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Abstract

Exposure rates due to leakage gamma-rays from operating reactors TRIGA
Mark II and III were measured in a horizontal plane by means of scintillation
spectrometry using a 37X 3’ cylindrical Nal(T1) detector associated with a 400
channel pulse height analyzer under varied conditions of reactor operation.

In determining exposure rate due to the leakage gamma-rays at each point of
measurement, Moriuchi’s spectrum-exposure rate conversion theory was applied
instead of using conventional responce matrix method which necessitates very
complicated procedures to convert a spectrum into exposure rate.

The results show that a basic pattern of “typical” spectrum of the reactor
leakage gamma-rays is neither affected by thermal output of the reactor, nor
influenced by overall attenuation in radiation intensity. It was indicated that
the attenuation of the leakage gamma-rays in air in terms of exposure rate as a
whole follows an exponential law, and the total exposure rate due to the leakage
gamma-rays at a certain point is nearly proportional to thermal output of the
reactor. The complexity in spectrum measured for a movable core reactor,
TRIGA Mark III, was analyzed through spectrum resolution, and proper judge-
ment of the leakage gamma-rays in a complex spectrum was discussed.
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1. Introduction

Leakage gamma-rays from a reactor shielding
wall become one of the important gamma-ray
sources in the reactor hall during the course
of reactor operation. Hence, the quantitative
analysis of the leakage gamma-rays are very
important both in health physics and in nuclear
engineering point of view.

Few publications, however, have so far dealt
with leakage gamma-rays in the outside of the
reactor wall, although there are several papers
concerned with the in-core gamma-ray spec-
trometry'™®>. A study on reactor leakage
gamma-rays was carried out by Nakashima ef
al.,® but their interests were limited to
several locations in a fixed-core reactor hall,
and for conversion of the measured spectra to
exposure rate they used conventional response
matrix method which is too complicated to be
applied conveniently in practical situations.

In this work, the leakage gamma-rays out
of the reactors TRIGA Mark I and III were
studied, in a radial plan crossing the core
center, by means of gcintillation spectrometry.
The measured spectra were directly converted
into exposure rate in accordance with the
“spectrum-exposure Trate conversion opera-
tion”"% instead of applying the response
matrix method which involves the solution of
a number of simultaneous equations and acc-
ordingly necessitates a computer to solve the
constructed matrix equations.

The reactor TRIGA Mark II is a pool type
reactor with a fixed core, while TRIGA Mark
II is pool type reactor of a movable core.
The spectra of the leakage gamma-rays were
measured at different thermal output of the
reactors, and measured for different core
positions in the case of TRIGA Mark III.

All the spectra measured were converted
into exposure rate and the leakage gamma-rays
are presented in terms of xR/hr. At the same

time, investigations on the gamma-rays other
than the leakage gamma-rays originating during
the reactor operation were carried out on the
basis of spectrum analysis. Overall pattern of
the attenuation of the reactor leakage gamma-~
rays in air were also examined in terms of

exposure rates as a whole.

2. Spectrometry

1) Instruments

As is well known, the gamma-rays originat-
ing in core during the reactor operation are
classified as®; (1) prompt gamma-radiations
from 25U fission, (2) fission product gamma-
rays, (3) gamma-rays from radiative capture
(m, 7)) reactions, (4) gamma-rays from inelastic
scattering of nentrons, and (5) activation
products gamma-rays. The energies of those
gamma photons ranges widely from a few
KeV to around 10 MeV, but the relative con-
tribution of the photons with energies higher
than 7.5 MeV are negligible in practice!™ 19,
Therefore, the range of the energies of leakage
gamma- rays is expected to be in the similar
region, althrough there must be sufficient
attenuation occured during the passages of the
photons through shielding wall.

Since conventional health physics survey
instruments are not suitable to measure
photons of such an energy that covers so wide
a range because of unknown energy de-
pendence of the gamma-ray
scintillation spectrometry was applied to
determine the exposure rate due to the

instruments,

leakage gamma-rays with good accuracy.

For the spectrometry of the leakage gam-
ma-rays a 37X3’ cylindrical NaI(TD) scintilla~
tion detector, which holds
between the incident photon energy and output

pulse height, was used with a 400 channel
pulse height analyzer. In the light of the
expected energy range of the leakage gamma-
rays, the measurable range of the spectrome-

good linearity
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ter was adjusted so as to detect incident
photons of energies upto 10 MeV. However,
because of inherent limitation in the lowest
effective channels of the pulse height analyzer
(7~8 channels for 400-channel operation) the
minimum detectable energy was limited to
0.1 MeV in this investigation.

