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The properties of neutron detectors based on spherical

polyethylene moderators with Li®I(Eu) crystals at their center

1)

were described by Bonner ’. He also indicated the usefulness

of the system using the 12 inch diameter moderator as a neutron

2)

showed that the 10 inch diameter moderator
3-7)

dosimeter. Hankins
was also very good for neutron dosimetry. Other authors
have discussed the use of sets of these detectors as 4m neutron

spectrometers as well as for routine radiation safetys_ll).

Bonner spheres were selected for neutron moderators in
the early days of NAL. Here, some of the problems associated
with their use are discussed. The particular topics examined

are:

1. the costs of machining spherical moderators,

2. neutron detection efficiency as a function of
polar angle,

3. dose equivalent rate per count rate,

4. properties of a silver wrapped GM tube as a
thermal neutron detector, and

5. variation in neutron detection efficiency due

to different moderator densities.
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We will present some measurements which have bearing on

problems 1, 2, 3,& 4. Also, we will present our views on

problem 5.

Cost of Machining Moderators. If, to a first approxi-

mation and at constant density, the energy response of the
neutron detector depends on the volume of the moderator,
then slight topological variations of the spherical shape
should produce detectors of essentially similar responses.
Hence, several equal volume simple shapes with cylindrical
symmetry were made. In order of decreasing machining cost
(see Appendix), they were,

a) a sphere,

b) a pseudosphere (a pseudosphere is generated when a

regular octagon rotates about one median),

c) a cylinder.

The cross sections for these detectors are shown in
Figure 1, in their respective proportions. As it may be

seen, the pseudosphere is just slightly different from the

sphere.

The density of the linear polyethylene was between

0.924 and 0.927 g/cm?®.

Figure 1 also shows the definition of the polar axis.
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Variation of dosimeter sensitivity as a function of

polar angle. Two different thermal neutron detectors were

used,
a) a 4mm high X 4mm diameter Li®I (Eu) crystal, coupled
via a half inch diameter plexiglass light pipe to a
photomultiplier,
b) an Amperex #18550, thin wall (0.030 g/cm?) GM counter
wrapped with a 0.010 inch thick silver foil (0.267
g/cm?) or with an equal thickness in g/cm? of tin

(0.014 inch).

Appropriate precautions were taken to center the detectors
within the moderators. Standard nuclear electronics were used

for counting and timing.

In the case of the silver activation, a waiting period of
15 minutes (or 6.3 half-lives of !°%Ag) was allowed before any
data was taken. This provides a counting rate within 0.2% of
the final counting rate, since the relative detectable activities
from the '°%Ag and !'°Ag are 1.0 and 5.3, respectively (see
Figure 2). Angular variations in counting rate were always

less than a factor of two.

Neutron Source. The only neutron source conveniently

available was a 2%°pPuBe. It was calibrated by the NBS, which
gave a total source strength (using the Mn SO, bath technique)

of 1.89 x 107 n/sec.
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The flux-to-dose conversion factor for this source was
assumed to be equal to that for a ?%°PuBe,,. A value of
3.52 x 107% rem/(n/cm?) was taken for this source from the
work of Nachtigalllz). Nachtigall also quotes conversion
factors for kerma (3.73 x 107° rad/(n/cm?)) and maximum dose

in tissue (4.70 x 10~ ° rad/(n/cm?)).

13)

Lawrence reports 92% of the dose from a PuBe source

to be due to neutrons and 8% due to 4.44 MeV gamma-rays.

Thus, the source was assumed to produce the radiation

fields listed in Table I.

