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Abstract

During the European Intercomparison Experiment at the PTB Braunschweig

and GSF Neuherberg in 1977/78 neutron dosimeters have been calibrated
with monoenergetic neutrons in the energy range 19 MeV down to 2 keV
as well as with Am-Be, 252Cf and thermal neutrons.

The report presents the final results above all the energy dependence
found for our instrumentation
- rem counters which are of the Studsvik type, a 30 cm diam. polyethy

lene sphere with a BF3-counter in the center and a 25 cm diam. sphere
with TLD 600/TLD 700 in the center

- a passive spectrometer with TLD 600/TLD 700 detectors along the axis of
a cylinder

- a special albedo counter with three BF3-counters,

- the Karlsruhe albedo neutron dosimeter system

- Kodak NTA film

- fission fragment trackdetectors applying 237Np and 232Th

- recoil track detector using Kodak LR-115

- recoil track detector using Makrofol and electrochemical etching.

For moderator type detectors in addition scanning profiles for the nth ,
2 keV and 25 keV reactor beamneutrons are presented. On the basis of the
experiments, the calibration technique applied in albedo dosimetry is
improved to interprete neutron stray radiation fields.



KALIBRIERUNG VON NEUTRONENDETEKTOREN FOR DEN STRAHLENSCHUTZ

Ein Bericht über die Karlsruher Ergebnisse des Europäischen
Neutronendosimetrie-Vergleichsprogrammes 1977/78

Zusammenfassung

Innerhalb der Europäischen Vergleichsbestrahlungen bei der PTB Braunschweig
und der GSF Neuherberg in den Jahren 1977/78 wurden Neutronendosimeter mit
monoenergetischen Neutronen im Energiebereich 19 MeV bis 2 KeV sowie mit
Am-Be, 252Cf und thermischen Neutronen kalibriert.

Der Bericht gibt die endgültigen Ergebnisse wieder, die vor allem für die
Energieabhängigkeit unserer Meßgeräte erhalten wurden:

- Rem··Zähler vom Typ Studsvik, eine 30 cm ~ Polyäthylen-Kugel mit einem

BF3-Zählrohr im Zentrum und eine 25 cm ~ Kugel mit TLD 600/TLD 700 im
Zentrum,

- ein passives Spektrometer mit TLD 600/TLD 700 Detektoren entlang der
Zylinderachse,

- das Karlsruher Albedoneutronendosimetersystem,

- der Kodak NTA Film

- die Spaltfragment-Kernspurdetektoren mit 237Np und 232Th,

- Rückstoßkernspurdetektoren mit Makrofol und einer elektrochemischen
Ätztechnik.

Für die Reaktorbeam-Bestrahlungen mit nth , 2 keV und 24 keV werden zusätz
lich Scanning-Profile wiedergegeben. Aufgrund der experimentellen Ergeb
nisse wird die in der Albedodosimetrie angewandte Kalibriertechnik ver
bessert, um auch Neutronenstreustrahlungsfelder zu interpretieren.
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1. Introduction

The European Radioprotection Dosimeter Interco~parison Program of the last

years offered the opportunity to calibrate personnel dosimeters in a wide
neutron energy range and to investigate neutron detectors for an applica
tion in personnel monitoring and neutron dosimetry. In 1977, teams from
several European countries participated in four experiment sessions at
the Physikalisch-Technische Bundesanstalt (PTB).

In the years 1977 - 1978, an additional intercomparison exposure was or
ganized at the Gesellschaft für Strahlen- und Umweltforschung (GSF), Neu
herberg.

The Karlsruhe Nuclear Research Center took part in this European Inter
comparisqn Program with various neutron detectorsrecently developed in
our laboratory. In the report the final results of our experiments are
presented discussing above all the response vs. energy characteristic of
rem counters, albedo dosimeters, track etch detectors as well as modera
tor type devices which may be applied to interprete neutron spectra in
terms of effective neutron energy. The results of these experiments are
the basis for the introduction of new calibration techniques and the
routine application of new developed detector types.

2. Calibration

During the European Intercomparison Experiments the PTB offered the
following neutron standard fields:

- a thermal neutron beam from the 1-MW-Research Reactor,
- filtered 2 keV and 24 keV neutron beams from the reactor,
- neutrons from 252Cf and Am-Be (a,n) sourees,
- neutrons produced by a 3.75 MeV Van de Graaf accelerator in the

range between 100 keV and 19 MeV.



Table 1:
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Neutron filter and beam properties

Energy

Beam tube

Main filter

Additional filter

Resononce scatterer

Difference filter

At irradiation position:

beam diameter

neutron current density in
the cent re of the beam*)

Neutron current*)

Portion of neutrons with energies
above the main filter energy*J

max. gAmma doese equivalent rate
in soft tissue*)

2 keV

S5, tangential

708 mm Sc,
dia. 57 mm

15 mm Ti

10 mm Mn powder
(resonance at
2.38 keV)

25 mm Mn powder

13.5 cm

1600 cm-2s-1

2.4.105 s-1

-1.2 7.

