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Abstract: In order to achieve high accuracy in neutron dosimetry, a spectrometric investigation of the
neutron fields is required. We compare results obtained under a large variety of environmental condi-
tions using both spectrometric and dosimetric instrumentation. For one example, the uncertainties of
the integral quantities obtained from spectrometric investigations are illustrated.

1. Introduction CZ9928488

A well-characterized Bonner sphere spectrometer (BSS) can achieve high accuracy in the determina-
tion of the integral fluence and dose equivalent due to neutrons with energies extending from the ther-
mal region to hundreds of MeV. Low-noise/high-efficiency detection systems allow fields with rather
low spectral neutron fluence to be investigated.

The lowest neutron fluence measured was the natural background at ground level due to the cosmic-
ray-induced neutrons. The instrumental background could be determined in a salt mine gallery 850 m
below the earth surface.

Special attention is paid to the investigation of the neutron fields at workplaces. Results are reported
from measurements made at the Czech nuclear power plant in Dukovany, and in a few locations at the
isochronous cyclotron of the German Cancer Research Center in Heidelberg. As an example, a short
analysis of the uncertainties of the integral quantities obtained for one of the "Dukovany" neutron
fields is presented.

2. The PTB Bonner sphere spectrometer

The PTB BSS consists of 12 polyethylene spheres with diameters from 7.62 cm (3") to 45.72 cm (18")
and a 3He-filled spherical proportional counter (type SP9, Centronic Ltd, UK) used as central thermal-
neutron-sensitive detector, but also as bare or cadmium-shielded detector. The fluence response matrix
of this BSS is mainly based on experimental calibration data obtained with thermal neutrons1, with
monoenergetic neutrons at 12 energies between 1.17 keV and 14.8 MeV2, and with 55 MeV quasi-
monoenergetic neutrons3. The complete response matrix, covering the neutron energy range from
10'3 eV to 109eV, was obtained using calculated response functions4'5 for inter- and extrapolations.
The complete matrix has been described elsewhere6.

3. The cosmic-ray induced neutron natural background

The neutron natural background on the PTB area in Braunschweig (52° 16' N geomagnetic latitude and
about 60 m in altitude) was measured during May and June 1997 (solar minimum). The PTB Bonner
spheres were installed at 1.5 m above ground in a tent. As the neutron-induced count rates are very low
(from 1.99 • 10"2 counts/s for the 6" BS to only 7.32 10"4 counts/s for the bare counter under cad-
mium), special care was taken to avoid parasitic pulses due to humidity, dirt, mains supply, etc. The
pulse-height analysis of the detector signals indicated that these contributions were kept low and could
be well separated from the neutron-induced events. Nevertheless, the instrumental background, i.e. the
potential recording of pulses in the amplitude range in which pure neutron events take place, was in-
vestigated in the "Asse" salt mine 850 m below the earth surface, a place completely free from neu-
trons. This investigation has shown that besides the unavoidable parasitic low-amplitude pulses due to
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noise (produced mainly in the electronics), there is a component due to the SP9 counter itself which
consists of pulses almost uniformly distributed over the whole amplitude range analyzed.

This contribution, the "zero effect", depends on the individual counter and was 1.30 • 10"4 counts/s for
the counter used in the series of measurements reported here (already 18% of the lowest count rate en-
countered in this experiment), but in the worst case, using another detector, we measured 8.53 • 10"4

counts/s.

The result obtained from the net count rates of 12 BSs and of the bare and the cadmium-shielded de-
tector is presented as thick full line in Fig. 1. For corn-

Fig. 1. The neutron spectrum due to the cos- p a r i s o n j a s i m i l a r s p e c t r u m measured in 19917 (near
mic-ray-induced natural background ^ m a x i m u m ) w i t h o m y 5 B S s ( t h i n m H n e ) a n d

measured on the PTB area (thick full line) ,, , J • u- u + r
compared with a similar spectrum meas- * e fP**?™ m e f Uref m » \ g

T ^ f FgJ T T A
ured in 1991 (thin full line) and a neutron b r a t l 0 n f i e l d Produced at CERN (dot-dot-dashed his-
spectrum produced at CERN for calibra- togram) are shown. The spectra shown are normalized
tion purposes (dot-dot-dashed histogram) t o UIU't integral fluence, nevertheless the same normali-

zation factor was used for the two natural background
spectra. The old natural background spectrum is very
similar to the new one for energies from thermal up to
about 10 MeV. At higher energies, as response matrix
data above 25 MeV were not available when the old
result was obtained, the high-energy neutrons were
then forced to enter a limited energy band, which also
implied that their amount was underestimated. The old
integral values (see in Table 1 under
NAT-BG-PTB91a) for the fluence rate and dose-

equivalent rate compared well with the new ones. A later evaluation of the '91 data8, using the com-
plete response matrix and the CERN spectrum as a priori information, producted the integral values
given in Table 1 under NAT-BG-PTB91b. Fig. 1 also suggests that the CERN neutron field behind
80 cm of concrete shielding well simulates cosmic-ray-induced neutrons.