Table I

NEUTRON SOURCE PARAMETERS (PuBe-54)

flux (@ 1m) 1.89x107/ (4mx10")

= 1.50x10%n/cm? sec

maximum tissue dose
rate (@ 1m)

4.70x107°%1.50x10% = 7.05x10"7 rad/sec

= 7.05x1077x3.6x10° = 2.54 mrad/hr

kerma rate* (@ 1m) 3.73x107%x1.50%x10% = 5.60x10" 7 "rad"/sec

= 5.60x1077x3.6x10° = 2.01 "mrad"/hr

dose equivalent

rate (@ 1m) 3.52x10 %x1.50x10% = 5.28x10 ¢ rem/sec

= 5,28x10"%x3.6x10°% 19 mrem/hr

1l

gamma dose rate 2.54x8/92 = .022 mrem/hr

* actually the kerma rate should be expressed in ergs/gm.
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Experimental Arrangement. To simplify data taking, a

thin, counterbalanced aluminum arm was pivoted above the
detector, giving a constant 73.8 cm distance between the
centers of the neutron source and the detector (see Figure 3).
In this figure, the source holder is seen screwed to a sphere
which is supported by a cardboard tube which rests on top of

other low mass supports.

Figure 4 is a photograph of the photomultiplier assembly

without the holder and iron flange.
Figure 5 is a photograph of the Ag covered GM tube assembly.

Results. Figure 6 presents the relative polar angle
response of the three moderators using a 4mm ¢ x 4mm high

®LiI (Eu) crystal.

These results were taken with assemblies mounted without
holder in order to minimize the interference from the iron

holder and flange.

Wall scattering effects were studied by rotating the
entire assembly, but keeping the source at 0°. At all posi-
tions the count rate was independent of the walls within

statistical errors.

Figure 7 shows the responses of the sphere and pseudosphere
with their holders and mounting flanges in place. The response

of the sphere without holder or flange is added for comparison.
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As it may be easily seen and as it may have been expected,
the flange and holder affect the detection efficiency of

only a small polar region.

Figure 8 shows the relative response of a pseudosphere
with holder and mounting hardware and having either a °LiI (Eu)
crystal or an Ag wrapped GM tube. For all practical purposes,
there is no difference in the polar responses of these two
systems. Fifteen minutes delay time was allowed before
taking a reading when using the Ag wrapped GM tube to permit

stabilization of the counting rate.

In all the measurements, some right-left asymmetry may be
seen. This is believed to be some remanent error in the axial

alignment of the LiI(Eu) crystal.

The detection efficiency for PuBe neutrons is thus seen
to be essentially indistinguishable between the sphere and
the pseudosphere. On the other hand, the right cylinder

shows variations about the "mean" of *10%.

Dose Equivalent Measurements. The dose equivalent per

neutron per cm? is taken from Table I for PuBe. From measure-
ments taken using a simple 4mm diameter, 4mm high °LiI (Eu)

crystal, we get the following flux-to-dose conversion factors.
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Table II

®LiI (Eu) PuBe dose equivalent per count for
a crystal 4dmm ¢ x 4mm high, at 0° and 90°

rem rem (mrem/hr)
Moderator count count (count/sec)

0° 90° 90°
Sphere 2.18 x 1077 2.18 x 10 7 .785
Pseudosphere 2.21 x 1077 2.17 x 1077 .781
Cylinder 2.15 x 1077 1.97 x 1077 .709

For the type of neutron spectrum expected outside a thick
soil shield, the rem per count may be calculated using the

Bonner sphere response as given in reference 4, the PuBe as
15)

given by Brock and Anderson and also Stewart and the
neutron spectrum as given by K. O'Briean). Then, the ratio
200 GeV 200 GeV
¢ (E")DE(E")AE" $(E'")AE"
(rem/count)accel _ Oacc gacc
(rem/count)PuBe 10.5 MeV 10.5 MeV
¢(E')DE(E')dE d(E')dAE"
PuBe PuBe

0

may be evaluated to the best of our present knowledge.

The numerical calculations give,

— -7
(rem/count)accel = 5.51 x 10
— -7
(rem/count)PuBe = 2.17 x 10
Hence, (rem/count) = 2,54 (rem/count) a useful

accel PuBe

ratio to use around NAL.
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The Silver Wrapped Neutron Detector. The use of the

®LiI(Eu) crystal plus photomultiplier is very good in regions
where counting rate losses are unimportant because of large
duty cycle or low dose equivalent rates. In such circum-
stances, the °LiI(Eu) crystal 4mm diameter x 4mm high, offers

very good discrimination against gamma rays.