25 nWkg- 1

24.5 keV

S4, radial

352 mm Fe,
dia. 40 mm

230 mm Al, 75 mm S

5 mm Ti

8.5 cm

2200 cm-2s- 1

1.3.10-' s-I

... 15 7.

*)Valuer. for the difference beams at I MW reactor power

Table 2: Data for the neutron reference fields.
These are given for a distance of 1 m at O· to the incoming beam.
For the energy of 100 keV an angle of 30· was taken. The maximum
dose equivalent rate was calculated according to ICRP Publica
tion 21 /4/.

, Neutron Neutl'on Neutron maximum Gamma dORe
energy current dose equivalent equivalent rate

Reaction density rate in soft tissuc

MeV -2 -I -1 -I
cm 's Wkg Wkg

45Sc (p,n)45Ti ' 0.050 0.02'103 -70.006·10

7 Li(p,n) 7Be 0.100 2.8'103 1.7' 10-7 8'10-9

7
Li(p,n)7Be 4.0'103 5.6'10-7 27"0-90.250

7
Li(p,n)7Be . !Q3 '10-7 93'10-90.570 52 111

T(p,n)3He 1.000 6 '103 20 . 10-7 8"0-9

T(p,n)3He 2.500 30 '103 120 '10-7 58'10-9

D(d,n)3He 5.00 18 "03 74 '10-7 140"0-9

T(d,n)4He 15.5 18 '103 75 '10-7 4'10-9

T(d,n)4 He 19.0 '103 17 '10-7 35'10-9
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Table 3: Fluence to dose eguivalent conversion factors after [6] according
to ICRP Recommendation 21

E h<I>

(MeV) (J/kg)·cm

2.5·10- s 1. 068. 10- 11.

2.0,10- 3 0.98 .10- 11

2.45.10- 2 1.85 .10- 11

1.0.10- 1 5.782.10- 11

2.5'10- 1 1.18 .10- 10

5.7,10- 1 2.18 .10- 10

LO 3.268'10- 10

2.5 4.01 .10- 10

5.0 4.085.10-10

15.5 4.18 .10- 10

19.0 4.22 .10- 10

Table 4: Basic data for GSF irradiation after [4]

particle mean fl uence to fluence to
energy neutron kerma dose equivalent

energy conversion conversion
factor factor

reaction (MeV) (MeV) (lO-9 rad) (l0- srem cm 2 )

T( p, n) He 3 1.50 0.57 1.71 2.22

T(p,n)He 3 2.90 2.07 3.09 4.00
TCd,n)Helj 0.40 15.1 6.70 4.08

D(d,n)He 3 2.30 5.25 4.49 4.00

Cf-fission
neutrons 3.3

AmBe
neutrons 3.6
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Characteristic data about the filtered neutron beams.and the neutron
fields at the accelerator are presented in Tables 1 and 2 [1].

The neutron dose equivalent was calculated on the basis of fluence to dose
equivalent conversion factors (Table 3). Due to the actual situation at
the thermal beam, the effective energy of thermal neutrons was taken as
65 meV which results in a conversion factor of 1.11.10- 11 J cm2/kg for
thermal neutrons. The neutron fluence results are measured in the beam
free in air at the place of calibration. For the beam calibration of the
accelerator a proton recoil proportional counter [2] and a proton recoil
telescope [3] are used.

The response R of a neutron detector was determined by the ratio

instrument reading
R = value of the reference quantity causing the instrument reading

At the GSF neutron irradiations have been performed with a 3 MeV Van de
Graaff generator and with 252Cf and Am-Be (a,n) (Table 4) [4]. For beam
monitoring a tissue equivalent ionization chamber at 50 mm distance from
the target is used. The reference quantity is the Kerma in soft tissue
at 30 cm source distance free in air on the beam axis determined abso
lutely during an International Intercomparison [5].

The irradiations at the PTB have been performed in a distance in the range
of 1 m to 3 m between the source center (accelerator target) and the cen
ter of the dosimeter or for phantom irradiation the front surface of the
phantom. The phantoms used were water-filled polyethylene cylinders 0.6 m
in height and 0.3 m in diameter irradiated perpendicular to the axis of
rotation.

For the reactor beam irradiations a scanning technique was applied and the
dosimeter or phantom was either scanned step by step along a diameter per
pendicular to the beam or over the full cross section of the dosimeter or
phantom.
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The uncertainties of the fluence determination (one standard deviation)
at the PTB is presented in Table 5. These data mainly represent syste
matic errors of measurement and are not included in the error bars pre
sented in the curves of the figures which are mainlystatistic uncertain
ties of the dose reading.

