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Die MeBergebnisse werden mit Rechnungen verglichen. OCR Output

Proton Synchrotron fiir Kalibrierzwecke erzeugt wurden, zu bestimmen.

verschiedenen hochenergetischen gemischten Feldern, die am Super

CERN eingesetzt, um die spektrale Neutronenfluenz in vier

Zusammenfassung —— Das Bonner—Kugel Spektrometer der PTB wurde am

de CERN. Les résultats sont comparés avec des calculs.

d’éta1onnage haute énergie produits au Super Synchrotron de Protons

mesurer les spectres des neutrons contribuant a quatre champs mixtes

Resume —— Le spectrométre multisphéres du PTB a été utilisé pour

The results are compared with calculations.

calibration fields produced at the CERN Super Proton Synchrotron.

neutron spectral fluences contributing to four mixed high-energy

Abstract —— The PTB Bonner sphere spectrometer was used to measure
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1/3 pions [2, 3]. OCR Output

charged particles estimated to be a mixture of about 2/3 protons and

North Experimental Hall. The beam consisted of 205 GeV/c positively

of the CERN Super Proton Synchroton (SPS) in the H6 beam line of the

The mixed high-energy radiation fields were produced using the beam

2. THE FIELDS INVESTIGATED

the PTB Bonner spheres are reported.

published elsewhere. In the present paper the results obtained with

A comparison of the results obtained by all the participants will be

participated with the PTB "C" Bonner sphere spectrometer.

these series which was carried out in July 1993, the PTB

with spectrometers and dosemeters in these investigations. In one of

at CERN, and several European laboratories were invited to take part

measurements was performed in various high-energy radiation fields

Within the framework of a CERN — CEC project a series of

for other instruments.

equivalent with acceptable accuracy, and so to establish a reference

the neutron spectra, spectrometry is applied to determine the dose

As the dose-equivalent responses of the present dosemeters depend on

particular attention is paid to neutron dosimetry in these fields.

major contributor to the dose equivalent, and for this reason

shields of high-energy accelerators, the neutron component is the

In the complex stray radiation fields encountered outside the

aircraft personnel during flights at high altitude [ll.

the ICRP’s acknowledgement of the occupational exposure of civil

high-energy particles in cancer therapy and, last but not least, to

become established, but also to the increasing use of the

protection practice at high-energy (GeV+TeV) accelerators, which has

metry, of high-energy particle fields is due not only to radiation

Increased interest in the dosimetry, and by implication the spectro

1. INTRODUCTION



shielding was defined. The four measurement positions of the PTB OCR Output

same size and placed at the height of the beam close to the side

similar way a grid of 8 cubic cells (numbered from l to 8) of the

are the points of measurement for the various instruments. In a

ding. The centres of these cells, placed 25 cm above the shielding,

16) each with a side length of 50 cm was defined on the top shiel—

respect to this point a grid of 16 cubic cells (numbered from 1 to

guration the centre of the target was taken as reference and with

In order to establish fixed points for measurements, in each confi

total thickness of 40 cm were used.

of 160 cm concrete, while for the top shielding iron plates with a

In the other configuration (see cut BB) the side shielding consisted

cm concrete both at the side and on the top (see cut AA in Fig. 2).

ln one configuration the shielding around the target consisted of 80

measurement positions chosen for the PTB Bonner spheres.

reference [2] and slightly modified in order to indicate the

and the measurement geometry are shown in Fig. 2 as taken from

specially prepared for this series of measurements. The shieldings

was located alternatively in one of two shielding configurations

The beam collided with a thick copper target (7 cm (D x 50 cm), which

Measurements were performed during a gate period T = 1.7 s.

length was Tn = 2.3 s and the beam pulse period was T_ = 14.4 s.