However, the Ag wrapped GM tube has advantages when low
cost electronics are imperative and a small duty cycle is
coupled with a sudden unexpected burst of neutrons. This
technique was described in 1962 by A. R. Smith, but it may be
older than that. The advantage of the Ag foil is that it
provides a low cost nautral integrator with time constants of

24.4 sec 1'°°Ag(n,v)!!'%Ag) and 2.4 minutes (!'°7Ag(n,y)'°%Aqg).

The drawback of this technique is the sensitivity of the

Ag-GM system to gamma rays.

Silver Thickness. Figure 9 shows the counting rate from

the beta decay of !'°%Ag and !!°Ag, at constant geometry and
flux versus Ag thickness as well as a similar curve for Rh.

A thickness of 0.010 inch of Ag was adopted for the detectors.
Advantages of Rh over Ag are the single, although longer,
half-life of !°*Rh(42 sec) and its slightly greater sensitivity.

However, the price of Rh is a serious disadvantage.
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Naturally, a Ag wrapped GM tube is gamma-ray sensitive.
However, this is not a problem when operating near a very
short duty cycle accelerator since the pulses from the tube
may be gated off during acceleration. However, when using
a PuBe source for calibration, the gammas from the de-exita-

tion of !2C*, contribute significantly.

In order to remove the effects of the gamma-flux in the
determination of the neutron dose, the gamma induced counting
rate in the Ag wrapped tube was estimated using a Sn-wrap in
place of the Ag around the same GM tube. The Sn-wrap (0.014 inch

thick) had the equivalent thickness in g/cm? as the Ag wrap.

Two counting rate ratios were obtained, using the PuBe
source mentioned in Table I, and the pseudosphere,

Ag wrapped GM - bare GM

Ag wrapped GM = 0.62 + 0.01

Ag wrapped GM-Sn wrapped GM._

Ag wrapped GM 0.66 = 0.01

Thus 2/3 of the counts from the PuBe source in a 0.010 inch
thick Ag wrapped thin walled (30mg/cm?) GM tube in a 10 inch
pseudospherical moderator are due to neutron capture and
subsequent beta counting. The conversion factor for a gamma-
less PuBe like neutron spectrum for a 10 inch moderator and

an Amperex #18550 GM tube wrapped in 10 mils of silver is

Dose Equivalent Rate = 1.31 (mrem/hr)/(count/sec).
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In one of the dose equivalent rate meters developed at
NALls), two GM tubes are used. One is wrapped in 0.010 inch
of Ag and the other one in 0.014 inch of Sn. Then, the outputs
from these tubes are shaped and properly subtracted from each
other. For adjustment of null output in a gamma-ray field,

a Co-60 source has been used.

Sudden Fluxes (Impulse Approximation). One interesting

capability of the Ag foil is its ability to integrate the
neutron dose due to a very short burst of neutrons as in the
case of an accident. Hence, in principle, it is always
possible to calculate a neutron dose if a record of the Ag
decay is available and the relative number of '°%®Ag and '!‘Ag

nuclei is known.

For this purpose, a measurement of the !%%Ag and !!%aAg
contributions to the counting GM, using 0.010 inch of Ag in a
10 inch moderator and a PuBe neutron source was carried out.
A PuBe source was mounted on top of the pseudosphere for

30 minutes.

The output of the GM electronics was connected to the
multichannel scale (MCS) input of a 4096 channel analyzer.

The MCS was started and the source was very quickly removed.
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From those results a least square fit to the data was
made in which the half-lives of the !°8/!!%pAgq were assumed

known. The following expression was derived,
CR(t) = K[5.33 exp(-0.693t/24.4 sec)+1.00 exp(-0.693t/144 sec)]

where t is measured in seconds from the end of the irradiation
and CR(t) is the count rate in counts/sec (see Figure 2). K may

have different meanings.