Table 5: Standard deviation for the calibration exposure at PTB [6J

Neutron Relative Standard Neutron Relative Standard
Energy Deviation of Fluence Energy Deviation of Fluence

keV Determination keV Determi nat ion

2 16 % 1000 5 %
24,5 12 % 2500 5-6 %

100 6-8 % 5000 5-6 %
250 6-12 % 15500 5-9 %
570 5-8 % 19000 12 %

rad. sources 5%

The influence of a neutron background on the dosimeter indication was
generally not taken into accont. This effect is proportional to the energy
dependence of the dosimeter response. For accelerator irradiations the
background scattered neutrons «5%) can be neglected. During the experiment
an additional contribution of lower energy neutrons from the target was
found at 19 MeV which was determined to be about 10% for the Leake type
rem counter [29] (see also chapter 6). Only at 2 keV the dosimeter res
ponse results of moderating spheres were reduced by a factor 0.5 to cor
rect for beam neutrons of higher energies.

Compared to calibration of the Leak type rem counter recently done with
a Sb/Be source at Harwell about 20% higher results have been found at the
PTB for the response at 24 keV [31]. Uncertainties may arise primarily
from the potential existence oflow-energy neutron in the 24keV beams
whose presence cannot be determined by the proton-recoil spectroscopy
applied at the PTB.
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More information about the standard neutron fields, the technique of cali

bration and exposure as well as the estimation of measuring uncertainties
are described in additional reports which summarize also most of the final
results of the participants [6].

Dur laboratory participated with the following instrumentation:

- Rem counter type Studsvik 2202 D.

- Moderating spheres 30 cm in diameter containing BF3 detector.

- Spectrometer-Dosimeter. Cylindrical moderator diam. 25 cm, length 25 cm,
irradiated "end-on" (side on at 24 keV). Results taken from a TLD 12 cm in
side the moderator. No scanning at the filtered beam of 2 keV.

- Albedo counter. Polyethylene cylinder with 3 BF3 tubes (special development,
KFK Karlsruhe); results obtained from IIdetectori". At 2 keV only scanned
without difference filter.

- Karlsruhe Albedo dosimeter system; results obtained from "detector i".

- Track etch fission fragment detector with 237Np.

- Track etch fission fragment detector with 232Th.

- Kodak NTA film.

- Red dyed recoil track detector, Kodak LR-115.

- Makrofol recoil track detector, electrochemical etching.

- Phosphate glass dosimeter.

3. Energy Dependence of Neutron Monitors

3.1 Passive Spectrometer

The neutron spectrometer used in this experiment consists of a 25 cm diameter
and 25 cm long polyethylene cylinder containing pairs of TLD 600 and TLD 700
detectors along the axis of the cylinder positioned in equidistance inter
vals of 0.8 cm (Fig. 1).



SPECTROMETER - DOSIMETER
SYSTEM
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SINGLE SPHERE

(a) (b)

Fig. 1 Cross section of the neutron spectrometer (a) andthe dosi
meter (b) with cylindrical shape

The polyethylene cylinder is covered with a cadmium shield except for
the front face of the cylinder where the radiation beam is incident.

The depth dose distribution of TLD 600 readings in beam direction a
long the cylinder axis was investigated after subtraction of the gamma
dose fraction by means of the TLD 700 reading. The gamma equivalent
neutron reading of TLD 600 which was obtained in such a way is plotted
against the depth in.the polyethylene cylinder and represents mainly
the thermal fluence distribution.

The response characteristic of the detector has been investigated re
cently in the radiation field of Pu-Be, 252Cf and 14 MeV neutrons
taking into account different kinds of shieldings and backscattering
conditions [7].

The neutron response of the TLD 600 dosimeters along the beam axis is
presented in Figs. 2 and 3 as a function of depth for monoenergetic
neutrons in the energy range from nth to 19 MeV. The maximum of the
depth dose curve varies with neutronenergy and was found in a depth
of 1 cm for thermal neutronsup to a depth of 8 cm for 15.5 MeV neu

trons. The response vs. depth dose curves differ significantly at the
surface and in the maximum resulting in a similardecrease after a
depth of 2 cm and 3 cm, respectively.
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Fig. 2 Gamma equivalent neutron dose reading of TLD 600/TLD 700
dosimeters in Roentgen per neutron dose equivalent of
1 rem as a function of depth in beam axis
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Fi g. 3 Neutron response of the passive spectrometer with
TLD 600/TLD 700 detectors along the cylinder as a
function of depth
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The lowest scatter in the response results has been found in a depth of
12 cm, the energy dependence of such a passive rem counter with the de
tector in 12 cm depth is presented in Fig. 6.

On the basis of the response vs. depth dose curves the effective energy
of the neutron spectrum can be estimated. For an analysis of Eeff the

response in a depth of 12 cm and in the maximum of the depth dose curve
can be applied. Fig. 4 shows the response ratio R(12 cm)/R(max) vs.
neutron energy.

In a stray radiation field the effective neutron energy can be estimated
only in the energy range 25 keV to 5 MeV because the depth dose curve
for 2 keV and 24 keV neutrons are similar in shapeand do not vary sig
nificantly for neutrons above 5 MeV in the decrease of response in higher
depths. In addition the shape of the depth dose curve can be analyzed for
an additional interpretation of the neutron spectra (see section 6).

