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ABSTRACT

Thie work presents the calibration of a scintillation-pair-

spectrometer. It is intended to yield energies and intensities of

neutron capture gamma rays as precisely as possible. It is found

possible to determine experimentally the relative peak-to-total for

a pair crystal spectreumeter.



1. INTRODUCTION

The three-crystal scintillation pair spectrometer has heemn des~
eribed elsevhere* so that only a brief mention will be made here.

A beam of gamma-rays is incident on what is called the "“ceanter
crystal® which in the present experiment is NaI(T1) (1.75"¢x2"L). In
order to select the pair evenis from the photoelectric and Compton
events, two large NaI(Tl) (8"¢x3"L) crystals are placsd on either
side of the center crystal so that all three are in line. The anni-
hilation of a positiron accompanying a pair even’® in the center
crystal gives two 0.511-MeV quanta going out in opposit directions
which can then bhe detected in the side erystals. A coincidence cir-
cuit seleets those events in which a pulse in the center crystal is
observed gimultaneously with two 0.511-MeV coincident pulses in the
side crystals. A pulae-height analysis of the center crystal pulsea
shows peaks due to the difference in energies between the energy of
the incident gamma-radiation and the energy (1.022 MeV) expended in
the pair production.

This type of spectrometer suifers from a large low energy back-
ground /I-5/ vhich was attributed to multiple scattering and double
Compton effect. To elemimate this background, a single pulse height
analyser was employed on each of the side crystals, 3o as to admit
only the photopeak of the 0.511 MeV distribution. This technigue was
very successful im reducing the background [-97.

The proceeding work deals with the calibration of a three-crystal
scintillation pair spectrometer when eapture gamma rays vere produced
in o target placed in an external beam of thermal neutrons from the

UA-RR-1 research reactor.

w

*
++-Hassan,. A:M, and Abu-Zeid; H.M,"Construstion of three-Crystalﬁpain.Spectrometerg .

U.AR.A,E.E./Rep.-100 (1070},



A scheme of the experimental geometry is shown in (Fig. 1). The
sample under investigation vas placed at a point on the axis of the
lo) with the exception of the
front and back faces which vere left free for the passage of the neu-

collimator surrounded by boroncarbide (B

.rons, Care vas taken to adjust the shielding such that the neutron
beam wouald not hit any material except the sample. Pair spectra were
obtained (Fig. 2) as described elnevhere*”.

2. PAIR SPECTRAL LINE

The line shape in a pair crystal spectrometer consista of a nor-
mal distribution (Gaussian) peak and a continuous distribution tail.
This tail i3 due to the escape of the pair electrons and Bremsstrah-
lung photons / 7/ from the cemtral crystal. The enmergy of the tail
extends from the emergy of the peak downwards.

In cese of samples placed in an external beam of thermal neutrons
from the reactcr, the gamm: ray source subtends o big solid angle with
the center crystal and the gamma-rays fall allover the front face of
the center crystel. So it 1a impossible to stop the escape electirons
/6] trom the side of the center crystal. Also the escape of soft
bremsatrahlung from the side of the center crystal reaches s maximum
amount compared with collimated gamma-rays. As a results of that, the
low energy tail is more pronounced than in the case of collimated
gamna-rays incident on the center erystals,

In general; the pair spectrum peaks are superimposed on a smooth ’
rising continuum composed of the lov-energy tails which extend as weak
continuous background to rather low energies, as seen from (Fig. 2).

Nk
Hassany A,M. and Abu-Zeid,H.M. *Thersal Neutren Capture Gamma-Rays in Iron® (to be published),
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fig. (1): Arrangement of Crystals in a Pair-Crystal-Spectrometer.
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8. ENERGY CALIBRATION '

Fnergy Calibration of the pair spectrometer involves assignment
of the gamma ray enmergy in MeV to the pulase height scale of the
multichannel analyser used with the spectrometer.