The detector probe was shielded around
with lead of 5cm in thickness to reduce the
contribution of natural beckground radiation
to as little as possible. An estimation shows
that the lead of this thickness is able to make

" a broad beam of 1~2 MeV photons attenuate
to a fraction of 0.06~0.1, and for 0.4~0.7
MeV photon beam it attenuates the intensity
down to a fraction of 1074~10"3 11>,

Height of the detector was maintained at
1 m above the floor of the reactor hall to
make it nearly coincident with the horizontal
center line of the reactor cores and algo with
the average body height of the working
personnel. The detector was arranged to

contact vertically with the reactor wall

without The whole
arrangement for leakage gamma-ray spectro-

surface collimation.
metry is shown in Fig. 1.
Linearity between the incident photon energy
and output pulse height of the spetrometer
was periodically checked during the course of

gpectrometry using standard gamma-ray
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Fig. 1. Experimental layout for reactor
leakage gamma-ray spectrometry.

sources such as '¥*Ba(0.356 MeV), ¥Cs
(0.662 MeV), °Co(1.173MeV, 1.332MeV and
2.505 MeV sum peak) and *Y(0.898 MeV,
1.836 MeV and 2.734 MeV).
Fig. 2, slight non-linearity was observed in
the region of energy lower than 1.5MeV and
corrections for this effect was made prior

As shown in

to analyzing each leakage gamma-ray spec-
trum. The relatioship between the output
pulse height from the spectrometer per unit
energy versus energy of the incident photon
is also shown in Fig. 2. This effect of non-
linearity in low energy region is explained as
the result of a variation of the fluorescence
efficiency of Nal(TD) crystal with gamma
energy in this region'®.
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Fig. 2. Observed non-leanear relationship, in
Nal(TDD detector, between output
pulse height and incident photon
energy in low energy region

2) Condition of the Measurements

The TRIGA Mark II is a fixed-core swim-
ming pool type reactor which was originally
designed to operate at 100KW thermal output
and in 1969 the operating power was upgraded
to 250KW with the shield remaining unaltered.
TRIGA Mark IIl, on the other hand, is a
swimming pool type reactor with a movable

PULSE HEIGHT (channel number)
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Fig. 4. Horizontal section of reactor TRIGA
Mark III.

Table 1. Conditions of reactor leakage gamma-ray spectrometry

Reactor Thermal Qutput ’ Core Position Point of Measurement
100KW — A,D,G(at 0, 50, 100 cm from wall surface)
TRIGA 11
250KW — A,D,G ( v Y )
IMW #1 A**,B,D%E,F*G,LK,M,0,P* T, vdp.
4 # 3 A**! Br D*; Ey F*y Gy Iy K: My O, P*, R*, Ty Vdp.
TRIGA 111 ” #6 A**, B, D%, E,F* G, LK, M, O,P* R T, vdp.
MW #3 A**,B,D%E, F* G, LK, M, O,P* T, vdp.
” #6 A** DY E F* G LK, M,O,P* T, vdp.

core and the maximum thermal output is
available at 2 MW except for the core position
at biological irradiation cell.

Therefore, the spectra of the leakage gam-
ma-rays were measured for TRIGA Mark II
at 100 and 250 KW thermal outputs, while for
TRIGA Mark IIl, they were measured on 1
and 2 MW operations with three different core
positions, namely, core positions # 1(biological
irradiation position), #3 (isotore production
position), and #6 (physics exreriment positi-
on). However, 2MW operation at core position
#1 was avoided because of the possible release
of a large amount of activated gases such as
“Ar from the irradiation cell.

*; at 15cm from the wall surface

**. at 45cm from the wall surface

The points of the measurements were labe-
led alphabetically as shown in Figs. 3 and 4,
and the condition of the leakage gamma-ray
gpectrometry are summarized in Table 1.

In the case of TRIGA Mark II, three posi-
tions of typical shielding wall, which do not
involve any exgperimental facilities such as
beam ports or thermal column, were selected
to investigate typical pattern of the leakage
gamma-ray spectrum at point of 1m height
above the ground floor, A,D and G
points (B,E and H points are 1. 5m height on

ie.,

the same walls, respectively. -refer to Fig. 3).
The effect of distance on the exposure rates
due to the leakage gamma-rays were also exa-

THERMAL
COLUMN
ACCESS PORT
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mined in the region of 1 m distant from the
reactor wall surface where pergonnel are most
probably staying at work.

For TRIGA Mark III, on the contrary, the
measurements were carried out for most
parts of the walls since the patterns of the
spectra were expected to be varied depending
on the operating core positions. As it was
just after the reactor start-up, all the
beam ports and thermal columns had been
remained closed during the course of the
spectrometry. At some points of the measure-
ments, however, it was not able to contact
the detector to the reactor wall surface
because of protruded things such as beam
port plugs or accessary facilities. But the
values of the exposure rate as a whole at
those wall surfaces might be numerically
deduced from the attenuation pattern observed
in the case of TRIGA Mark II as far as the

leakage gamma-rays are concerned.
3. Spectrum-Exposure Rate Conversion

1) Theoretical Background

In order to determine exposure rate from a
gamma-ray spectrum obtained by scintillation
spectrometry, response matrix method has
been generally used® *7'9), This method is,
however, so complicated that it is almost not
useful in practical situation of radiation
protection work, since the method involves
such tedious processes as; construction of
tesponse matrix under a certain condition
using standards spectra of various energies
covering the enitre necessary energy range in
reasonable energy bins, inversion of the
matrix which necessitates a computer work,
calculation of incident photon fluence as fun-
ction of energy, and conversion of the photon
fluence spectrum into the exposure rate. In
the particular situation of determiming the
exposure rate due to reactor leakage gamma-

rays at a number of points, the work to be

carried out for converting the spectra into
exposure rates is not simple, and the neces-
sary energy range to be covered is upto 10
MeV, hence the application of the response
matrix method is impractrical not only in
economical point of view, but also in obtaining
standards spectra to cover so wide a range
of energy.