Fig.1 The time structure of the CERN — SPS beam. The beam pulse

//"beam off"

e—— T0 ——> <——— T0 ——->

"beam on"

————>I T l<— —-——>l T \<—

shown in Fig. 1.

dead—time losses. The time structure of the CERN SPS "spills" is

pile—up and to properly correct the measured count rates for

structure which must be taken into account in order to avoid pulse

As is usual for high—energy accelerators, the beam has a time





equivalent. OCR Output

differential or integral, expressed in terms of fluence or dose

correlated part must be quadratically added to all final results,

measuring method applied for the experimental calibrations. This

to the data basis used for the calculations and the fluence

diameters in the entire energy range, reflecting the limitations due

various spheres, and a correlated part common to all sphere

internal shape or height inconsistencies between the responses of

the table. They consist of an uncorrelated part which accounts for

deviation, as everywhere throughout this report) are also given in

uncertainties of the response values (in terms of one standard

given numerically in Table 3 of Appendix A. The estimated

energies from l meV to 25.12 MeV (C—D_90.RES) is shown in Fig. 3 and

extrapolation purposes. The response matrix resulting for neutron

responses calculated with the ANISN code [6] for interpolation and

[4] and with thermal neutrons [5], using the energy—dependent

calibrations with monoenergetic neutrons from l.l7 keV to 14.8 MeV

The fluence responses of the spheres are based on experimental

are also used as parts of the spectrometer.

bare counter and occasionally the bare counter under a cadmium cover

SP90, produced by Centronic Ltd, UK, filled with 200 kPa of "He. The

at their centre a spherical proportional counter (O 3.2 cm) of type

(3", Z3.5", 4", 4.5", 5", 6", 7", 8", lO", l2", 15" and l8") having

polyethylene spheres with diameters ranging from 7.62 cm to 45.72 cm

The spectrometer consists of twelve high—density (0.946 g/cm")

3. THE PTB "C" BONNER SPI-{ERE SPECTROMETER

concrete shieldings, the lowest ones behind iron.

3% to 8% in dose equivalent. The highest values are obtained behind

points of measurement is estimated to be 1% to 2.5% in fluence and

neutron component, the mixed proton—pion contribution at various

code, the results being reported in Ref. 3. In relation to the

calculated by Roesler and Stevenson using the FLUKA Monte Carlo

(protons and pions) components of the radiation fields have been

measurement geometry shown in Fig. 2, the neutron and charged hadron

OCR Outputphotons but also secondary charged particles can be found. For the



functions. Finally the responses obtained were empirically OCR Output

account the regularities of shape of the other IAR response

the l8" sphere, also not found in Ref. 7, was guessed taking into

sphere diameters have been performed. The high—energy response of

our BS set but not considered in Ref. 7, spline interpolations on

tions. For sphere diameters of 3.5", 4", 4.5" and 7", contained in

up to 387.5 MeV, proved to be compatible with the 55.15 MeV calibra

energy shapes of the IAR Lausanne response matrix [7], which extends

the most appropriate extension to higher energies. Only the high

neutrons [10] were performed at PSI Villigen / Switzerland to select

from 1MeV to 10 MeV, and calibration measurements with 55.15 MeV

literature [7-9] were fitted to our responses in the energy range

the high—energy part of different calculated responses found in the

matrix up to a few hundred MeV became necessary. For this purpose,

range covered in this experiment, the extension of the PTB response

In order to make possible the investigation in the whole energy

spectra.

below about 10 MeV without using any a priori information on the

with the purpose of obtaining the partial neutron spectral fluence

matrix from Fig. 3 was used in the first series of data unfolding

thermal energies to 25.12 MeV (C—D_90.RES).

