at X, the discriminator threshold of the
detect ion systen, and the transmission characteristics
of the the button. In the following It will he
assumed that the number of events at X Is an
exponentially decreasing function of intensity*, and
that the fraction of events detected (If there Is no
attenuation) Is FQ.

The transmission of light in a oediun in which
there are a large number of particles Is described in
Reference 7. The results show that for most Hornyak
buttons the transmission is described by geometric
optics and can be written as

T = e"k*X , (6)

where k, the scattering area coefficient, describes
the transmission properties of the mediun.

The value of k depends on the particle-size
parameter, which Is given by s- 2na/X (\ is the light
wavelength), and the relative index of refraction
between the scintillator and the binding medtun. If
the relative index of refraction is not one, then k
approaches zero as s goes to zero and approaches one
as s becomes large. As the relat ive Index of
refraction approaches one, however, the value of k
approaches zero Independent of s. In most Hornyak
buttons the particle size parameter is ~100-300 and
the relative index of refraction Is considerably
different from one. Thus most buttons will have fl
scattering area coefficient of ~1.

e(lnFQ)e - •X
(7)

The value of F Is plotted in Fig. 2 as a function of
X for several different parnmeter values in F.q. 7.
From Fig. 2 i t appears possible to define an effective
length, Le, such that F is FQ If the distance X is
less than L and zero I t X Is greater than J. . The
curves In Fig. 2 suff.est that L he defined as the
point at which Fx/Fo is 0.5. fhus

(8)

Fx / Fo
1. = C/k» , with

ln(0.5F )
In ln(F )

(9)

Flf>. 2.

I 2 3
DISTANCE FROM PHOTOW.ULTIPUEH FACE, cm

Fraction of scintil lation events detected
as a function of the distance from the
photomultiplier face.

The values of Lp calculated from F.qs. B and 9 are
shown by the arrows in Fip,. 2. Some typical values
for the constant C are 2.43 for F -=0.95, ].43 for
FO«O.8, and 0.66 for FQ=0.5. For &\e TRF.AT Mornyak
button 1, was measured to be 7.5 nm. This corresponds
to a k for the TREAT detector of 0.7 if V is 0.°5 and
0.4 if F is 0.8. The fact that k is less than one
S'l^Rcsts that some of the scattered scintil lation
light reaches the photomuxtiplier tube via the light
guides surrounding the button-

Using the preceding assumptions the probability
of a scintillation event reaching the photonultiplier
tube Is

P t = FoLe/L . L > Le .. (10)

It should be noted that F is usually assuned,
for simplicity, to be independent of the Incident
neutron energy. However, If the incident neutron
energy is small, then nost of the light from the
recoil protons will be too small to be detected above
the detector threshold. Thus FQ will approach zero.
For larpe neutron energies, however, the light output
la large and F will approach 1. Since L depends on
F , the effective length of a Hornyak button will be a
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function of the incident neutron energy. It should
also be noted that F i s usually snal ler for electrons
than for protons. T'his implies that the effective
length of a Hornyak button i s smaller for gamma rays
than for neutrons.

DISCUSSION OF THE RESULTS

From Eqo. 1, 5, and 10 the efficiency of a
w»U button at a neutron energy, E, i s

E

e(E) V1"
-EL.) J(l-e (11)

where the maxlmun value of L i s L , which i s given by
Eq. 8. In the following discussio^i i t will be assumed
that Fo i s independent of the neutron energy and that
FQ has a value of approximately one. This corresponds
to operating the Hornyak button with a very low
detector th reshold .

Figure 3a shows the neutron and proton-recoil
detection probabili t ies as a function of neutron
energy for a thickness of 25.4 mm and for several
different 0. In general, the energy dependence of Pp
i s not a strong function of $. The curves indicate
that because of the low proton-recot ] de tec t ion
probability the Hornyak-but t on detec tor Is less
sensitive to neutrons with energies below one MeV.

E '0- -

3 ,0-2

-^4'=4.9 cm"1

/ • • ! cm"1

1 1

(o) :

LENGTH = 2.54 cm
NO ATTENUATION

1 1 !

I I I I I I

Fig. 3a. The probability of detecting a neutron and
the probability of detecting a recoil
proton as a function of neutron energy.

3b. The measured and calculated efficiency of
a hodoscope Hornyak-button detector.

Figure 3b shows a comparison between the measured
efficiency of the hodoscope llornyok button nnd the
calculated efficiency using Eq. 11. The measured
effective length of 7.5 ism was used. It was also
assuncd that Fo was one. In general, there is
reasonable agreement between the measured and
calculated curves in both magnitude and shape. Figure
3b also indicates that because P is decreasing at
approximately the same rate as Ppnis increasing, the
Hornyak button efficiency at large-neutron energies
(greater than 3 MeV) is approximately constant.