Recently, however, Moriuchi and Miyanaga
‘carried out a series of work on the direct
conversion of measured gamma-ray spectrum
into exposure rate with satisfatory accuracy
by introducing an appropriate conversion
operator’™ %, Background of the theory can
briefly be summarized as follows.

When a gamma-ray spectrum is obtained
by a scintillation spectrometer, it is assumed
that the output pulse height from the photomul-
tiplier is linearly proportional to the energy of
secondary electrons generated by photoelectric
absorption or Compton scattering or pair
production process of the incident photons in
the NaI(TD) crystal.

Let the pulse height distribution of the
secondary electron of energy E(MeV) due to
the incident photon of energy Eo(MeV) of unit
flux density (photons/cm? sec) be f(E, Ep).
And let the exposure rate in the identical
gamma-ray field be D(Ep).

If there exists a function G(E) to satisfy
the integral equation

D& = | f(B, B GEYE @

for photons of any energy, Fo, in arbitry
energy interval, it is possible to obtain the
exposure rate of the field directly from the
measured spectrum. Here, G(E) is so—called
appearent spectrumexposure rate conversion
operater and it makes the NaI(TD) scintillator
free from energy dependence in the estimation
of the exposure rate. The exXistence of the
G(E) function for Nal(TD crystal and incident

photons has been thoroughly examined by
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Miyanage and Moriuchi®.

In a complex field of gamma photons of
various energies the measured spectrum F(E)
is written as

RE)=24(E) f(E, ED @

where ¢(E,-) is the incident photon flux of
energy E; MeV. Since Eq. (1) is assumed to
be satisfied for photons of any energy,

D(EY=| (B E) GEIIE

comes also into existence.
Then, the total exposure rate, D, due to the
photons of complex energy in the field is
given by

D=§1¢(E,-) D(E)

=3[ 8 f(B E) GCEYIE
=(,r® GEaE ©)

Therefore, the total exposure rate in a given
gamma-ray field is easily determined from the
measured spectrum, F(E), if the value of G(E)
is known.

2) Calculation of G(E)

In the latest work of Moriuchi®’, he calcu-
lated numerical values of G(E) function for
several NaI(T1) crystals of different sizes
by means of polynomial curve fittings to the
experimentally obtained standard spectra
with an aid of computer calculations. For
this procedure, however, plenty standard
sources of various energies to cover the entire
range of interest are necessary, and yet there
remain some technical matters of choosing
proper limit of approximation or handling
the “edge effect” of the G(E) values,
etc. As an alternative
calculation of G(E) is possible
when the spectrum is modelized to consist of
mainly two parts, 7. e., photolectric peak and
Compton continuum including some escape

mode, amanual

values

peaks due to pair production in higher energy
region. The energy region to be integrated in

numerical calculation of G(E) is limited from
the mininum practically significant energy to
the maximum energy of incident photons.
Under this condition, Eq. (1) is written as

D(EN={" {(E,E) GEME
=f(Es, Eo) GE+(.f(E, E) GENE
=(E)P(EGE+|. (B, E)G(E)E

@w

incident photon energy (MeV)

E. : Compton edge energy (MeV)

FEnin ; minimum practically significant
energy (MeV) _

I(E,): interaction ratio of Nal (T1)
scintillator for incident photons

where E, :

of energy E,

P(E,): photofraction of NalI(T1)
scintillator for incident photons
of energy FE..

From Eq. (4), G(E,) becomes

_ D(E)
G =TEDP(ED

RSP o B CUDIE (5
If pulse height distribution in the Compton
continuum is assumed to be uniform in the
energy interval from 0 to E. (this assumption
causes no significant error in the energy range
considered here for a crystal as large as
373”7 8), the spectrum in the region may be
written as
KE,E)=KEs) (1—P(E)I/E., ESE. (6)
Substituting Eq. (6) into Eq. (5), we obtain

_ D(EY
G(Eo)= I(EW)P(EY)

I—P(Ec) Ee

Emin
As mentioned earlier, D(E,) is the exposure
rate in a field of gamma-rays of energy Es of
unit flux density, and thus, is simply de-
termined by ’

D(Ev)=65,664 Ey J‘T) (uR/hr per



Dosimetrical Analysis of Reactor Leakage Gamma-rays by Means of Scintillation Spectrometry—J.S. Jun 297

1.0
'\ e~ Ny

N

N _~I(Edq

05|
N
~N
\\
N
FEL]
%02 2 & ot 2 100 2 & 100 2
PHOTON ENERGY ( MEV)

Fig.5. Interaction ratio (I(E,)) & photofraction (P(E,)) of 3”x38" Nal (TD) scintillator for
broad parallel beam of incident photons (after ref. 18)

photons/cm? sec)
in accodance with the relationship between
photon flux and exposure rate’™. Here, (¢./p).
is true mass absorption coefficient of air.

Since a spectrum of gamma-rays of energy
less than 0. 1~0. 15MeV is mainly constituted of
photofraction, G(E) values are easily calculated
dropping the second term of Eq. (7) when
E,in exists in this low energy region. And
since £ is always larger than £, in higher
energy region, the values of G(E) can be
calculated by Eq. (7) in sequence from the
determined values of G(E) at lower energies.