The relation between the incident gamma-ray energy E and the
kinetic energy of the pair electrons E% which is detected by the pair

spectrometer is given by
E, = (E - 1.022) MeV (1)

An almost linear relationship exists between the incident gamma
ray energy F and the pulse height detected by the multichannel analy-
ser of the pair spectrometer which is inturn proportional to the
channel number of the pair-peak maximum N. In order to determine the
last relationship, the neutron capture gamma ray spectrum of Fe was
detected with the pair erystal spectrometer from a sample of natural
iron (25.8 g) which was irradiated in the external neutron heam from
the UA-RDN~1 research reactor. This spectrum is shown in (Fig. 2).

By using the results of Adyasevich et al. / 8/, the energies of Fe
gamma-ray linee represented in table I are all guite well known,
Using t!8se values for emergy calibration, the best fit of a straight
line for the relation bhetween E and N is given by 3

E = (0.02189 + 0.0001) N + (0.98776 + 0.04347) (2)

The remaining gamma ray energies;, as determined from equation .2
agree within experimental error to earlier values and demomstrate the
linearity of the system. The error in the enorgy determination by
this method is estimated to be within +.20 keV.,



Table 1

Peak No. | 4 S 22 24

Energy MeV / 8/ | 9.205 | 7.636 ! 7.273 4.220 3.844

4. ENERGY RESOLUTION

By plotting the relation between -%.‘-E % and E-& where AFE is the
full width at half maximum in MeV and E is the energy of 3 -ray peaks
selected from tho iron spectrum (i.e. B » 9.8, 7.68, 4.2, 8.2, 2.18
MeV) an alwmost linear relationship exists as shown in (Fig. 8).

This curve can be used for knowing the peak width at half maximum
(&E) which is necessary for determining the instrumental spectral
line which is very important and fundamental to resolve reliably the
detected gamma ray spectrum into partial spectra due to separate

monoenergetic lines in the true spectrum.

5. DETECTION EFFICIENCY

The detection efficiency of the pair spectrometer S(E) is equal
to the probability of making a pair in the center crystal D(E) times
the probability of detecting both the annihilation quanta in the
photo peaks of the side crystals F(E). The first factor D(E) depends
on the pair production cross-section, depth of the crystal and the
distance of the source along the extended cylindrical axis from the
near face of the detector. The second factor F(E) depends on the
position within the center crystal vhere the pair is created, the
geometry and position of the center crystal relative to the side
crystals, the selected window widths of the side single channels and
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'rig. (3): AEB/E% vs E-l/e for the Pair-Crystal-Spectrometer,



the dimentions of the crystala used in the spectrometer i.e.

S(E) = N/ (¥,W,W,) = D(E)R(E) (3)

and the absoiute detection efficiency is given by
5 (E) - N, / (R ¥, W,) = n‘(n)r(n) (4)

where
N is the number of pair counts detected per unit time.

R_  is the number of monoenergetic ¥ -rays incident on the senter

crystal per unit time.

N is the number of monoenergetic ¥-rays emitted per unit time

from the source.

y is a correction factor for the-absorption in the gamma ray

source.
W, is a correction factor for the absorption in neutron filters

and erystal can.

The pair detection efficiency D(E) and the absolute pair detection
efficiency Da(E) of the center crystal are determined by 1

D(E) = ( p, / py ) T(E) ()
and

D(B)e (o / py ) 2, (E) (8)
where

P, 1is the pair linear attenustion coefficiont /797 in on"L,

P, 1is the total linear attemuation coefficient[-g7 in om™t.

*(B) is the total, r‘(a) is the total absolute detection effici-
ency for the source-detector (C.C.) geometry, which are



related by Ta(E) = (/4 ) T(E), vhere 4= iz the solid angle subten-
ded by the detector at the source,

Computed values of Ta(E) were tabulated /10-12/ for different
cylindrical radiation detectors. Theoretically F(E) can be represen-
ted by :

F(E) = R)R,0,C (1)

where

R, is the probability that the positron is annihilated within
the center crystal.

R, is the probability that both aanihilation quanta of one pos-

2
itren are not ahbsorbed in the center crysial.
RB is the probability of the total absorption of both annihilu~

tion quanta in the side crystals.
C 1is a correction factor depending mainly on the window width
of the side single channels,

R,sRysRg and C were treated /18] for a collimated narrow beam of gemma
rays incident on the center crystal. VWith such geometry F(E) vas found
to a good approximation constant [§,l§7.