4. Neutron fields at the Czech nuclear power plant in Dukovany

Within the framework of a German-Czech cooperation project, neutron fields were investigated in one
of the four pressurized-water reactors of type VVER 440 (without containment) at the Dukovany nu-
clear power plant, at three different places where the personnel regularly carries out inspections or
maintenance work: position A, in the reactor hall, 135 cm above the reactor's protective cover; position
B, in the room of the main coolant pumps (primary cooling circuit), 150 cm above the floor; position
C, in a room near the bottom of the reactor, which was considered to be the workplace with the highest
dose-equivalent rate, where access was restricted to a few persons only, each time with special permis-
sion.
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The three neutron spectra obtained are shown in Fig. 2,
normalized to unit integral fluence. The integral neu-
tron fluence rates and the dose-equivalent rates, as well
as the mean conversion factors due to these three fields
are given in Table 1. Compared with neutron spectra
measured at power reactors with containment at Ring-
hals (Sweden)9, the Dukovany spectra are harder. Nev-
ertheless, the integral dose-equivalent values are lower
at Dukovany, obviously due to the massive shielding.
Very similar neutron spectra were encountered in the
vicinity of transport containers filled with spent fuel
elements9'10.

Fig. 2. The neutron spectra measured at three
locations in the Czech nuclear power plant
in Dukovany (for details see text)
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5. Neutron fields at the isochronous cyclotron of the German Cancer Research Center
in Heidelberg

At the German Cancer Research Center in Heidelberg, an MC32NI-Scanditronix isochronous cyclotron
is used to accelerate protons and deuterons to energies of 32 MeV and 16 MeV, respectively. Imping-
ing on a thick beryllium target they produce high-intensity fields with relatively high mean neutron en-
ergies used for radiobiological experiments. Moreover, deuterons are used together with a neon gas
target to produce the short-lived I8F isotope used as a halogen tracer in many direct chemical syntheses.
In this case, a large amount of neutrons results mainly from the deuteron breakup, but the reaction
TSTe(d,n) Na contributes as well. The accelerator and the targets are located in rooms surrounded by

heavy concrete shielding. The measurements were performed with the BSS and various dosemeters
outside the shielding, but within the laboratory hall (1 m concrete). They were aimed at a comprehen-
sive spectrometric and dosimetric characterization of the neutron fields at these locations.

Four typical neutron spectra are selected in Fig. 3, all normalized to unit integral fluence. The spectrum
Fig. 3. Four neutron spectra measured at vari- "a" originates from protons hitting the beryllium target.

ous locations at the isochronous cyclotron It was measured in forward direction relative to the
of the German Cancer Research Center in proton beam, and between the 1.5 m thick concrete
Heidelberg (for details see text) shielding of the target room and the laboratory wall.

The spectra "c" (due to Be + d neutrons) and "d" (due
to Be + p neutrons) were measured in a room just be-
low the target (1 m steel armed concrete in between).
The spectrum "b" was measured outside the neon tar-
get room, at the height of the deuteron beam, but off its
direction.

A particular feature of the spectra shown here, espe-
cially of the "a" and "b" spectra, is the relatively high
contribution of thermal neutrons, obviously due to
massive concrete shielding. In the "a" spectrum for in-

stance, the neutrons with energies below 100 keV contribute 94% to the total fluence and 40% to the
total dose-equivalent.

The integral quantities obtained from the spectra shown in Fig. 3 are given in Table 1 and correspond
in each case to 1 u A beam current on the target. It should be noted that the beam current routinely used
is about 30 uA.

6. The accuracy of the integral results obtained with Bonner spheres

For the results listed in Table 1, no uncertainties are given. There are many factors influencing the un-
certainties of the results obtained with BSSs, and even when a well-specified system, with estimated
uncorrelated uncertainties between 1.2% and 2% for the energy-dependent fluence response of the in-
dividual spheres and a fully correlated uncertainty of 3% for the whole response matrix is used, serious
problems may arise due to unstable neutron fields, combined with poor monitoring of these fields,
parasitic effects altering the measured count rates, etc. Also, the existence and the quality of a priori
information and the skill in spectrum unfolding play an important role.