For actual calculation of numerical values of
G(E), the energy region of 0.05 to 10 MeV
was divided into 63 intervals. They were
calculated at 10 KeV intervals in 0.05 to 0.1
MeV region, at 50 KeV intervals in 0. 1 to 1 MeV
region, and at 200 KeV intervals in 1 to 10 MeV
region, resprectively. Miller-Snow’s values!®
of I(Es) and P(E,) which were calculated
theoretically for a broad parallel beam incident
vertically on the front surface of 37Xx37
cylindrical Nal(T1) crystal were applied in
the G(E) value determination. Fig. 5 shows
the values of I(Ey) and P(E,) as functions of
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Fig.6. D(FEy), D(E)/ICE) P(E) & G(E,) for
87x 37 Nal(Tl) scintillation detector.

incident photon energy.

Angular dependence of the exposure rate
estimated by this method is known to be less
than 4-5%" when the angles of incident pho~
tons to the crystal axis are smaller than 90°.
As shown in Fig. 1, this condition was
geometrically satisfied throughout the spec-
trometry of the reactor leakage gamma-rays.

Calculated values of D(E,), D(Es)/I(Ev)
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Fig.7. G(E;) in terms of uR/hr/cps for 3”8’

NaI(TD) scintillation detector
P(Ey) and G(Ey) expressed in terms of ex-
posure rate per unit photon flux density are
shown in Fig. 6 as functions of photon energy.
In calculating D(E:), Evans’ values of true
mass absorption coefficient of air'®
applied.

Fig. 6 shows that the values of three quan-
tities are well coincident with each other in
low energy region (<0.2MeV) where pho-
toelectric process is the main cause of photon
absorption in the crystal, while the higher the
energy of incident photon becomes, the more
widely the values split from each other due
to increasing Compton portion of the absorp-
tion.

The G(E,) values were again divided by the
incident surface area of the scintillation crystal

were

(46.5 cm?) in order to make direct conversion -

of the spectrum count rate into exposure rate
possible, and the new G(ZE,) values are plotted
in terms of uR/hr/cps as shown in Fig. 7.
This curve shows quite reasonable agreement
with the curves shows in Fig. 5 of reference
9 in their tendency, although there is a slight
fluctuation, in 7~10 MeV region, which seems
to be tolerable as far as the coaversion of the

reactor leakage gamma-ray spectrum into
total exposure rate is concerned.

‘There are two possible sorts of error may
be introduced in G(Eb) value calculation; one
stem from medelizing the Compton continuum
to be uniform, and the other comes from
neglecting pair production effect in higher
energy region. The fomer is known to be less
than 5% in positive side for a 37X37 Nal(TD
crystal and the latter is less than 4-2% in the
energy region of lower than 10 MeV®. Thus,
overall error possibly introduced in G(E,)
values estimated to be within +5%.

On the other hand, the unit of exposure,
R, is usually recommended to be applied for
photons of energy lower than about 3 MeV?2®
because of possible disturbance of secondary
electron equilibrium in air due to contribution
of bremsstrahlung in the volume of interest.
Actually, however, since the secondary electron
equilibrium coefficient of air for photon ener-
gies of 10 MeV is about 1. 04 and that for 8 MeV
photons which is nearly corresponding to the
in the detected leakage
is not

maximum energy
gamma-rays is less than 1.03°0, it
thought to be unjustifiable to use the unit of
exposure rate in terms of R per umit time in
dosimetrical analysis of reactor leakage gamma-
rays particularly for the primary purpose of
radiation protection.

3) Exposure Rate Conversion

Prior to direct conversion of reactor leakage
gamma-ray spectrum into exposure rate, cor-
reponding background spectrum, which was
measured under the condition of reactor shut-
down, wag subtracted from each measured
spectrum in order to figure out the spectrum
of “pure” leakage gamma-rays. Then, the
energy of the net spectrum was corrected for
pulse height-energy linearity as shown in Fig.
2 with the help of standard spectrum, and the
values of G(E,) shown in Fig. 7 were applied
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to cenvert entire spectrum into exposure rate
as a whole.

Since the measured spectrum is expressed in
terms of count rate per channel, the actual
conversion process is to carry out Summation
of discret values rather than applying integral
equation like Eq. (3). That is, when let the
channel number be 7, total count rate in the
channel interval of energy 4FE of the spectrum
be N:, and corresponding G(E) value of the
mean energy of the channel interval be G,
the total exposure rate D is calculated by

D=¥NG..
fman

The energy resolving power of the scintillator
is known to be energy dependent as a function
of E~% 2, Therefore, in spectrum exposure
rate coversion process, the optimum ratio of
channel width for giving uniform error® was
taken into account. Thus, the total exposure
rate due to the leakage gamma-rays determined
by summing up individual products of the total
count rate of 2 channel interval in the section
between 7th and 40th channels, that of 5
channel interval in the section between 4lst
and 170 th channels, and that of 10 channel
interval in the section between 171st and 400 th
channel with G(Ey) values of corresponding
mean energy of the channel intervals.

Standard error, o, of the exposure rate due
to counting statistics is given by

1 G2
=izz+f;-ff_x100(%)
where ¢ is counting time in sec. The error
caused by the counting statistic was turned out
to be less than 1% in the whole exposure rates
determined in this study.