As a pair positron loses energy in the center crystal, there is
a small probability that it will apmihilate in flight. 1In this case
the quanta are not of 0.511 MeV energy and are not oppositely directed
and hence most of such positrons are not detected.

" A copFection /78] of the detection efficiency Da(E) for the
annihilation of positions in motion has been taken into consideration.
The corrected detzsiion efficiency D“Q(E) is determined for a point-
source along the extended heights h from its near face. (Fig. 4) ahows
D (E) a8 function of the energy E of incident gamma-rays.

In many cases it is more convonienb to ks able to relate Np to
the number of events in the pair peak vhich are detected per nnit
"tine L(E) Therefore Nb woemld be given by ' ' '

-J‘Jz \."
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Np(n) = A(E) / P(E) (8)
where

P(E) is the peak-to-total ratio which has to be either calcula-

ted or measured.

In the external beam arrangement a compact geometry was used, as
seen from (Fig. 1). In this case it is rather difficult to calcalate
P(E), without using a computer. Anyhovw, for relative intensity
measurement, one needs the relative peak-to-total P(E)/P(E_.) which can

be evaluated experimentally, as will be seen later,

6. SELF-ABSORPTION

Let the radionuclides which emit the gamma-rays he uniformly
distributed in a source of length 1, which has & uniform rectangular
cross-section normal to 1 and parallel to the C.C. front face.

If the source emits more than one energy I:iEi and is also long
enough, the different energies will be absorbed by different amounts
within the source itself, so0 that the fraction of photons of i-th
energy by the source will depend on the length of the source, so long
as the detector is far from the source and the gamma-rays reaching
this detector could be considered as a parallel beam. Correction for
this can be made with the following formmla, which gives; the ratio
of the number of photons of any one energy N' emitted from the end
of the source to those which world be emitted if there were no self
absorption Noo

w _N"-le—e_,al (9)

A
where
1 is the length of the source and
A is the total attenustion coefficient (em™)).



(Fig. 5a) shows W, as function of pl.

1
Self-ahsorption within a source in the form of a cYlinder of

radius r and height h, for radiation emergiang normal to its axis is
given ZT&79 Tor re/a2 £L 1, by

8 1 2 2
WI.N'/No-luﬁ)xr-a-Ep r (10)
vhere

a is the distance of the source along the extended axis of the
ecylindrical C.C.

If ur & 0.12, as occurs in many practical cases, then eq. (10) can
be represented within 0.2 per cent by

W, = N'/N_ = exp ~ (8 pr/3T) (11)

The plot of the calculated values for W, from eq. (11) is repre-
sented in (Fig. 5b) which can be used to a very good approximation for
any gamma-ray energy E & 1 MeV and any\sunple material of different
radii attaining the same experimental arrangement.

T. GAMMA-RAY TRANSMISSION THROUGH NEUTRON FILTER
AND CENTER CRYSTAL CANNING

In order to detarmine the fraction of gamma-rays absorbed or
scattered inside the boron carbide neutron filter (Bm) and the alum-
inum canning of the center crystal, conaider tbe following formmla.
Assuming N° U ~rays per unit time are emitted from the sample and N.
the number per unit time reaching the front face of the center crys-

tal, we have

¥, = N/N' = exp - (003}1340 +0.08p,,) (12)

where
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0.3 cm is the thickness of the (B4C) neutron filter placed beiween
the sample under investigation and C.C.

0.06 cm is the thickness of the C.C. aluminum canning.

Pp ¢ and)lAl are the total linear attenuation cvefficient in B4C and

4 Al respectively.

The results of calculation is shown in (Fig. 6).

8. GAMMA-RAY RELATIVE INTENSITY

The relative intensities I(E) of gamma-rays producing the pair
spectrum are determined by the followving formula :
A(E) S(Er) P{Er) wl(mr) wa(sr)

I1(E) = (13)
A(Er) s(e) P(E) wl(E) Wz(E)

where
A(E)/A(Er) is the ratio of the pair peak counting rates.

S(E)/S(Er)iﬁﬁD(E)/D(Er) = ratio of corrected detection efficiency of
the spectrometer {Fig. 4).