PASSIVE SPECTROMETER
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E
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u
~

[k:

UJ
Ul
Z

~ 0.1
Ul
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u
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ANALYSIS OF Eeff

o 12cm

Fig. 4

0.Q11L...,03,....-"'--............................u..J..104.,...---'--~ .............L..J-L.Ll0"""5---'----'---'--L..............ll
10
•6----'---'--'-'...................1'-;;07-"'---'...........

NEUTRON ENERGY IN eV

Ratio of response in 12cm depth and in the maximum of
depth dose curve vs. neutron energy
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3.2 Rem Counter

During the Euratom experiment at the PTB in Brunsvik the following rem
counters have been investigated:

- BF3 counter in the center of a sphere of 30 cm diameter,
- BF3 counter in the axis of a cylinder (Studsvik rem counter of the

Anderson-Braun type),
- TLD 600/TLD 700 dosimeter pairs in the center of a"single sphere"

(cylindrical shape 25 cm in length and diameter, see also Fig. 1),
TLD 600/TLD 700 dosimeter pairs in the center of the cylinder of
25 cm length and diameter.

In Fig. 5 the response of the rem counter sphere of 30 cm diameter is
presented as a function of neutron energy. In the energy range of 10 keV
the response was found to be higher by a factor 3 compared to the results
at 1 MeV. The rem counter underestimated thermal neutrons v/ith 17%. Com
pared to the Studsvik rem counter or a passive rem counter (see Fig. 6)
there is a significant increase in response which was found to be in
the order of 60% for the energy range 1 to 5 MeV. The calibration of
the Studsvik rem counter by other investigators resulted in a high energy
dependence in the order of a factor 8 [6].

Passive rem counters of 25 cm diameter, on the other hand, may overestimate
neutrons in the energy range 1 keV to 20 keV up to a factor 4 and under
estimate thermal neutrons significantly (Fig. 6).
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3.3 Albedo Counter

For an application in albedo dosimetry a so-called albedo counter was
designed to simulate the properties of the Karlsruhe albedo neutron
dosimeter (see also section 4.1). Instead of TLD 600/TLD 700 detectors
the albedo counter makes use of three BF3 counters which are positioned
at the surface of a phantom in the detector positions a, m, i, outside
or behind a boron plastic shield [8].

The relative response of the albedo counter is presented in Fig. 7 as
a function of neutron energy and compared to the albedo dosimeter re
sults.

In the energy range above 5 MeV the detector characteristic of the albedo
counter in position i varies significantly from the results found for
the albedo dosimeter. This effect can be explained by the volume ofthe
BF3 counter which is larger compared to the more or less point size of
the TLD detector.

,

o

a
-m

•

Q ~ALBEDO NEUTRON DETECTORS
POSITION i

A 0

6

~ ~"TLD""/TLD1OO DOSIMETER '·"1
POSITION Q AND m~ "

6 .'
','.... BF3 COUNTER (006)

"ll,

~ ',~

DETECTOR POSITION ~~.~'''''''"",....o4l. 0

_alU) 6 0

~~(.Ol •

~(.O) 6 ~6 0
o 0 6

o •E"--6

o
Z
<l:
E
e! 100-0::

Z

W
(/)
Z

~
(/) lÖ'w
0::
...J
W
0::

NEUTRON ENERGV IN eV

Fig. 7 Response vs. neutron energy of the Karlsruhe albedo dosimeter
and an albedo counter with BF3 detectors
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4. Energy Dependence of Personnel Dosimeters

4.1 Albedo Dosimeter

4.1.1 Energy and Direction Dependence

Albedo dosimeters contain one or more pairs of TLD 600jTLD 700 thermo
luminescence detectors providing separate indication of incident and
backscattered neutrons. For the estimation of the neutron dose equi
valent pairs of TLD.600jTLD 700 detectors are used to detect thermal
neutrons via the 6Li(n,a)T reaction and toseparate the gamma dose
fraction by using the difference in the dosimeter readings.

In the Karlsruhe albedo dosimeter [9-11] three pairs of TLD 600jTLD 700
dosimeters are positioned in a boron plastic capsule (see also Fig. 8).
The estimation of the neutron dose equivalent is based only on dosimeter
pair i located inside the boron capsule facing the body. The neutron
dose equivalent Hn is thus given by

'Here, i6 and i 7 are the dosimeter readings of the TLD 600jTLD 700 detec
tor pair in the position i (albedo neutron readings), k is a calibration
factor dependent on the neutron energy or on the local neutron spectrum.

In addition, the dosimeter pairsa and mare used to correct for the
energy response of the albedo dosimeter i on the basis of calibrations.
Local energy correction factors for k can be derived experimentally for
each actual neutron spectrum at a given working place.