4. Results and Discussion

1) Background Spectrum
In order to figure out “pure” leakage gamma-

rays from the spectra measured in reactor
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Fig.8. Typical background spectra at reactor
wall surface
operations, background spectra were measured
at each corresponding point of measurement
under the identical condition under which the
leakage gamma-rays were measured, except
for the reactor shut down.
Two typical background spectra are shown
in Fig. 8. In this figure, solid circles indicate
counts/channel and corresponding spectrum of
exposure rate is expressed by histogram at an
interval of 5 channels.
Table 2. Background exposure rate (X,) at
the shielding wall surface of
TRIGA Mark II

unit; gR/hr
Measured Position ‘ A l D l G
Distance contact 5.14) 25.49 6.21
from
Wall 50 7.44| 103.83 7.39
Surface
(cm) 100 8.76, 2272.03, 9.93
As shown in the figure, each specirum

shows two distinct photopeaks of 1.37MeV
and 2.75 MeV in addition to ordinary back-
ground spectrum which shows a coutinuous
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Table 8. Background exposure rate(X,) at the shielding wall surface of reactor

TRIGA Mark III

unit;pR/hr
Measured Position [A**| B |D*| E |[F*| 6 |1 |[K|M|o0 |P*||r*| T ‘vdp. meanto
X ]o.79[1.592.23}1.58)1.43{1.30,‘1.82}2.041.94]1.84}1.44 — [1.51)1.67] 1.65 | 1.67£0.34
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Fig.9. An extraordinary qeckground spectra
in reactor hall of TRIGA Mark II

decrease in counts/channel from minimum
detectable energy up to about 3 MeV#72%, The
photopeaks are likely due to the contribution
of gamma-rays emitted from activated *Na
which may be involved in’ reactor shielding
concrete. Comparing the background spectrum
a with b in Fig. 8, which were measured for
TRIGA Mark II and III, respectively, it is
noticed that spectrum ¢ shows higher count
rates in each corresponding channel of the
spectrum. Accordingly, the total exposure rate
of a is also higher than that of 5. The difference
between the two typical background spectra
may be attributed to either causes of; (1) a
cumulative effect due to longer operating time

*: at 15cm from the wall surface
*%: at 45cm from the wall surface

of the former reactor?’ or (2) a contributive
effect of other radiation source exists in the
former reactor hall.

In fact, the second cause was identified in
the reactor hall of TRIGA Mark II, that is,
near the bulk shielding tank there was a
resolved rotary specimen rack kept in a simple
temporary shield. Thus, as shown in Fig. 9,
an extremely high background spectrum was
observed at point D which is the nearest to
the source.

Values of the background exposure rates at
the reactor shilding walls are summarized in
Tables 2 and 3.

Evidence of the contributive effect to back-
ground radiation by other radiation source in
the reactor hall of TRIGA Mark II is easily
shown in Table 2, 7. e., the exposure rate of
the background is increasing with distance
from the reactor wall surface. On the contrary,
background exposure rates measured for TRIGA
Mark III are comparatively even except for
the value measured at point A. At point A,
there was a distance of 45cm between the
reactor wall and detector,
attenuation of the background radiation from
the reactor wall is expected. Averaged value
of the background exposure rate in the case
of TRIGA Mark III is 1. 6740. 34pR/hr,

However high the background exposure rate
and whatever the shape of the spectrum may
be, it actually does not make any disturbance
in leakage gamma-ray analysis as far as the

hence a reasonable

energy Spectrometry is applied, since the

spectrum of a gamma-ray source located outside
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Fig.10. Typical spectra of reactor leakage
gamma-rays (TRIGA Mark II)

the reactor should be different from that of
the leakage gamma-rays. Necessity of the
background spectrometry and subsequent sub-
tracting it from each corresponding spectrum
of leakage gamma-rays exists at this point.
2) Characteristics of Leakage
Gamma-ray Spectrum
The pattern of a leakage gamma-ray spec-

trum is characterized by its particular energy -

distribution which shows a continuous and
smooth distribution in counts per energy interval
(channel) from 0.1 to about 7~8 MeV with an
annihilation peak at 0. 51 MeV, and in the range
of energy higher than 8 MeV counts per channel
is rapidly falling down. A typical spectrum of
leakage gamma-rays observed in thi¢ study is
shown in Fig. 10.

In the figure solid cireles and histogram
indicate counts/channel and corresponding
exposure rate, respectively. This typical spec-
trum of the leakage gamma-rays shows fairly
good agreement in its pattern with the gamma-

ray spectrum observed in in-core or fission
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spectrometry conducted by others® %20 ysing
pair spectrometer or Compton scattering anti-
coincidence spectrometer. As it was expected,
the pattern itself of the leakage gamma-ray
spectrum is turned out to be essentially
unaltered, although there must be a considera-
ble attenuation in intensity through the shield-
ing wall.

In Fig. 10 two spectra are shown,
spectrum of leakage gamma-rays on 100KW
and 250KW operations of TRIGA Mark II,
respectively.

The pattern of the spectrum are also in-
dependent of thermal output of the reactor as
shown. The same pattern of the leakage
gamma-ray spectrum was observed at different
points of measurement in TRIGA Mark II
reactor hall.

