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Abstract

For fast neutron spectroscopy in MeV region, a recoil proton telescope
detector was designed and constructed so as to increase in detection efficiency
without appreciable deterioration in energy resolution by adopting a special
type of recoil proton radiator which is a combination of a ring-shaped vertical
radiator and a cone-shaped horizontal radiator at a certain geometry. A
neutron stopper was built in the detector system to minimize the background
due to direct exposure of the Si(Li) detectors to primary incident neutrons.
The detection efficiency and the energy resolution calculated at various
neutron energies and geometries are given and these characteristics of the
detector system were tested by 14.1 MeV neutrons. As the calculation predicted,
the relative detection efficiency in case of the combined radiator system is
almost 2.2 times of that for a single, ring-shaped vertical radiator system.
The calculated energy resolution is 3.7% FWHM, whereas the measured
resolution was 3.9% which means resolution broadening of approximately.
30% was resulted by introducing a combined radiator system into the telescope.

Increase in background less than 40% was also observed.
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1. Introduction

Operational principles of nearly all spectro-
meters for neutrons with energies from 1 MeV
to 20 MeV depend on the observation of one
of the followings: mneutron time-of-flight,
recoil protons due to n-p scattering, or
reaction products from He?(n, p)H® or Li¢
(n, a)H?,

Photographic emulsions and cloud chambers
are thick radiator spectrometers with good
resolution and good background discrimination,
but these advantages are mullified by the
tedious measurements of tracks. He® counters
have an inherent background from He? recoils
which is serious for neutron energies above
1 MeV. Time-of-flight spectrometers lose
their resolution above a few MeV because
extremely short flight time is difficult to
As iz well
known, proton recoil telescope detector usually

measure by existing methods.

consists of a hydrogeneous radiator together
with two or more counters which are placed
in tandem and operated in coincidence, or
perhaps anticoincidene, to detect the proton
recoiling with a small solid angle to a colli-
mated neutron flux. The use of coincidence
techniques gives good discrimination effect
againgt background. When #-p scattering
cross section is known, the neurtron detection
efficiency can be calculated accurately from
the composition of the radiator material and
the solid angle sustained by the detector. If
the detector is energy senmsitive, the neutron
spectrum can be fairly easily determined from
the recoil spectrum. Thus a proton recoil
telescope detector has known efficiency and
good background discrimination characteristics.

On the other hand it suffers from very low
detection efficiency particularly at low ener-
gies,

The early telescope detectors consisted of a
thin polyethylene radiator and a series of
proportional counters. Soon after, various
modifications have been made by using a solid
scintillator such as Nal (TD or Csl (TD
scintillation counter operating in coincidence
with one or more proportional counters.
However these types of recoil proton detectors
showed poor resolution or low detection
efficiency. Since the begining of the last
decade, the semiconductor counter telescope

has been successfully used in numerous
studies of nuclear reactions induced by 14
MeV neutrons. 1" It has been demonstrated
in these investigations that the semiconductor
counter detector, in addition to good energy
resolution and excellent stability, ensures good
separation of various particles and fast
operation, making experimenté with high
neutron flux possible. However, it has also
shown that this telescope detector has a
relatively high background due to the large
cross section for neutron induced reactions in
silicon such as Si®® (#,p) and Si® (n, ).
Nowadays, the semiconductor telescope
detector seems to be one of the most versatile
fast neutron detectors if the background can
be eliminated and the improvement in detection
efficiency can be made. In our present
experiments, efforts were made to avoid
these difficulties in the design of a telescope
detector by introducing a radiator system
composed of a ring-shaped vertical radiator
and a cone-shaped horizonatal radiator and

an E— detector system.

X
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Fig. 1. Schematic drawing of a telesccpe detector

2. Construction Details of the Telscope
Detector

As shown in Fig. 1, the telescope detector
consists of essentially five parts: detector
shielding,
tube, detector holder including a cold finger

hydrogeneous radiator, extension

dFE
and &— X

radiators, it is necessary to select incoming

detector. From the geometry of

fast neutrons within certain small incident
angle by placing a collimator on the path of
Also it

the possibility of direct exposure of incoming

neutrons. is necessary to climinate
fast neutrons on to detectors by putting a
proper scatterer at the center of neutron
beam area. Detector shield has both of these
functions. The main constituents of the
detector shield are shown in Fig. 1. To stop
the neutrons thermalized by the borated
paraffine moderator, a thick cadmium plate

with 1cm in thickness is put between two
steel pipes. The steel pipe filled with lead
act as a fast neutron attenuator and a shie-
lding of gamma-rays emitted mainly from
preceding steel pipe filled with borated par-
affine and a cadmium plate due to neutron
capture.