Fig. 3. The fluence responses of the PTB "C" Bonner spheres from
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energy spectrum produced in the present experiment, the response

Although inadequate for the investigation of the whole neutron



were normalized to one PIC count. OCR Output

incident on the target. All the results presented in this report

this instrument being estimated to correspond to 2•10' particles

Chamber (PIC), used as transmission chamber in beam, one count of

The beam monitoring was realized by means of a Precision Ionisation

4. THE MEASUREMENTS

quadratically added to the final results.

a supplementary correlated uncertainty of $10% should be

fluences up to about 20 MeV. For higher-energy parts of a spectrum,

same as for the C—D_90.RES response and are still valid for spectral

included in this result. The uncertainties given in Table 3 are the

proton-recoil telescope (E > 48 MeV). The guessed 18" response is

in absolute fluence with reference measurements using a solid-state

(E > 5 MeV, NE 213 scintillation detector) and agrees within i 87.

shows full agreement in shape with time—of-flight measurements

field of 55.15 MeV peak energy determined using this response matrix

The spectral fluence of the PSI Villigen quasi-monoenergetic neutron

thermal energies to 1 GeV (C—l_94./161).

Fig. 4. The fluence responses of the PTB "C" Bonner spheres from
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is shown in Fig. 4 and given numerically in Table 4 of Appendix A.

extrapolated up to 1 GeV. The resulting extended "C" response matrix



position. OCR Output

detector during the measurement with the 8" sphere in the C'I`#6

Fig. 5. The pulse—height spectrum obtained from the central
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induced by neutrons from those due to noise and photon events. In

least as far as it is possible to clearly distinguish the pulses

spectra from all other measurements reported here are similar, at

sphere in the CT#6 position is shown as an example in Fig. 5. The

pulse-height spectrum taken during the measurement with the 8"

from the central counter were measured simultaneously. The

events were not included in the reading, the pulse—height spectra

Nevertheless, in order to ensure that noise or gamma—ray induced

have the advantage of being sensitive practically only to neutrons.

The Bonner spheres equipped with a °He—filled proportional counter

the same during the BS measurements at a certain point.

count rates were not corrected for dead—time, but they were almost

position, where the dead—time correction amounted to 2.7%. The PIC

was attained in this measurement series by the S" sphere in the IT$#6

to the PIC counter. A maximum count rate of the order of 7-10$
3 -1

Fig. 1) for the Bonner sphere counting and simultaneously applied

time window of 1.7 s has been set in the beam—on periods (see

constant during the measurement. In order to fulfil this condition a

per event. A dead-time correction is simple if the count rate is

scaler, the entire system having a non—extending dead—time of 4 us

preamplifier, an amplifier and a discriminator connected to a

central detector were counted using electronics consisting of a

In the Bonner sphere measurements, the pulses produced by the



the iron shield (curve c) these contributions appear to be lower. OCR Output

are expected in both the high-energy and thermal regions. But above

rather large readings, considerable contributions to the spectrum

similar. As large—diameter spheres and the bare counter as well show

those obtained near the concrete shielding (a and b) are very

measurements. The curves presented generally differ in shape, but

the good stability of all instruments involved in the four series of

positions in Fig. 6 (a to d). The smoothness of the curves indicates

sphere diameter. These are shown for all four PTB measurement

BS readings (relative to the 5" sphere reading) as a function of the

period of measurement can be judged from the representation of the

The stability of the monitor and the Bonner spheres during the whole

this table.

Leake—type REM counter normalized in the same way are also given in

attributed to the fluence responses. The readings obtained with a

statistical uncertainties and the uncorrelated uncertainties

PIC count are listed in Table 5 of Appendix A, together with their

The readings corrected for dead—time losses and normalized to one

proton—pion fluence.

(from a few tens of MeV) a certain fraction of the 1% to 2.5% mixed

fluence should be interpreted as including in their high-energy part

this reason the results expressed in terms of spectral neutron

neutrons that have a chance of being thermalized and detected. For

neutrons, at least with regard to the production of secondary

polyethylene of the spheres are similar to those of the high-energy

compared with the neutrons (see section 2 of this report), in the

high-energy protons and pions, which amount to 1% to 2.5% in fluence

the high-energy neutrons. The nuclear interactions of the

evaluated and was therefore not separated from the contribution of

the investigated mixed—fields on the BS count rates was not

The influence of the secondary charged hadron components present in

readings.