For the reactor TRIGA Mark III, however,
there is a variety in pattern of the measured
spectra according to operating core position

ie,

Table 4. Leakage gamma-ray exposure rate
(X)) at the wall surface of reactor
TRIGA Mark II

unit:pR/hr
Measured
Té’g%tlw A D ¢
rom Wall (em)
contact 963. 19| 696.81] 791.52
100 50 719.60 533.41) 640.91
100 563.70| 407.62 506.97
contact 2301. 49| 1730. 77| 1964. 93
250 50 1760. 89| 1347.51) 1577. 25
100 1395.79) 991. 80| 1236. 53

and prints of measurement. An extreme com-
parison can be made between Figs. 11 and 12.

The two spectra were measured at different
point for the same core position and at the
same operating power of the reactor TRIGA
Mark III. However, the former shows a typical
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Table 5. Leakage gamma-ray exposure rate (X;) at the wall surface of reactor TRIGA

Mark III (D)

unit:gR/hr

Thermal c Measured Point
Output ore
MW) Position A B D* E F* G I
1 #6 7.44 1. 36 69. 00 _ 16.13 75.80 84. 09 8.51
# #3 _0. 32 0.36 1.00 ) 0. 47, 4.34 62.11 2.20
4 #1 234. 55 125.79 194.77 199. 47 166. 87 89.12 396. 99
2 #6 43.94 — 561. 50, 148. 73 217. 24 235. 24 20.22
4 #3 2. 20, 4.2 2. 3.59 20.46 308. 23 5.64

" *: at 15cm from the wall surface
**: at 45cm from the wall surface

Table. 6. Leakage gamma-ray exposure rate(X;) at the wall surface of reactor TRIGA

Mark 111 (&

unit: gR/hr
’lg)lhe';;r;l:l Core Measured Point ,
(MW) Position K M { N [ Pt { R* i T ve;ﬁ;e .
1 %6 6. 16! 14.21 1.31 56. 01 56.44 1.62 2708.55
” #3 1.73 1.98 - 45.54 3.03 0.1 0.21 54.68
v #1 155. 80 183. 81 82.28 113.51 — 99. 004 185.69
2 #6 8.26 16.81 125. 45 147.36 — 5.73 10843.11
” #3 2.00 1.11 111. 50, 7.69 — 0.83 118.79

leakage gamma-ray spectrum in its pattern
with a small peak of 1.29 MeV, *Ar, while
the latter indcates an almost pure *'Ar srec-
trum without noticeable contribution of reactor
leakage gamma-rays. Another comparion can
also be made between Figs. 13 and 14. The
two spectra were measured at the same point
and at the same thermal output for different
core positions. The former shows clear cont-
ribution of leakage gamma-rays in the light
of distributed energy range with an eminent
peak of YAr at 1.29 MeV, while the latter
“Ar peak with
reactor

demonstrates a much hiher
less contribution of the leakage
gammarays.

As shown through the above comparisons,
measured specira of the leakage gamma-rays

for the reactor TRIGA. Mark III are wvaried in

*:at 15cm from the wall surface

their pattern with their points of measurement
and operating core position. It is easily found
that the shift in basic spectrum pattern mainly
caused by contributions of radiations from
other sources such as *Ar rather than by
leakage gamma-ray itself. Further discussion
on the contribution of the other than leakage
gamma-rays will be made later.

The values of total exposure rates calculated
from each measured spectrum by the use of
the conversion operator G(E) are summarized
in Tables 4,5 and 6.

As shown in Table 4, the total exposure rate
due to leakage gamma-rays from operating
TRIGA Mark II are different according to
points of measurements, but the basic pattern
of- the measured spectra are all the same with
each other as that shown in Fig. 10. Distance
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Table 7. Gamma-ray leaking wall surface of TRIGA Mark III

Gamma-ray Leaking Wall

Thermal Output (MW) Core Position
1 #6
” %3
” #1
2 *6
" #3

A,D,E,F, wall & R,P, wall
F,G,I wall & P,0 wall
K,M, wall & T,P,0 wall
A,D,EFI wall & T,P wall
E,F,G,I wall & P,O wall

Table 8. Relative attenuation of leakage gamma-ray exposure in air with
distance from reactor wall surface (TRIGA Mark II)

Thermal Output (KW) 100 200
Measured Point average
DM A ‘ D ’ G A D G
from Wall(cm) —
contact [ Loo0 1 1.o00| 1 10000 1.000] 1.000=-0.000
50 o 0.747 0. 766 0.81 0.7 0.779, 0.803 0.77810.022
100 0.585 0. 0.641 0. 0.573 0.629) 0.60330.025

resulting X=X, exp (—yD) where u=5.06X10"*cm~ within +5% in the region of D=100cm.
Estimated uncertainty in g is less than +1%.

effect of total exposure rate of leakage
gamma-rays will be examined in the next
section,

The values in Tables 5 and 6 indicate the
exposure rates of leakage gamma-rays measured
for operating TRIGA Mark III. It should be
noted, however, that those values given in
the Tables may include radiations from other
sources such a8 *Ar in addition to
leakage gamma-rays from the reactor. For
instance,
measured for core position #6 at IMW thermal
output and those for core position #1 at the
same operating power indicates a great dif-
ference in their total exposure rates at the
same points of measurement. This difference
in exposure rates is not necessarily due to the
difference in the intensity of the leakage
gamma-rays as will be shown later.