To increase the detection efficiency without
appreciable deterioration in energy resoution,
particular care was paid for geometry of
radiators.. Two

independent radiators are

Q SHIELDING FIXER
o VERTICAL, RADIATOR

f— 50—

=

/

CONE SHAPED RADIATOR

STEEL FLAME unit. mm

Fig. 2 a. Cross sections of vertical and cone
shaped radiator '

7 DET CONNECTOR
dE/dx DET CONNECTOR  CuBASE

TEFLON HOUSING

Si{Li}dE/dx DETECTOR Si{L1)E DETECTOR
AJ EVAPORATED A! EVAPORATED

Fig. 2 b. Principle of mouting Si(Li) E-and
dE/dx detector
provided: a ring-shaped radiator vertical to
the direction of incident neutrons and a cone-
shaped radiator of /26 cm in length having

go=tan'1% respect to direction of incoming

The vertical radiator with a total
area of 40.8cm? is shaped
fixing

neutrons.
into ring type by
it into two concentric steel frames
having diameter of 14cm and 12cm respecti-
vely. The geometrical arrangement of these

two radiators is shown in Fig. 2a. However
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this arrangement can be easily modified into
a gingle vertical radiator or a single cone
shaped radiator arrangement. These two
radiators of different geometries are so
arranged that the all neutrons transmitted
through the vertical radiator without interac-
tion have
horizontal
protons.

interact with
to eject

opportunities to
cone-shaped radiator

Three extension pipes with different lengths
(14, 19 and 29cm) and the same diameter as
that of steel housing are provided to vary
the distance between the radiator assembly
and tbe detector system to find out the effect
of the variation of distance on the resolution
and efficiency. By singly replacing the
extension pipes, the distance between the
radiator assembly and detector system can be
varied in steps of 24cm, 29cm and 39cm.

As shown in Fig. 2b, detector assembly
consisting of E-and dE/dx detectors are
scacked together and mounted on a copper
cold finger which is cooled down to liquid
nitrogen temperature to suppress the thermal
noise. However it should be noted that the
experiments reported in this paper were done
without dE/dx detector which  will be used
later for improvement in background discri-
mination characteristics of the spectrometer.

3. Calculated Detection Efficiency and
Resolution

Throughout the calculations, the following
semi-empirical formula given by Gammel®
was used for the derivation of total scattering

cross sections in barns

or(E)= 37
T 1. 206 E+(—1. 8600+-0. 09415F

+-0. 0001307 £2)%

+

> ¢b!
1. 206 £+ (0. 4223--0. 1300E)?
where the neutron energy F is expressed in
MeV at laboratory system. The differential

cross sections
is deduced from

in barns in laboratory system

a(6 E)_GTCE)coso . 1+2(~9E6)2c032;20
T E
" 1+(%)(45)

The anisotropy of z-p scattering due to

@

interference between S and D waves was
disregarded as its contribution to ¢(4,E) is
negligible below 14MeV.

1) Detection Efficiency in Case of a

Vertical Radiator

In case of vertical radiator as shown . in
Fig. 3, the detection efficiency of the
telescope detector can be easily calculated in
the following way. As seen in the figure,
a,b and d denote the diameters of silicon
detectors, the distance from a point on the
center axis and the distance between the
detector and the radiator respectively.

As it that the
parallel neutron beam falls on the radiator

is assumed collimated

e ]

A

% T

RADIATOR

P S el

- DETECTOR

Fig. 8. Basic geometry for the vertical radi-
ator. The symbols are defined in the
seetions on efficiency and resolution

!

) «

Fig. 4. Basic geometry for the cone-shaped
radiator. The symbols are defined in the
sections on efficiency and rsolution.
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vertically, the number of recoil protons with
kinetic energy E emitted from an areal
element, ds=2abdb, on the radiator is given
dn(E)=N¢(E)-0(8, E)-2ds
=N¢(E)-6(6, EDQ2-27bdb @
where
N: the number of hydrogen atoms per unit
area in the radiator
#(E): incident neutron flux
Q: solid angle sustanined by the detector
to see the point & on the radiator.
As 0(6,E) and 2 can be expressed in the
following forms
o(6, E)= aT(E;Scosa ~_or(E)-d

2B +dD}
9= sz*f}%m‘ @
we get
dn(E)= 2nN¢Cl('7b)2<r_ir_Eilzi‘))za2d2bdb )

By integrating above equation over the whole
area of the radiator, the total number of
recoil protons with energy E is expressed as

#(E) =220 4" N Bdor(E) |~ s db

—ratdt(—t —— 1V NG(B)(E)
Btdr  bitd

®
For our telescope, this expression becomes as
n(E)=A+Nar(E)$(E) <))
and each numerical values is given ag follows:
a=0.9cm, &=6cm, b,=7cm, d=10cm, 24cm,
29cm, 39cm. By putting these values into
the equ. (6), following wvalues of A are
obtained for different 4:A=0. 16325, 0. 04982,
0. 03564 and 0.02058.