The discrepancy at low-neutron energies In Fig.
3b is probably due to the fact that the recoil protons
from these events do not lose sufficient light to be
detected above the finite discriminator threshold.
The snaller discrepancy at higher energies may be also
indicative of a similar effect. In this case the
light loss of the high-energy recoil protons in the
ZnS(Ag) grains nay not be large enough to be detected
above the finite threshold.

Choice of $ and a

The choice of parameters * and a are determined
by the neutron energy of interest. Figue 4 shows a
plot of the proton-recoil probabilities for several
different neutron energies r e l a t i v e to the
proabability at 2.0 MeV as .1 function of *. The data
la Fig. 4 show that snail * enhance the detection of
high-energy neutrons (5-Mev or greater) relative to
low-energy neutrons ('.-2 MeV). Similarly, large *
will enhance the Hornyak button sensitivity to lov-
energy neutrons. Since the present goal is to
increase the high-energy response of the Hornyak
button detector, <J> should be reduced from 4.9 to 1.0
cm"'. In most cases this decrease will not result In
a lower absolute detector efficiency since the snaller
* will allow a larger effective length.
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Fig. 4. The r a t i o of the proton-recoil p robab i l i t i e s
for the energies l i s t ed re la t ive to that of
a 2-MeV proton.

The choice of grain radius a lso effects the
re la t ive neutron efficiency. If the radius i s chosen
too small, then the high-energy proton reco i l s wi l l
not lose suff icient energy inside the grain to he
detected. Thus the radius should be made large enough
so that sufficient energy i s lost by protons to ensure
detection with a typical discriminator threshold. It
can be shown, for recoi l path lengths greater than the
grain radius, that the average length of grain crossed
i s 4a/3. Thus the grain radius should be chosen such
that dE/dx multiplied by th i s average grain length i s
considerably above the d i s c r i m i n a t o r t h r e s h o l d .

It should be noted that ZnS(Ag) can at tenuate
some of i t s own l ight and t h i s at tenuation may U n i t
the grain s i z e .

Length, Gacira Sens i t iv i ty , and Transparency

The gamna-ray sens i t iv i ty and the Hornyak button
transparency depend on the quantity 4>L. Since * Is
usually chosen to maximize the efficiency from a
par t icular neutron energy, the gamma-ray s e n s i t i v i t y
and transparency determine the length of the button.
Also, since the absolute efficiency depends on the
length, these paraneters effect ively determine the
absolute efficiency.
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If the gamma sens i t iv i ty Is the most Important
parameter , then the length i s f i x e d by t h i s
considera t ion, and any attempt t o improve the
transparency of the button wil l only Increase the
gamrca s e n s i t i v i t y * If, however, the abso lu te
efficiency i s the most important parameter, then the
length i s determined bv the transparency of the
but ton .

The gamma sens i t iv i ty of a Hornyak button i s
minimized if the mean nunber of grains crossed by an
electron i s less than one. This requirement minimizes
the garona-ray sens i t iv i ty by reducing the probabil i ty
of large light pulses from multiple grain crossings.
If i t is assumed that the electron range i s greater
than the button length, then the mean nunber of grains
i s *L. Thus the Hornyak-button length nust be be less
than J/$ to minimize ganma sens i t i v i ty .

The effective length of a button i s given by Eq.
8, vhich can be written as Lg • C/<<H). Since the
maxlmvn value of k i s one, and since the constant C is
usually greater than one, L will typically be greater
than the length tha* minimizes ga:nna sensitivity.
Thus, if gamra sensitivity is not important, the
button length can be chosen equal to L to maximize
the absolute efficiency.

CONCLUSIONS

A semi-quant i ta t ive model has been developed to
describe the e f f ic iency and gamna s e n s i t i v i t y of a
Hornyak button in terms of de tec tor parameters such as
mean distance between g r a i n s , grain r ad ius , l eng th ,
and t ransparency. In terms of the present TRKAT
detec to r , the model i nd i ca t e s that r a i s i ng the mean
dis tance between gra ins by a fac tor of five w i l l
increase the sensitivity of the detector tc high-
energy neutrons (energies greater than 5-MeV) relative
to that of low-energy neutrons (energies less than 2-
MeV). The model also shows that increasing the
transparency of the Hornyak button wi 11 result in an
improvement in the absolute efficiency of the
detector. This improvement in absolute efficiency,
however, will cone at the expense of increased ganna
sensitivity.
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