P(E)/P(Er) is the relative peak-to-total ratio, which is given in
the next part.

WI(E)/WI(Er) is the ratio of the transmission coefficient in the sample
measured ( Fig. 5 ).

'2(3)/W2(Er) is the ratio of the transmission coefficient in neutron
filter B,C and aluminum cover of the C.C. (Fig. 8).

Er is the energy of the reference gamma-ray line with which
all other spectrum lines are compared.

In many experiments it is impossible to use point sources of

radiation, extended sources being necessary because of low specific
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activities., It was tharefore felt necessary to investigate the effect
of non zero source dimensions on the relative detection efficiency

given by :

D (E)/D (E.) = 0(E) pm (E)op (B)) / p (). p (B) (14)
where
o(E) = T (E)/7 (E)

The correction factors KD and Ki for disc and line sources respectively

are represented by s

Ky(E) = 0p(E)/0 (E) and (15)

k () = 0, (E)/0, (E) (18)

where
QD is the relative absolute detection efficiency for dise sourceas.
QL is the relative absolute detection efficiency for line sources.

QP is the relative absolute detection efficiency for point sources.

Calculations of Kb and KL have been madd*“when increasing the source
diameter D or length L(D=L=0.25d; 0.5d; 0.75d; 0.999; where ducenter
crystal diameter « 1.75") for various values of the source-detector
separation h(h=0.001; 1; 85 35 10 cm) as well as for different gamma
ray energies (from 1.1 to 10 MeV). As is to be expected the percentage
deviation from a point source is negligible. In its optimum value it
is within 0.1 per cent. ]

The application of eq.(13) feor determining the relative intemsity
of the capture gamma-rays from natural iron**showed good agreement with
the results taken by magnetic compton [§,1§7kand pair [Tg7 spectremeters.
For well reselved lines frem the sample the relative intonsities were
accurate te within ~~15%,

Kk Sse Acknowledgenment .
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§: RELATIVE PEAK-TO-TOTAL

In order to dgtermine the relative peak-te-tetal in 4 pair crys-
tal spectremgyer, the centinueus background spectrum fer natural iren
spectrum (Fig. 2) was outlined by drawing the smooth curve passing by
the minimug points of smallest value in the spectrum. Each of these
peaints was seleched such that its distance from the next peak was
greater than the peak half width,

Soe we hpd ﬁsglaci‘d summing effect from the neighbeuring peak.
Peaks represented in table II has been seleoted and the area of each
was meapured and corrected for the detectian efficiency, amnihilation
in flight 1-97, self abserptien of sample, and gamma abserptiem im
neutron filters and crystal cever. As g reugh appreximatien F(E) of
eqs. (3 and 4) was considered censtant /8,18/.

< Table 11X
~ e D T —
Pgak Ne. 1 4 5 11 22 26 a8
* ST —
E deV 9.90 { 7.63 | 7.28 | 6.04 | 4.20 | 8.51 | 2.65
- *
P/P, & 1.20 | 1,44 | 1.55 | 1.94 | 2.35 | 2.99

1£ A:(E) be the cerrected area of the gamma ray peak ef which the

energy is & pnd P(E) is the pesk-to-tetal ratie, we get the nunbér of

]
gamma qugpte ip the gasma ray line egual to %ngl'

‘l
The corresponding intgnsity of the gamma ray lime of emergy E

relative te that of emergy B ia given by
' A(E) . P(x)
I(B) w rowmrmev—

(17)
4'(2)). »(8)
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from which we get ¢

P(E A'(E) '
RUEY * KV(E.) / 1(E) (18)

Using the calculated intensities for the ¥ -ray lines of nataural

iron by Adyasivich /[ 8/ we determine by eq. (18) the relative peak-to-
total

PéEZ P(E)
P(E) = P(9.30 Mev)

for the pair spectrometer spectrum from the natural iron sample placed

in the external neutron beam.

In (Fig. 7) the 3 9?8? MbV)i' plotted via the line energy E.

The curve shown in (Fig. 7) can be used to determine the relative

peak-to-total refered to any reference line of energy say Qt by the

relation
P(E) P(e ) P(E)

P(E) P(E)) ) P(E.)

(18).
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