As the mylar film Chydrogen content being
1/24) of thickness 1.04mg/cm? is used as
radiators, the number of hydrogen atoms per
unit area is 2. 15X10' and this value yields
following results:

n(E)=3.510x10"%-0r(ED+¢ whe d=10cm

#n(E)=1.071X10"%0;(E)-¢ when d=24cm

5 0(

»
o
I

—= N(E)/ 4(E) X108

9 t
~—= NEUTRON ENERGY (Mev)

Fig. 5. The effciency of the telescope detector
using the vertical radiator
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Fig. 6. The efficiency of the telescope detector
using the cone-shaped radiator
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Fig. 7. The efflcency of the telescope detector
using the combined radiator
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#(E)=7663X10"%0r(E)+-¢ when d=29cm

n(E)=4.425X10""-67(E)-¢ when d=39cm.

The ratio, #n(E)/¢, is computed for mylar
dradiator and shown in Fig. 5.

2) Detection Efficiency in Case of a

Cone-shaped Radiator

As seen in Fig. 4, a variable denoted by %
was chosen as the distance between a point
on cone-shaped radiator and the point where
the exptrapolated line from the radiator
surface crosses the center axis of the detector
system. Then the total number of recoil
protons from the areal element, ds=2zk-
sinpdk, of the radiator is given by

dn(E)=N¢(E)-o(8, E)-2nk-sin*pdk  (8)
where

By 02(E)-(d—c+k-cosp)
o(6, E) =V Risin’p-+(d—c+ k- cosp)? ©
e na*(d—c+k-cosp) (10)

(k*sin’p+(d—c+k-cosp)?)? 2
From above relations,
obtained for dn(E):
dn(E)=27a’N¢(E)- or(Esin%p
__(d—c+k-cosp)k dk an
(Asin*o—+(d—c+kcosp)?]?
Therefore the total number of recoil protons
is given by
n(E)=2ra®Nsintp+¢' (E)+0r(E)

S"' (d—c+kcosp)k dk
[ k%in%p+(d —c-+ k- cosp)?)?

where £1=30.6cm, 4:=35.7cm and c¢=35cm
in the present geometry. For each values of

following formula is

d, following results are obtained.
n(E)=4.065X10 %07 (E)- ¢’
n(E)=1.300X10 % (E)-¢'
n(E)=9. 045X 10" %7 (E) ¢’
n(E)=5.022X10""0r(E)- ¢’

The ratio, n(£)/¢'(E), is computed for the

mylar film of 1. 04mg/cm? in thickness and

the resulted values are shown in Fig. 6.

3) Detection Efficiency in Case of a
Combined Radiator
In Case of combined radiator system, the

when d=10cm
when d=24cm
when d=29cm
when d=39cm.

neutrons which passed through the vertical
radiator without interaction have possibilities
to react [with the cone-shaped radiator.
Therefore the total number of recoil protons
for the whole radiator system is simply a
sum of contributions from each radiator.
That is

n1(E) . =n(E)v+n(E)cone
= 2000 EIN(ICE) |, cyolmse db
(d—c-+k-cosg)kdk )
2

%
B i e o)
az

where ¢/(E) denotes the neutron flux after
passing through the vertical radiator. In Fig.
7, variation of detection efficiency with
energy is shown when ¢(E)=¢/(E) is
assumed.

4) Calculated Energy Resolution in Case

of a Verical Radiator

The resolotion largely depends on the
geometry such as finite size of the radiator,
detection area of detector assembly and the
distance between them. For very thin mylar
radiator, we may assume that there is no
attenuation of neutron beam in the radiator
as already mentioned before. So there will be
rectangular distribution of recoil protons with
the maximum energy equal to E,=FE, cos?.
and the minimum energy given by £E,=F,

cos? a—X(—Zf(—). The energy loss of recoil

protons in the radiator should effect on the

‘resolution in general. ‘However because of the

thin mylar films used as radiators, the high
incident neutron energy and relatively small
scattering angles, this effect can be neglected.
And so, the calculation of the energy
regolution for a vertical radiator (also for a
cone-shaped radiator in section 3-5), it was
not considered. But for the future experiments
where the thick radiators may be used, the
energy loss correction on resolution was made
for a combined radiator system as described
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in section 3-7 even if its contribution to
resolution broadening was small.