The so-called albedo dosimeter system consisting of two dosimeters worn
by a belt at the front and at the rear of the body serves for an approxi
mately direction-independent indication of the neutron dose equivalent.
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Table 6: Energy response of the Karlsruhe Albedo Dosimeter and the
albedo counter found for monoenergeti c neutrons at the PTB
Braunschweig

DOSIMETER RESPONSE 1)

(R/rem) . (l/mrem)

NEUTRON ENERGY ALBEDO DOSIMETER 2 ) ALBEDO COUNTER 2 )

(keV) i m a i m a

nth 3.94 0.i55 42.5 3700 160 16200

2 26.32 5.30 4.55 40800 5700 5600

24 9.71 1.57 1.55 18100 2200 .1700

100 2.08 0.249 0.245 -- 560 392

250 0.95 0.18 0.19 -- 180 157

570 0.39 0.036 0.034 1048 96.1 43.2

1000 0.20 0.023 0.031 603 37.6 52.4

2500 0.12 0.010 0.012 368 32.4 59.8

5000 0.07 0.007 0.008 231 23.2 13.3

15000 0.03 0.005 0.009 145 31.1 79.3

19000 -- -- -- 213 43.1 27.8

1) Response presented as the 13 7 CS equivalent reading in Roentgen per
neutron dose equivalent of 1 rem (TLD) or the count rate per 1 mrem/h
(BF3-counter)

2) Karlsruhe albedo dosimeter with the TLD 600/ TLD 700 pairs or BF3-counters
in the position i (facing the body), a (outside boran) and m (inside boran)
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The response of the albedo detector i is presented in Fig. 8 as a function
of neutron energy for a frontal irradiation ofthe albedo dosimeter at the
surface of a phantom. In this figure the experimental response which is
defined here as a gamma equivalent neutron reading of the detector i in
the unit Roentgen found for the neutron dose equivalent of 1 rem is com
pared with the calculated results from Alsmiller and ßarish [12] after
normalization at 1 MeV. For the read-out of the thermoluminescent detector
two different maximum heating temperatures have been applied to measure
glow peak 5 and glow peak 5 and 6, respectively. The reproducibility of
dose measurement was found to be higher in the lower dose range of 10 mR
to 100 mR if only glow peak 5 is evaluated [13].

The main characteristic of the Karlsruhe albedo dosimeter has been found
in the nearly equal response for thermal neutrons and 50 keV neutrons and
in a higher response for 2 keV neutrons. Without taking into account the
thermal neutron response, the response vs. energy curves are similar for
the detector a, m, and i (see Fig. 9) as well as for other albedo dosime
ters like the Hoy type [14] or the Hankins type [15]. The results of the
calibration exposure demonstrate that the design of an albedo dosimeter
type only improve the thermal neutron response and the sensitivity of the
dose reading, respectively (see also Table 6).

The response of the albedo detector i has been investigated as a function
of neutron energy for three different directions of incidence. Fig. 10
shows the variation in response at the front of a phantom for a side

(900
) and a rear (180°) irradiation incidence relative to the response

found for a front irradiation.

The results found with monoenergetic neutrons during the Euratom experi
ment in 1977 at the PTß ßrunsvik show a high decrease in the response
with decreasing neutron energy. For neutron spectra in stray radiation
fields, however, the directional dependence of the rear albedo response
at low neutron energies has been found to be smaller by a factor of 10
compared to the results for monoenergetic neutrons depending on the de
gree of moderation and the fraction of thermal neutrons. Under practical
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Fi g. 10
Directional dependence vs.
neutron energy for the Karls
ruhe albedo dosimeter
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field conditions the albedo response decreases in the energy range 15 MeV

to 0.01 MeV only down to 15% for radiation incidence at 900 and down to
10% at 1800

•

An albedo dosimeter system consisting of two dosimeters at the front and
the rear of the body may therefore reduce the direction dependence sig
nificantly also in the lower energy range [10].

4.1.2 Interpretation of Dose Reading and/or Neutron Spectra in Stray
Radiation Fields

The Karlsruhe albedo dosimeter allows the separate indication of albedo
neutrons (detectorelement i)" incident thermal neutrons (detector ele
ment a), and epithermal neutrons (detector element m). In Fig. 9 the
detector reading ratios are presented as a function of neutron energy.
Above 1 keV the results show no significant change of the dose reading
ratio vs. neutron energy. Asignificant change in the dose reading ratio
can be applied only for incident thermal neutrons (ratio i/a) or for epi
thermal neutrons in the eV energy range (ratio alm).