about 1800 pulses per second) and they were included in the

chiefly due to the pile—up of neutron events (the count rate was

events and noise. Pulses with amplitudes higher than channel 750 are

attributed to neutrons, those of lower amplitude to photon-induced

Fig. 5 the pulses with amplitudes higher than channel 130 were



solution fluence in the same bin. OCR Output

response of the d-th BS in the i—th energy bin, and if is the
di

spectrum, n_ is the number of BS’s used, Ris the fluence

where nf is the number of energy bins in which we describe the

1:1

(1)c°=ZR·<1>? <d=i,2, ....., ni d d,i i D

for this spectrum calculating

Assuming a solution spectrum, <l>", we can simulate our BS readings

the guess spectrum should be modified.

observed. These changes are used as indications of the way in which

allowed and the changes in shape due to the first few iterations are

unfolding a small number of iterations (usually no more than 10) are

the shape of the guess spectrum given in the input. During the

this kind of unfolding, the solution is not unique and depends on

program based on the SAND—II algorithm [11] was used. As usual in

For the few—channel unfolding of the measured BS data a home—made

5. RESULTS

function of the sphere diameter for the four measurement positions.

Fig. 6. The relative readings of the PTB Bonner spheres as a

Sphere Diameter / 2.54 cm
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confidence interval and we have used n = 13 detectors in this work, OCR Output

statistics. As one standard deviation, 0`(ri), corresponds to a 68%

unity and their spread about unity is compatible with the

appropriate and produces r`; values so that <r`:> is very close to

A solution spectrum, d>°, is considered valid if it is physically

d=1

(7)1 |_<r>— r2 .1 d 74 = ——-————— r 1'\ 'l 2 s 0 0* (r ) a
ss

described by the value of the reduced chi-squared:

The spread of the individual ri values about their mean <ri> is well

d=1

2 X im (fn ii
u n D

o·(<r>) = (6)
2S

The absolute standard deviation of <r“> is obtained from

where ¤‘(r°) is the absolute standard deviations of r

w =1/0(r) (5)
2s

the weights being the inverses of the variances of r

d=1 d=1

X W X 1/cr2(rS) 41 u

<i~> = (41
d=l S d=1

XrS·w irs/02(rs) (1 d u a

The weighted mean value of the ratios ri is obtained from

Table 5.

uncorrelated relative uncertainty of` the response, also given in

l(FCof Appendix A, and o· (C;) is considered to consist only of the

reading (statistical of BS and monitor readings) as given in Table 5

r1dC
where 0·(M) is the relative statistical uncertainty of the

taiatf) = 6(M) + acc) rel d rel d rel d
z sz 2

and obtain their relative uncertainties from

CS
(2)r; = i (d = 1, 2, ..... , n__)

we can construct the reading ratios

M (d = 1, 2, ..... , n ) d D

Using these calculated readings and the measured readings

10



to 1 GeV can be produced. Unfortunately, for neutron energies higher OCR Output

With the response matrix C—l_94.A61, solution spectra extending up

C-l__94.A61 and a limited a priori information

5.2 The results obtained using the extended response matrix

ted in Appendix B and also shown in Fig. 7 as dot-dot—dashed curves.

the extension "53E") for all four measurement positions are presen

The solutions obtained from this kind of unfolding (file names with

uncertainties of the response matrix at high energies.

reality, the quality of the result being unaffected by the larger

12.59 MeV can be done almost independently of the high—energy

On the other hand, the unfolding for neutron energies below

"high—energy" fluence which is obtained underestimates the reality.

but decrease with increasing energy, it is obvious that the

31.62 MeV. As beyond this interval the BS responses are not constant

in the last two bins covering the energy interval from 12.59 MeV to

the neutrons with energies higher than 12.59 MeV were concentrated

an adequate shape was found. In constructing the guess input spectra

spectral shapes were produced and used as guess input spectra until

use of a priori information. This means that a large variety of

The unfolding of the measured data was done in this case without any

5.1 The results obtained using the response matrix C—D_90.RES

the bar on the right indicating the uncertainty 0‘(ri).

indicates the relative uncertainty of the measured reading, 0·(M_).