For convenience in mathematical analysis,
we used a set of rectangular coordinates with
the Torigin at the scattering point on the
radiator as shown in Fig. 3. Since E,=FE,
cos?d, the locus corresponding to constant 6
and constant energy forms a cone about the
X-axis. The intercept of this cone with the
plane of the detector surface is a circle
defined by the equation as

yitz2=d? tantd=10 13
However only a part of this circle actually
intercepts with a detector and will give rise
to a counted event. In the same coordinate
system, the equation of the circle formed by
the detector edge is given by

(y—b)2+z*=a’ qr))
From equ. (13) and (14),
these two circles can be represented by

z=i\//lz———(lz—_fbizﬂ (15)
Therefore the length of the arc on detector
face due to superposition of these two circles
is given by

s={ 1+(22)az

the intercepts of

where z1=‘12=«/12-— <l2—4abzz+b2)z and
2 2
—‘Zi ) = lzz__zz- Finally following relation
can be obtained
e oTein -1 VAR — (P —a?Fb2)?
S=2lsin 557 ) (16)

However for proper evaluation of S, two
additional factors should be considered. The
first is the number of scattering events on a
circle of radius & and the sgecond is the
differential scattering cross section. All points

on a ring at constant b will contribute to
the same extent. The differential cross section

for hydrogcn is proportional to cosf. So we
can take these factors into account by

multiplying S by & and cosf. Then we get

S" =2blcosf sin-l(‘/4”2”—;;—”2“2)2) an
In equ. (17) let choose & and then let 7/ run
possible values (b+a=I=b—a),
obtaining a curve giving S/, versus 4. This
process should be continued untill all the

over all

values of b are covered. By integrating all
we finally obtain the
The resolution

the individual curves,
resolution function, f(6)ver.
function, f(6), was thus obtained as a function
of angle @ but can be easily converted into
the function of proton energy E, by utilizing
E,=E, cos?¢ and f(d). The
mean scattering angles werc found to be
33.05°, 15.15°, 12.80° and 9. 35° corresponding
to d=10cm, 24cm,
vely. The resolution function is shown in
Fig. 8 when d=29cm.

5) Calculated Energy Resolution in Case

the relation,

29cm and 39cm respecti-

of a Cone-shaped Radiator
By adopting the same coordinate system
shown in Fig. 4, following relation can be
obtained.
y2+22=(d—c+k cosp)? tand=1?
(y—k sin p)*+2zt=at

60~

50

ARBITRARY UNIT

) 1 1 | -
092En 094En 096En OSBEn

Fig. 8. The geomentric resolution function
for using the vertical radiator
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Therefore intercepts of the two circles are
given by

- I*(a* L ksintp)?

= 2__ T\ v S YT

? iJl 4k%sin’p
and the following expressions for S and §’

are resulted:
S=fil (Y ar=[ Gz a®

S’ =2klsinp-cosfsin!
220i02cn— (12— 42 2qin 2, 2

(1/4k I%sin goZk(lé in¢a —+A&%sinp) ) 19
From equ. (19), mean scattering angles of
16.63°, 14.35° and 10.23° were resulted and
the resolutions(FWHM) of 3.35%, 2.90% and
1.5% were obtained when d=2%4cm, 29cm
and 39cm respectively. The resolution func-
tion, f(6)cose, is deduced as shown in Fig. 9
when d=29cm.

Xsin~!

w
@]
T

b
O
T

ARBITRARY UNIT

o
(@]
I

] 1 {
O.9IEn 093En 095En O097En
Fig. 9. The geometric resolution function for

using the cone-shaped radiator

6) Calculated Energy Resolution in Case
of a Combined Radiator

The resolution function, f(#)m, in case of

combined radiator can be obtained simply by

utilizing the following relation of error
propagation:
f(o)zc om = f(0)2v5r+f(0)2cone (20)

The resolution function curve was computed

J. Korean Nuclear Society,
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Fig. 10. The geometric resolution function
for using the combined radiator

when d=29cm and is shown in Fig. 10. And
mean scattering angles of 15.89°, 13.60° and
9.79° and FWHM of 4.50%, 3.76% and
1.92% were obtained when d=24cm, 29cm
and 39cm respectively.