On the basis of the theoretical assumption that the neutran dose equi
valent can be described as a sum of two fractions, the dose equivalent
for the effective neutron energy and the dose equivalent fraction of
thermal neutrons, the albedo response R can be presented as a function
of the detector reading ratio i/a (Fig. 11). For monoenergetic neutrons,
of course, no significant change in the detector reading ratio i/a is
observed. Depending on the local conditions in the stray radiation field,

the albedo response Reff may vary over a range of two decades given by
the area presented in Fig. 11. On the basis of field calibrations the
spectrum dependent response of the dosimeter reading i can be corrected

sufficiently by using the experimental relationship Reff = f(i/a) which
for example is presented in Fig. 11 for two different stray radiation
fields. The application of this technique is discussed elsewhere [10,
16, 17].
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4.1.3 The Field Calibration

The field calibration of the Karlsruhe albedo dosimeter system is based
on the reading of a rem counter of 30 cm diameter and the albedo dosime
ter system which both are similar in the directional characteristic. In
stead of a field calibration the reading ratio of 9"/3" spheres are
applied to simulate the calibration of the albedo dosimeter in stray
radiation fields [15], assuming that the energy response curves of the
3" sphere and of the albedo dosimeter are identical and the reading of
the 9" sphere rem counter can be interpreted as the dose equivalent at
the location of interest.

All moderator techniques, however, have been found to be inaccurate and
fail in stray radiation fields with Eeff < 100 keV. This is demonstrated
in Fig. 12 for calibration techniques applying the reading of an albedo
counter or the ratio 9"/3" or 12"/2" spheres. Here in addition the neu
tron dose equivalent will be overestimated by the energy dependence of
the rem counter and the response ratio 2 keV to thermal neutrons vary
significantly in a different way for both reference instruments and
albedo dosimeter types.

During the European calibration program at the PTß, on the other hand, a
significant difference has been found in experimental and calculated data
of the sphere ratio 12"/2" [18] (Fig. 13).

4.2 Fission Track Detectors

The fission track detector consists of a Makrofol detector foil of 13 ~m

thickness in contact with a thick thorium foil or in contact with a 237Np
layer electro-plated in a thickness of 40 ~g/cm2 on a steel plate. After
applying the conventional etching process the detector foils have been
counted in a spark counter after Cross and Tommasino [19].
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The energy response of fission track detectors has been investigated
during the European Intercomparison Experiment atthe GSF in Neuher
berg. The response of the 237Np fission fragment detector is presen
ted in Fig. 14 asa function of neutron energy and compared to the
cross section curve of the fission reaction. Above the threshold of
0.5 MeV the neptunium detector shows an energy dependence in the order
of factor 4. The experimental results for 15 MeV neutrons has been
found to be lower compared to the cross section curve.

The experimental results of the thorium fission fragment detector is
presented in Fig. 15. The response characteristic is comparable to
the cross section curve resulting in an energy dependence of the order
of factor 4 to 5 above the threshold of 1.2 MeV. The relatively high
standard deviation presented in the figures results mainly from the
low sensitivity and/or the low exposure of the dosimeters.

4.3 Recoil Track Etch Detectors

The response vs. energy curve has been investigated for the Kodak LR-115
cellulose nitrate film of different thicknesses by applying two different
etching times [20]. The holes which appeared as bright spots in a dark
red background were counte~ using an optical microscope. The response of
this recoil track detector (Fig. 16) shows a thr~shold energy at 1 MeV
for the maximum possible etching time and a continuous increase in re
sponse which was found to be proportional to the neutron energy.

The most actual technique. in personal monitoring today is the detection
of neutron induced recoils in Makrofol. After applying an electro-che
mical etching process (ECE) the track etch diameters can be extended to
more than 150 ~m. This technique becomes more and more popular by apply

ing a pre-etching technique which reduces the background level signifi
cantly [20, 22]. Fig. 17 shows the response of the recoil track detector
as a function of neutron energy for an electro~chemical etching at 1.5 keV
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and 500 Hz. With a threshold energy of 1.5 MeV the response increases
sharply with neutron energy upto 4 MeV resulting in a fairly constant
value upto 19 MeV. These results are in agreement with similar cali
brations [23]. For conventional etching, however, a lower threshold
energy of 0.8 MeV was reported [24].

4.4 NTA Nuclear Track Film

In Fig. 18 the experimental results of the European Intercomparison
Experiment at the GSF is presented for the Kodak NTA film which has
been routinely sealed under dry nitrogene atmosphere in an aluminium
p1as ti c foil by governmenta1 1abora tory servi ce. Compa red to the ca1
culated response curve [25] the dosimeter response was found to be in
the order of 50% after 14 days of storage (1976) or only 30% after 45
days of storage (1978) at room temperature. These fading results
agree with previously reported results in our laboratory [26] but are

not tompatible with recently publ~shed data [27].

For the 1976 Intercomparison Exposure a significant effect on the mea-
>

sured response was observed depending on the kind of irradiation
(Fig. 19). Compared to a free air irradiation phantom irradiations re
sulted in a lower response whichis in contrast to all other experi
mental data indicating an increase in response at the phantom due to
backscattered neutrons [25, 28]. The influence of an additional gamma
background can be excluded. There is, however, no indication for a fading

effect due to the phantom material.