represented. The uncertainty bar on the left side of a point

measured / calculated readings of the various BS’s, ri, are

spectrum is shown as a histogram, while in the lower part the ratios

Appendices B to D. In the upper part of each figure the solution

Various results are presented numerically and graphicaly in

lie close to unity or even lower.

than 2•0·(r`2). In this case the value of the reduced chi-squared will

than one standard deviation, and the others will not deviate by more

solution at least nine ri values will deviate from unity by less

i.e. 12 spheres and the bare counter, this means that for a valid

11



completely the low—energy part of the spectra (the lowest energy in OCR Output

From Fig. 7 it can be seen that the calculations fail to describe

calculations.

bars indicate the statistical uncertainties from the Monte Carlo

binning, are shown in Fig. 7 as discrete points whose uncertainty

renormalized to one PIC count but still in their original energy

1/3 pion-induced calculated spectra. These mixed calculated spectra,

constructing the guess spectra we took a mixture of 2/3 proton- and

Appendix A and numerical data listed in Appendices Cand D). In

logarithmically equidistant, 5 per decade (see matrix C-l_94.A61 in

match the description of our data in 61 energy groups

multiplied by 2-10* incident particles / PIC count) and rebinned to

particle (proton or pion), were renormalized to one PIC count (i.e.

the calculated spectra, which are normalized to one incident charged

as a priori information in the input guess spectra. For this purpose

investigated with our BS’s became available [3], these could be used

As neutron spectra calculated for the same geometries as

a priori information from FLUKA calculations

5.3 The results obtained using the response matrix C—1_94.A6l and

Fig. 7 as smooth full curves.

the extension "6lE") are presented in Appendix C and also shown in

The solutions obtained from this kind of unfolding (file names with

unfolding.

this contribution was carefully determined in each case by

about 80 MeV was introduced in all guess spectra and the amount of

spallation spectrum, a Maxwellian distribution with the maximum at

of neutrons produced by spallation reactions. In order to approach a

expected that the high—energy part of the spectrum mainly consists

shielding configurations in this series of measurements, it can be

Taking into account the way the neutrons are produced and the

obligatory.

extremely poor. In this case the use of some a priori information is

account of that the spectrometric ability of the BS’s becomes

functions of various spheres are very similar in shape and on

than about 50 MeV, although different in magnitude the response

12





the TEPC measurements in "SIDE" positions are spatially slightly OCR Output

measurement positions for 1-IANDI are indicated in column four) that

of the table, relative to the BS results. lt should be noted (the

listed in Table 2, in absolute values and, in the last two columns

obtained with the CERN—HANDl TEPC and reported in Ref. 16 are also

counter (calibrated with a bare Cf neutron source) and those
252

neutrons. For comparison, the results we obtained with the Leake—REM

35 Z uncertainty of the dose equivalent produced by higher-energy

equivalent produced by neutrons with energies below 10 MeV, and a

obtained taking into account a 15 7. uncertainty of the dose

measurement positions. The uncertainties of these results were

solutions of type "61X" are given in Table 2 for all four

The integral values H21, H39 and H60G resulting from the BS spectral

conversion function (i.e. H(l0)/Q) according to ICRP 60 [1,15}.
ii*

I-160G = E h60G(E)•<I>, where h60G is the fluence—to-ambient—dose

conversion function (i.e. H(l0)/<1>) according to ICRU 39 [13,14].
ii*

H39 = Z h39(E)•<I>, where h39 is the fluence—to-ambient—dose

function according to ICRP 21 [12].

ii
H21=Zh21(E)•<1>, where h21 is the fluence—to-dose conversion

The dose equivalent values reported in this work are:

0.4 eV, 10 ke\/, 10 MeV and 1 GeV.

1 GeV, or over four adjacent energy groups with the limits at 1 meV,

dose equivalent integrated over the whole energy range from 1 meV to

in Appendix E. The reported values refer to the neutron fluence and

B to D, or systematized for all solution spectra in the tables given

calculated and are given together with the spectra in Appendices

For quantitative comparisons the integral data of interest were

of BS solutions together with the calculations.