During a steady state condition when equilibrium has been

reached by both silver isotopes, the counting rate is,
CR = K DE

where,
K is the steady state dose rate-~to-count rate conversion

factor. From the measurements taken above,
CR(c/sec)=0.763(c/sec)/(mrem/hr)xDﬁ(mrem/hr)

OR
CR(c/sec)=2.75xlOG(c/sec)/(rem/sec)xﬁﬁ(rem/sec).

For the case when there is a large burst of neutrons for a very
short time interval (ti<<24.4 sec) the counting rate can be

represented by

CR(ti,t)=k Dﬁ{g.33[l—exp(—k1ti)]exp(—klt)+l.00[l—exp(—kzti)]exp(—k

where,
Ay = 1n(2)/24.4 sec
A, = 1n(2)/144 sec

2
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t.
1

t

irradiation time (i.e., duration of burst)

time measured from end of burst.
If ti<<24.4 sec

CR(ti,t)=2.75xlOG(c/sec)/(rem/sec) 5E(rem/sec) *

* [5.33A1tiexp(-Xlt)+l.OOA2tiexp(-k2t)]

since DE = DE ty
CR(t,,t)=2.75x10°DE[5.33% exp (-1, t)+1.002 exp (-A,t]

The NAL Datalogger has the capability of recording the total

counts over a given time interwval, thus,
t+At
Counts (t,At) = JéR(ti,t) dt
t
=2.75x10°DE (rem) [5.33exp (-1 t) (1-exp (-1, At)) +

+1.00exp (=A,t) (1-exp (-2,4A))]

Solving for DE

_ 3.64x1077 counts (t,At)
5.33exp(-k1t)[l—exp(-llAt)]+l.00exp(—k2t)[l—exp(—XzAt)]

DE (rem)

Assuming a typical case where the operator in charge records
the total number of counts over a (5) minute interval, (5) minutes

after the spill

3.64x10~7 counts(300,300) _3.64x10”7 counts (300,300)

DB (rem) =5 33%1. 99x10-"+. 236 (1-.236) (1.06x10-7) (1.80x10-1)

Thus, under normal circumstances, the only contribution

will be from the !'%8ag (T, ,.=144 sec).

1/2
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Variation of Neutron Detector Efficiency due to

Different Moderator Densities. In this work we have

assumed that the important parameter to determine the neutron
detection efficiency is the total mass of the nearly
spherical detector. We have based this on some early results

16)

of K. O'Brien .

1)

Should the density vary from that used by Bonner ', we
would expect that the important parameter will be Rp, namely,
that the typical dimension of the moderator, measured in
mean-free paths will remain constant. Hopefully, this
conjecture will soon be tested by some calculations to be

19)

done by R. Sanna .
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APPENDTIX

Estimated Cost of Materials and Machining of

Moderators as Submitted by Cadillac Plastics,*

Inc. Quotes are for gquantities of twenty of

each type.

Type Unit Cost Savings Per Unit
Sphere $312 -
Pseudosphere $264 $48
Cylinder $232 $80

. %1245 West Fulton
Chicago, Illinois 60607

TM-291
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FIGURES

Cross~section of the three moderators used.
Sphere of radius = R
Pseudosphere,

(2/3)1/3R

Cylinder, Rcyl

H

oyl 2 Rcyl

Decay of the count rate in a thin walled GM tube wrapped
in Ag, after long irradiation by PuBe thermalized in a
10 inch pseudosphere.

Photograph of the experimental arrangement.

Photograph of the light pipe inserted in a pseudosphere,
the photomultiplier and electronic hardware.

Photograph of the Ag wrapped GM tube assembly.

Polar response of dose-rate-meter as a function of polar
angle. No flange or mounting hardware.

Polar response of sphere without flange or mounting
hardware, and of sphere and pseudosphere with flange

and mounting hardware.

Polar responses of pseudosphere with either a °Li (Eu)
crystal or a silver wrapped GM tube.

Relative counting rates for a thin wall GM tube versus

various thicknesses of either silver or rhodium.
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Figure 3
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