4.5 Gamma Dosimeters

During the PTB experiment also gamma dosimeters have been irradiated
free in air to monoenergetic neutrons. The dosimeter reading was cor
rected for the gamma contribution in the neutron beam given by PTB on
the basis of GM-counter measurements (see Tables 1 and 2).
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At the Karlsruhe Nuclear Research Center the phosphate glass dosimeter

in the spherical capsule (boron/plastic sphere covered bya perforated
tin layer) is the basic personnel dosimeter for routine monitoring of
gamma rays and after a criticality accident of thermal and fast neutrons
via the activation of phosphorous [30]. This phosphate glass dosimeter
is also applied by governmental services as a replace for the film dosi
meter. The neutron response cf the phosphate glass dosimeter FD-l given
as the gamma equi va lent readi ng in Roentgen i s presented in Fi g. 20 as a
function of neutron energy for the boron/tin sphere as well as for a
cadmium and a tin capsule of 1 mm and 1.2 mm thickness, respectively.
For an application in personnel monitoring th.e spherical dosimeter re
sulted in a nearly equal response for thermal neutrons and gamma rays
if an albedo factor of 0.8 will be taken into account. This results are
in agreement with former calibrations [30]. Compared to a tin capsule the
boron/tin sphere reduces the neutron response by a factor of 10. In the
energy range of intermediate neutrons a I/v response was found according
to the cross section of 6Li and lOB. The response for fast neutrons has
been found to be low compared to other TLD detectors like LiF.
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5. Scanning Profile of Moderator Type Detectors

5.1 Detector in the Center

The scan'ning profile was investigated for the BF
3

counter in the center
of the polyethylene sphere of 30 cm diameter which is representative
for most of the rem counter types. The scanning profiles along the X
axis are presented in Fig. 21 for neutron beam exposures in different
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distances from the center and are compared with the PTB beam profile
for n

th
, 2 keV and 24 keV neutrons. Compared to the central exposure

with the thermal neutron beam of 3.7 cm diameter practically no change
in the response was found up to di s tances of 11 cm from the center.

5.2 Detector on the Surface

The albedo counter makes use of three BF3 counters positioned outside
and behind the boron/plastic shield at the surface of a polyethylene
cylinder. The BF3 counters have been exposed in the position i facing
the body, in position m inside the boron shield and in position a at
the surface of the boron shield and the scanning profiles are presented
in Fig. 22. In position i the central beam exposure with thermal neu
trons results in a minimum count rate due to the boron shield. It can
be seen from the figure that only a small area around the boron shield
takes part to the moderation and the reflection of incident neutrons
which are detected afterwards. Because of the location of position m
in the moderator a count rate ratio m/a > 1 was found compared to
m/a = 1 for the albedo dosimeter.
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5.3 Detector Along the Beam Axis

The passive spectrometer with TLD 600jTLD 700 detectors along the central
axis of the moderator cylinder of 25 cm diameter and height was irradia
ted with the thermal neutron beam of 3.5 cm diameter.
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Fi g. 23 shows the depth dose curves for di fferent beam exposures to
thermal neutrons. These are the exposure in the cylinder axis, the
exposure in a distance of 10 cm from the center and the exposure over
the total cross section of the cylinder. In a depth of 12 cm the gamma
equivalent neutron dose reading per 1 rem was found to be 0.9 R/rem
for the total exposure of the detector, 0.07 R/rem for a beam exposure
along the axis and 0.01 R/rem in 10 cm distance from the center. Simi
1ar resu.lts found for 24 keV beam exposures are presented in Fi g. 24.

The scanning profile for beam exposures with 2 keV and 24 keV presen
ted in Fig. 25 results in the same increase in response as a function
of moderator depth. On the basis of a depth dose curve analysis it is
therefore not possible to interprete the neutron spectra in terms of
effective neutron energy if the neutron energy is lower than 50 keV.

6. Interpretation of Neutron Spectra

On the basis of the response vs. depth curves of the passive spectro
meter various parameters may be used for the estimation of relaxation
length, effective energy of the neutron spectrum and the amount of
backscattered thermal neutrons, for instance,

- the dosimeter reading Ra at the surface of the polyethylene cylinder,
- the depth dmax in polyethylene, where the maximum dosimeter reading

f\nax occurs,
the decrease in dose reading due to attenuation in polyethylene
which follows the built-up of thermal neutrons in few cm.