Taking those contributions of other radiations
into account, and according to the careful

“rea »

a comparison between the values

examination on each spectrum pattern, for
TRIGA Mark III, the reactor wall surfaces
from which in-core gamma-rays are leaking

20— T T T T T T T T T 1T
R _Xe %, @-5:08x10"%D
‘Lll‘ [ — /
% \
%08
w
% ® JOO KW at A
a " 7]
s x " G
5 B 250 KW at A
2 v = D
EO + " G
Ko
I 1 1 1 1 Lttt 1 11
ol5 00

50
DISTANCE FROM REACTOR WALL (cm)

Fig. 15. Attenuation of total exposure rate
due to reactor leakage gamma-rays
in air with distance from the reactor
wall surface (TRIGA Mark ID)

are identified as Table 7 along with the
thermal output and the operating core posi-
tions. The surfaces are indicated with alphabe-
tic symbols showed in Fig. 4.

3) Effects of Distance and Thermal
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Output

For the leakage gamma-rays from the reac-
tor TRIGA Mark II, which are thought to be
considerably free from other radiations, the
distance effect on total exposure rates was
investigated in the region of 1 m distance from
the reactor wall. This region of the distance
is the place where personnel are most frequen-
tly staying at work.

Table 8 shows the relative attenuation of
the total exposure rate due to the leakage
gamma-rays in air with distance from the
reactor wall surface. Nevertheless, changes in
the basic pattern of the energy spectrum were
not observed.

Relative attenuation of the total exposure
rate is illustrated in Fig. 15, and from this
figure it is deduced that the attenuation in air
follows a simple exponential law with an
attenuation coeffcient of 5. 06 X 10 3¢cm™!, that is

X=Xoe5. 06x10"°D.

Table 9. X:s0/X10 ratio for TRIGA Mark IT
leakage gamma-rays

With
rates

attennation coefficient is less than 1%.
this exponential law, the exposure
measured at places distant from the reactor
wall surface of the TRIGA Mark IlI(refer to
Tables 1,5 and 6) can be corrected, if neces-
sary, to those values at the wall surfaces.

The effect of reactor thermal output ongam-
marays was also examined. Table 9 shows the
effect numerically.
X250 indicates the total leakage gamma-ray
exposure rate at a certain point of measure-
ment on 250KW operation and X i8 that at
the identical point on 100KW operation. As
shown in the Table, the total exposure rate
due to the reactor leakage gamma-rays is
nearly proportional to the thermal output of
the reactor without changing the basic spec-
trum pattern.

4) Other Gamma-rays Originating in
Reactor Operation

As mentioned earlier, the leakage gamma-ray
spectra and the total exposure rates measured
in the reactor TRIGA Mark III are a complex

function of field geometry, core position and

“\Measured Point
. ) A D G |average ENERGY (Mev) .
Distance 3 5 6. 7
from wall(c& = e ' *
(" rRioA Mark- i——
contact 2.39 2.48 2.48 2.45 = owac 2 ¥
- et - core
50 2.45/ 2.53 . 2.46 2.48 S e J_r'l L aweadngpe |
100 2.48  2.43 . 2.4 2.45 =
average 2.44)  2.48 246 2.46 g TLH\ 3
S | X ho® &
= 2 B
Here, Xo: total leakage gamma-ray exposure g u ‘r— 5? E
rate at the reactor wall surface p i U g
% N —— == °
X ! total leakage gamma-ray exposure H i e e &
rate at D cm from the reactor —? 1 g
wall surface. o L Ao P
According to the fitting the values given in L{ ?:qd #
= :
Table 8 to the cuve given by the exponential jll’L LL ‘
equation, the total exposure rate due to reactor 15— S B

leakage gamma-rays in a certain region of
distance concerned is well predicted within an
accuracy of +5%. Estimated uncertainty in the

CHANNEL NUMBER

Fig. 16. Gamma-ray spectrum measured at
surface of vent drain pipe of
TRIGA Mark III
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reactor power. Such a phenomenon was not
observed in the case of TRIGA Mark II which
is a simple fixed-core, pool type reactor. It
is, however, easy to say, with a help of
spectrum analysis, that those complexity
observed in TRIGA Mark III are not caused
by the leakage gamma-ray alone.

Reviewing Tables 5 and 6, it is noticed that
the whole values of total exposure rates are
very high in the case of operating core position
#1, and extraodinarily high values appered at
vent drain pipe when the core is located at
position #6. Fig. 16 shows the measured
spectra at surface of the vent drain pipe with
core position #6. As shown in the figures,
the spectra indicate gamma-rays of energy
much lower than that of leakage gamma-rays
with a prominent photopeak of 1.29MeV, *Ar
gamma-ray.

Accoding to these spectra, the gamma-rays
being emitted from the pipe are due to the
activated air dust being removed through the
Neutron
activations of air will produce radioisotopes

pipe from the reactor beam ports.

of nitrogen, exygen, argon, the rare gases in
air, and possibly carbon oxide?®%0, All these
are fairly short lived with the excepton of
the 'Ar whose half life is 1. 83 hours. Actually
on the right hand side spectrum of Fig. 16,
which was measured 2MW thermal output,
weak contribution of ®N is noticed near 6MeV
Tegion.