Fig. 7 allow a qualitative comparison to be made of different types

presented in Appendix D and also shown in Fig. 7 as histograms.

the extension "61X") for all four measurement positions are

The solutions obtained from this kind of unfolding (file names with

solutions.

input guess spectra, the rest being taken from our "53E"-type

neutron energies higher than about 10 keV were introduced in the

calculations is 0.5 eV). For this reason only calculated results for

OCR Output14



The AI-IS-HAND} results are taken from Ref`. 16. OCR Output

1 75% 50 0.70 I 1.25usoc I 40 % 28% I 28

1 75% 0.59H39 I 37 1 27% I 22

1 75% 44H21 I 32 t 28% I 22 0.69 I 1.38

22—LEAKEPTB—C-BS I PTB—7 . AHS-HANDI—POS#3 I L/BS I H/BS

> CERN (25. O7 . 93) — IRON SIDE POS#4 (THICK CONCRETE)4) C93—IS.DOS

1 75% 2324 0.99 0.6418% I 3592HGOG I 3629

1 75% 1.0719% I 2855H39 I 2678

1 75% 1.251652 0.7319% I 2817H2l I 2254

22—LEAKE H/BSPTB—C—BS I PTB-7. AHS-HANDI-POS#6 I L/BS

O7 . 93) IRON TOP POS#6> CERN (25.3) 093-11.008

1 75% 0.55679 0.9327% I 404Hsoc I 734

0.451 75%29% I 321H39 I 714

1 75% 587 0.52 0.9628% I 317H21 I 611

22-LEAKEPTB—C-BS I PTB—7. H/BSAHS—HANDI—POS#3 I L/BS

> CERN (24. O7.93) CONCRETE SIDE POS#22) c93-cs.oos

t 75% 501 0.53 0.9428% I 281uaoc I $24

t 75% 0.4229% I 223H39 | 526

t 75% 436 0.49 0.9728% I 220H21 I 448

22—LEAKEPTB—C-BS I PTB—7 . H/BSAHS—HANDI—POS#6 I L/BS

07.93) — CONCRETE TOP POS#61) C93—CT.DOS ———> CERN (24.

The dose equivalent is given in pSv/PIC-count

Leake—type REM counter and with the CERN HANDI—type TEPC

measurement positions with the PTB Bonner spheres, with the

Table 2. The dose equivalent values obtained in the four
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measurements with the Bonner spheres in both CONCRETE geometries, a OCR Output

Table 2 indicates very good agreement of the TEPC dose equivalent

that the FLUKA code encounters some difficulties in such cases.

37 MeV, 31 MeV and 15 MeV in the other positions), and it could be

softer than all the others (mean energy 5.3 MeV compared with

result is lower by 34%. lt turns out that this spectrum is much

discrepancy is seen for the IRON TOP position (IT#6) were the FLUKA

lower by 14% in absolute fluence than our reference. A large

discrepancy). For the IRON SIDE position (lS#4) the FLUKA result is

agreement is good in both CONCRETE positions (less than 8%

by the BS measurements and even for the absolute fluence values the

IO keV. In this case the shapes of the spectra are fully confirmed

reference one should rather consider the neutron energies above

Comparing the spectra from Monte Carlo calculations with the

the FLUKA Monte Carlo calculations.

spectrum was placed higher in energy than that which resulted from

22% to 35%. This is obviously due to the fact that the spallation

the contrary, overestimate the fluence in the same energy region by

measurement positions by 21% to 33%, but solutions of type "61E", on

solutions of type "53E" underestimate the fluence in all four

for neutron energies below 10 MeV. Above 1O MeV, as expected, the

"61E" solution types agree within a few percent with the reference

Fig. 7 and Table 10a (Appendix E) indicate that both the "53E" and

in the following.