In Ref. 11 it was shown that uncertainties of ± 4% for the integral neutron fluence and + 15% for the
integral dose equivalent can be achieved. The experience with many neutron fields investigated con-
firm this estimation, but there are indications that some better results are achievable. The
"Dukovany-C" spectrum measured with very good stability in time, was chosen for a new exercise
aiming to estimate the total uncertainty, including the contribution of the unfolding procedure, of the
integral results.
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Fig. 4. The "frequency" distribution of the inte-
gral fluence and integral dose-equivalent val-
ues due to "all" valid solutions, relative to the
values of the best solution
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The solution of few channel unfolding is not unique,
but a valid solution must satisfy the chi-squared
criterion for compatibility with the measured count
rates. The test is made by folding the neutron spec-
trum with the response matrix and comparing the
simulated count rates with the measured ones. If the
deviations lie within the uncertainties attributed to
both the measured count rates and the fluence re-
sponses, the chi-squared criterion is satisfied. The
exercise consisted in generating a large number
(22627) of reasonable spectra in order to uniformly
fill a space in which also valid solutions should be
found. 188 spectra satisfying the chi-squared crite-
rion were retained as valid. The frequency distribu-
tions of the integral fluence and dose-equivalent
values deduced from these solutions are shown in
Fig. 4. The frequency analysis is made in 41 chan-
nels of 1% width, covering the relative deviations
from - 20.5% to + 20.5% with respect to the solu-

tion adopted as the best one.

Approximating the frequency distributions obtained with Gaussians, the standard deviations are
± 0.9% for the fluence and ± 4% for the dose equivalent. The uncertainties of the measured count rates
and of the individual fluence responses (uncorrelated) were considered.

Adding quadratically the correlated uncertainty of the whole response matrix, estimated to be ± 3%, we
obtain ±3.1% uncertainty for the integral fluence and ± 5% uncertainty of the dose equivalent accord-
ing to ICRP74 (always in terms of 1 standard deviation, i.e. 68% confidence level) for the
"Dukovany-C" result.

7. Dosimetric measurements compared with results from spectrometry

Integral results obtained with the BSS are listed in Table 1. Besides the neutron fluence rate, we give
the dose-equivalent rate according to ICRP21 (HMADE) and ICRP74 (H*(10)), and the corresponding
mean conversion factors, which give a good indication about the hardness of the spectra. In addition,
dose-equivalent readings obtained with a Leake type rem counter (HARWELL 049) and a EG&G-
Dr.BertholdLB6411 dosemeter, both calibrated with a bare 252Cf source, are listed.

The reading of any instrument can be predicted, provided the fluence response of the instrument in the
energy range covered by the neutron spectrum measured is known. The predicted readings of the two
survey instruments used in the measurements are included in Table 1. The prediction could not be ob-
tained for the natural background field, because this spectrum extends up to about 400 MeV and the
fluence response of the instruments involved is not known for energies higher than 20 MeV.

The Leake counter overestimates the dose-equivalent, often by a factor of about two in rather soft
spectra, as confirmed by the computational predictions. The agreement between the LB6411 and BSS
results is sensibly better and less dependent on the softness of the spectra, nevertheless, a general trend
of underestimation by about 15 to 20% is observed.

8. Conclusions

The few results presented in this paper demonstrate that a well-specified Bonner sphere spectrometer is
capable of determining the neutron fluence and dose-equivalent in a large variety of neutron fields and
environmental conditions with reasonable accuracy.
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Table 1. Integral quantities of the neutron fields presented in this work, as obtained from measurements
with Bonner spheres and dosemeters.

NEUTRON
FIELD

NAT-BG-PTB-97
NAT-BG-PTB91a
NAT-BG-PTB91b
DUKOVANY-A
DUKOVANY-B

DUKOVANY-C
DKFZ-a/lBeP2
DKFZ-b / 6NeD2
DKFZ-c / 2BeDl
DKFZ-d/2BeP2

Results obtained from the BSS measurements
Fl. Rate

cm'2 s'1

0.0151
0.0122
0.0132

15.24
698.15
840.94
52.89
43.89

1.20
5.04

Dose-Equival.
Rate
uSv/h

IT
MADE

0.0127
0.0084
0.0101
2.15

84.91
191.76

5.26
6.63
0.40
2.14

H*(10)

0.0115
0.0106
0.0094
3.00

122.62
292.18

5.94
7.73
0.45
2.37

Mean Conv.
Factor

pSvcm2

Mean

nMADE

233.5
190.7
212.3
39.14
33.78
63.34
27.63
41.96
91.27

117.9

Mean

h*(10)

211.9
240.7
198.1
54.58
48.79
96.50
31.26
48.91

104.0
131.2

Predicted DE
Reading

nSv/h
LEAKE

ri
MADE

4.64
184.33
350.74

7.91
9.18
0.45
2.21

LB6411

H*(10)

2.90
109.33
243.71

5.05
6.98
0.44
2.30

Dosemeter measurements
Dose-Equival.

Rate
nSv/h

LEAKE

TJ
" M A D E

.0082

5.00
178.5
343.2

6.91
8.32
0.45
2.29

LB6411

H*(10)

2.27
88.00
221.34

4.90
6.63
0.47
2.38

Measured / Pre-
dicted

%
LEAKE

IT
MADE

107.5
96.6
97.7
87.4
90.6
99.3

103.8

LB6411

H*(10)

78.3
80.5
90.8
97.1
95.0

107.3
103.3
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