As it wasfound experimentally the depth dose curve may be applied for
a more or less quantitative interpretation of the neutron spectrum
which., however, is restricted to neutron energies ranging from 50 keV
to 5 MeV. The increase .in the depth dose in the first tissue layers
behind the surface as well as the maximum of the depth dose curves are
characteristic parameters for an analysis of the neutron spectrum.
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The results found with the passive spectrometer were applied to inter

prete the neutron spectra at the irradiation facilities at the PTB and
the GSF. With respect to the calibration results found for 19 MeV neu
trons it was supposed that the highenergy beam obviously includes also
an additional lowenergetic component. In Fig. 26 a trial was made to
i nterprete the depthdose curve found for the 19 MeV i rradi ati on. For
a rough analysis of the 19 MeV spectra the difrerence of the depth dose
curves for 19 MeV and 15.5 MeV resulted in a low energy component with
Eeff 2 250 keV. Taking into account the higher response at 250 keV the
dose equivalent fraction of this neutron component is in the order of
14% and comparable with a low energy fluence of approximately 10% which
was found experimentally at the PTB [29].
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For the irradiation at PTB and GSF the same neutron energies of 570 keV,
5 MeV and 15.5 MeV have been used. On the basis of passive spectrometer
results it was of general interest to compare the neutron spectra as
well as the response of the spectrometer forboth calibration exposures.

It can be seen from Fig. 26 "that all depth dose curves are identical in
shape representing an excellent agreement in the beam quality as well
as in the absolute response for the TLD 600/TLD 700 detector. The 15 MeV
beam calibrations at PTB and GSF agree within ± 5%, an excellent result
with respect to the different methods of beam calibration at PTB and GSF.
On the basis of the response curves the agreement in the calibration of
the other beams is better than ± 1.5%. This accuracy which was found for
the interpretation of neutron spectra is surprising because the error
sources for the evaluation of a single TLD is in the order of 3%. By
fitting the depth dose curve the total error will be obviously reduced.
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Figure Captions

Fig. 1 Cross section of the neutron spectrometer (a) and the dosimeter

(b) with cylindrical shape

Fig. 2 Gamma equivalent neutron dose reading of TLD 600/TLD 700 dosi
meters in Roentgen per neutron dose equivalent of 1 rem as a
function of depth in beam axis

Fig. 3 Neutron response of the passive spectrometer with TLD 600/TLD 700
detectors along the cylinder axis.as a function of depth

Fig. 4 Ratio of response in 12 cm depth and in the maximum of depth
dose curve vs. neutron energy

Fig. 5 Response vs. neutron energy for the Studsvik rem counter and a
rem counter with a BF3 counter in the center of a sphere of
30 cm diameter

Fig. 6 Response vs. neutron energy for passive rem counters with TLD 600/

TLD 700 in the center of a moderator

Fig. 7 Response vs. neutron energy of the Karlsruhe albedo dosimeter and
an albedo counter with BF3 detectors

Fig. 8 Energy dependence of the Karlsruhe albedo dosimeter for TLD 600/
TLD 700 in position i compared with calculated data

Fig. 9 Detector reading ratio of the Karlsruhe albedo dosimeter vs.
neutron energy

Fig. 10 Directional dependence vs. neutron energy for the Karlsruhe
albedo dosimeter
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Fig. 11 Response of the albedo detector i as a function of detector

ratio i/a with Hth/H and E as parameters

Fig. 12 Calibration factor of albedo detectors compared to the reading
ratio 9"/2" and 12"/2" spheres vs. neutron energy

Fig. 13 Comparison of measured and calculated reading ratio of 12"/2"

spheres

Fig. 14 Energy dependence of 237Np fission fragment track etch detector
237vs. neutron energy and the Np (n,f) cross section

Fig. 15 Energy dependence of 232Th fission fragment track etch detector
vs. neutron energy and the 232Th (n,f) cross section

Fig. 16 Response of the Kodak LR-115 film applied as recoil track etch
detector vs. neutron energy

Fig. 17 Response vs. neutron energy of Makrofol E recoil track etch
detector after electrochemical etching

Fig. 18 Measured and calculated response vs. neutron energy of the
Kodak NTA film emulsion sealed in aluminium/plastic foil

Fig. 19 Response vs. number of tracks of the NTA film for free air and
phantom exposures

Fig. 20 Energy dependence of phosphate glass dosimeters

Fig. 21 Scanning profile of a rem counter with a BF3 counter in the
center of a polyethylene sphere of 30 cm diameter

Fig. 22 Scanning profile of an albedo counter with three BF3 counters

in the position i, a, m, at the surface of a polyethylene
cylinder
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Fig. 23 Response vs. depth of TLD 600jTLD 700 detectors in the axis of

the passive spectrometer for different beam exposures with
thermal neutrons

Fig. 24 Response vs. depth of TLD 600jTLD 700 detectors in the axis of
the passive spectrometer for different beam exposures with

24 keV

Fig. 25 Relative dose reading of TLD 600jTLD 700 detectors in the axis
of the passive spectrometer vs. depth for a central beam of
2 keV and 24 keV neutrons with different filters

Fig. 26 Depth dose curves of TLD 600jTLD 700 detectors in the axis of
the passive spectrometer vs. depth for a 19 MeV and 15.5 MeV
neutron exposure at the PTS and analysis of a low energy com

ponent

Fig. 27 Depth dose curves of TLD 600jTLD 700 detection in the axis of
the passive spectrometer vs. depth for the irradiations at the
PTS and GSF with 570 keV, 5 MeV and 15.5 MeV neutrons