Particularly remarkable contribution of *Ar
is observed in whole the spectra measured for
core position #1 where a large biological
irradiation cell is directly contacted to the
operating reactor core. Diffusion of the
activated #*Ar in the reactor hall through the
slit of the shielding door of the irradiation cell
(refer to point M in Fig. 4) raises whole the
exposure rate in the recactor hall. As an
example let us review the spectrum measured
at point A when the core is located at position

#1. Asfound in Fig. 14 and Table 5, the total
exposure rate at this point is about 234uR/hr.
Normalizing the spectrum of Fig. 14 to the
spectrum measured at the same point with core
position #6 (Fig. 13), at high energy region
of the spectrum which is mainly constituted of
leakage gamma-rays, the Fig.14 can be
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Fig."17." A"spectrum resolution to show the
contribution of “Ar and “pure”
leakage gamma-rays to total expo-

sure rate (TRIGA Mark III)

resolved into two parts,f.e., the spectrum
due to *'Ar and that due to reactor leakage
gamma-rays.

Fig. 17 shows the two resolved spectira. In
the figure counts/channel are averaged at an
interval of 5 channels and indicated by dotted
histogram, and corresponding exposure rates
are indicated by soild histogram. As this figure
shows, more than 97 % of the total exposure
rate at this point under the specified condition
is contributed by the gamma-rays emitted by
4Ar, and accordingly the - contribution of
reactor leakage gamm-rays is less than 3% of
the total exrosure rate. Uncertainty involved
in this spectrum resolution is less than 0.05%
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Fig. 18. A spectrum showing origination of
1N in biological irradiation room of
TRIGA Mark III during the course
of reactor operation

of the total exposure rate which is negligible
enough. Stable isotope of argom, *°Ar, is
known to comprise about 1% of normal air, and
since argon is an inert gas the greater concern
on activated “*Ar is not the internal dose, but
is the external dose®.

Further, diffusion of the activated €N near
the shield door of irradiation cell was observed.
Fig. 18 shows a spectrum measured at the
left side slit of the shield door with the reactor
core operated at position #6, the farthest core
position from the irradiation cell. This gamma-
ray spectrum, however, exhibits clearly the
leakage of gaseous N from the biological
irradiation cell. *N emits 69% of 6.13 MeV
photons and 5% of 7.11MeV photons per
nuclear decay. Fig. 18 shows 6.13MeV and
7.11MeV photopeaks with single escape peaks
of 6.60 (=7.11—0.51)MeV, 5. 62(=6. 13—0.51)
MeV, and 5.10(=6.13—1.02) MeV double
escape peak in addition to 0.51MeV annihilation
peak and 1.29 MeV photopeak of *Ar. Such
a production of N is attributable to the(n, p)

reaction on %0 in the air of the irradiation
cell®, Because of its short half-life (7 sec),
16N was not noticed at other points of measure-
ment, but at point M which is the mnearest
point to the slit of the shield door,
always observed although there were some
differences in detected amount depending on
the operating core position.

it was

5. Conclusions

The importance of the dosimetrical analysis
of the reactor leakage gamma-rays was
thoroughly mentioned before. Of the means of
dosimetrical analysis, the scintillattion spectro-
metry is turned out to have such strong
advantages as; i) that enables to distinguish
the “real” leakage gamma-rays from gamma-
rays emitted by other soueces, ii) because of
the inherent high sensitivity of Nal(TD
scintillator for detecting photons, exposure
rates due to the leakage gamma-rays quantifield
at the level as low as an order of yR/hr with
fairly good accuracy. Thus, the application of
scintillation spectrometry in dosimetrical ana-
lysis of reactor leakage gamma-rays is fully
justifield.

The conclusions derived through this in-
vestigation are as follows;

(1) In the energy region of the reactor
leakage gamma-rays, Moriuchi’s spectrum-
exposure rate conversion operation is one of
the most effective method as far as scintillation
spectrometry is applied to determine the total
exposure rates due to the “real” leakage
gamma-rays with satisfactory accuracy in
health physics point of view, particularly
when a large number of spectra are to be
converted into exposure rates.

(2) The basic pattern of the “typical” spec—
trum of the reactor leakage gamma-rays is
neither affected by thermal output of the
reactor, nor influenced by overall attenuation.
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This enables us to stripping out the component
of gamma-rays contributed by other sources
from a cmplex spectrum involving reactor
leakage gamma-rays by normalizing it to the
basic pattern of the leakage gamma-ray
spectrum.

(3) The attenuation of the leakage gamma-
rays, in air, in terms of exposure rate as a
whole follows a simple exponential law with
an attenutaion coefficent of 5.06X<107%cm™,
irrespective of the spectrum covering a wide
range of photon energies. The total exposure
rate due to the leakage gamma-rays at a
certain point is nearly proportional to the
thermal output of the reactor.

(4) In the case of a pool-type reactor of
movable core with a large self-contained
irradiation cell, like TRIGA Mark III, the
pattern of the measured gamma-ray spectrum
is a complex function of place of measurement,
operating core position and thermal output of
the reactor, regardless of the corresponding
total exposure rate.

(5) Therefore, cluse of leakage gamma-rays
from a reactor should be traced by the energy
distribution of the detected photons which nor-
mally ranges up to 7 MeV or higher, rather
than simply by the total exposure rate measured,
since gamma-rays from other sources such as
#1AT or N originating during the course of
Teactor operation may contribute to raise the
total exposure rates even if the leakage
gamma-rays are actually negligible.
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