7) Energy Loss Correction

As stated the resolution
mainly depends on the geometries. However

in section 3-4,

recoil protons emitted by neutron colligions in
the radiator have to lose a part of their
kinetic energies due to the interaction with
radiator materials until they come out from
it. The maximum energy loss at geometrically

(A8

o
T

-~
T

1.04 mg /cm? MYLAY RADIATOR

] 1 i 1 1 i 1

2 4 6 8 i0 12 14
- ~——e NEUTRON ENERGY
Fig.11. The overall resolution of the combined
radiator telescope detector as a func-
tion of E,
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with
radiator thickness. If the radiator thickness is
fixed,
should have energy distribution which begins
with the maximum energy loss and terminates

acceptable scattering angles varies

the outgoing protons from radiator

with zero energy loss. For correct evaluation
of the energy loss effect on the resolution
broadenining, energy loss corresponding to
every possible length of passage of proton
emitted in the radiator at various scattering
angles should be taken into account. However

ag this is very troublesome, we used mean

energy loss, X| (-g—f?) which is related to £,

and mean scattering angle 6 through following
equation:

E,=E, cost9—X(-25) @D

where X is the mean distance of proton
travelled through radiator.

when d=29%cm in case of
0=13.6° is resulted.
Fig. 11, the overall resolution function curve

For instance,

combined radiator, In

corrected for energy loss effect is shown.
4. Experiments

By utilizing T(D,n) He* reaction, 14 MeV
monoenergetic fast neutrons are generated at
the total yield of 10 per second in 4=
geometry. As the telescope detector was

POWER SUPPLY
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placed, to see the target at the angle of 80°
respect to the direction of accelerated deuteron
beam path, expected Kkinetic energy of
neutrons was 14.1 MeV. The chain of all
counting electronics except those for plastic
scintillator monitor detector is shown in Fig.
12. This chain of electronics modules is
actually constructed for a telescope detector
system in which coincidence-sum technique
will be applied for the pulses resulted from a
dE/dX and E- silicon detector system which
will be completed soon at our Ilaboratory
enables us to get only a sum peak correspon-
ding to totally absorbed recoil proton energy
and discriminate the almost all the back-
ground®>~”, However at the present experi-
ments, a thin windowed Si(Li) detector with
2.5mm depletion depth fabricated at our
laboratory and only a part of this electronics
chain was utilized. The resulted pulses from
the E-detector are amplified and shaped then
directly fed to a 800 channel pulse height
analyzer.

As the consumption of accelerator target is
very rapid and this brings significant change
of neutron flux during the experiments, a
plastic scintillaion counter was used asa
monitor counter with which normalization of
spectra to the same number of primary
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Fig. 12. Block diagram of the eledtronics system
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Fig. 14. Proton recoil spectrum using the combined radiator

incident neutrons can be easily made.

To find out expetimentally ah improvement
in detection efficiency and a possible change
in energy resolution when a combined radiator
is used instead of a sigle vertical radiator,
two spectra of recoil protons were taken and
compared under exactly same experimental
conditions. These spectra are shown in Fig,
13 and 14.

5. Results and Discussion

By comparing the two spectra shown in

Fig. 13 and 14, it is evident that the increase
in detection efficiency of the telescope system
employing a combined radiator is almost as
much as ~2.2 times of the system where
only a single vertical raciator was used.
According to the theoretical prediction on
the detection efficiencies of both radiator
system at d=29 cm, the expected increase in
detection efficiency should be about 2. 16 times
because the ratio of number of events detected
in both radiator systems is (7. 8174¢+9. 045¢')/
(7.8174¢) as discussed in sections 3-1~3-3.



An Improved Proton Recoil Telescope Detector for Fast Neutron Spectroscopy—M. K. Chung 201

There is an excellent agreement between the
experimental and theoretical value of ratio of
increage in detection efficiency.

The calculated energy resolution is 3.7 %
FWHM, whercas the measured resolution was
3.9% which means resolution broadening of
approximately 30% was resulted by introdu-
cing a combined radiator system into the
telescope.

Increase in background less than 409% was
also observed. The background seeme to be
resulted from mainly direct interaction of
scattered fast neutron with silicon detector
and is distributed in the lower energy region
than the recoil proton peak position. However,
by setting a discriminator level at a proper
position, only the counts under the totally
absorbed proton peak can be registered without
appreciable loss of counting.

The peak to background ratio is not high
enough at present experiments but can be
easily improved by using the radiator materials
such as polyethylene which has much more

hydrogen atoms per unit volumec than mylar
and by the proper choice of vertical radiator
thickness because a mylar film used for present
experiments was found too thin to emit enough
protons within the allowed energy loss criteria.
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