Carlo simulations of the experiment [3]. They are taken as reference

energies, namely fluence spectral distributions obtained from Monte

were produced using the best available a priori information at high

experiment are considered to be the "61X" type spectra because they

(measurement positions) investigated in the I-l6.I93—CERN-CEC

The PTB Bonner sphere best solutions for the four fields

6. DISCUSSION

of the shieldings, the results still bear comparison.

downstream compared with the BS’s. Taking into account the thickness

HANDI was placed SO cm upstream and in the "IS" measurement 50 cm

shifted in relation to the Bonner spheres. In the "CS" measurement

16
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shape from the field in which the instrument was calibrated. OCR Output

unknown neutron field wich might differ considerably in spectral

but to its capability to predict the dose equivalent in an

counter does not refer to the fluence response of this instrument,

The large uncertainty of 75% given in this column for the Leake rem
uncorr

the "C" responses, i.e. the same as the cfrom Tables 3 and 4.

The last column in Table 5 gives the uncorrelated uncertainties of

LEAKE rem counter readings have the same meaning.

counts and of the PIC counts. The uncertainties of the

deviation, contain the statisical uncertainties of the Bonner sphere

The uncertainties of the readings, always in terms of one standard

(Precision Ionisation Chamber) count.

The dead—time corrected readings are given relative to one PIC

uncertainties in the four points of measurement.

Table 5. The readings of the PTB-"C" Bonner spheres and their

Explanations to Table 5:

applied for the experimental calibrations.

basis used for the calculations and the fluence measuring method

entire energy range, reflecting the limitations due to the data
w"

correlated part (v), common to all sphere diameters in the

height inconsistencies between responses of various spheres, and a
unmrr

uncorrelated part (c) which accounts for internal shape or

estimated in terms of one standard deviation. They consist of an

The uncertainties given at the lower part of the tables are

cRAT(En) = RcOCO(En) / ROCO(En).

cadmium—covered bare counter, while cRAT indicates the ratio

the 12" sphere, etc. cOCO indicates thethe 3.5" sphere,

OCO, 3CO, 3C5, .... 12C indicate the bare counter, the 3" sphere,

The fluence responses are given in cmé [counts/(neutron/cméll.

The neutron energies, E , are given in eV.

Table 4. The extended response matrix C—l_94.A6l (l meV + l GeV).

Table 3. The response matrix C-D_90.RES (1 meV + 25 MeV).

Explanations to Tables 3 and 4:

THE BONNER SPHERE READINGS IN THE FOUR MEASUREMENT POSITIONS

THE FLUENCE RESPONSE MATRICES USED IN THE DATA ANALYSIS AND

APPENDIX A
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Table 3. The response matrix C—D__90.RES (1 meV + 25 MeV).
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Table 4. The extended response matrix C—l 94.A6l (l meV + 1 GeV).
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uncertainties in the four points 0f` measurement.

Table 5. The readings 0f` the PTB-"C" Bonner spheres and their
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Eiii OCR Output
The solutions are given as spectral fluence <D(E)=d<I>/dE(cmeV)

‘2_1
I I I

bin, respectively; E_=(EL_•EU_)‘. All energies are given in eV.

EL_ and EU! are the lower and upper margins of the i—th energy

Explanations to the table:

is obtained according to the Eq. 7.

The reduced chi—squared, X“, given in the upper part of the figure

of the fluence response.

unccrr

relative uncertainty of the calculated reading, which is the G
the measured reading. The right uncertainty bar includes the
the point size, indicates the relative statistical uncertainty of
The left uncertainty bar of a point, in many cases smaller than

r_, obtained according to the Eqs. l and 2.
The points represent the ratios measured/calculated BS readings,

Explanations to the lower part of a figure:

E 6OG are similar.

equivalent according to lCRP2l in the i—th energy bin. E 39 and

[Tl I I I I

E 21 is the mean energy E 21= ZE_•l—I21_/ZH2l_, H2l_ being the dose

F and integral dose equivalent H21. EH39 and El—l6OG are similar.
EH21 is the energy of a monoenergetic field with integral fluence

i-th energy bin.

m I I I I

E is the mean energy E = ZE_·<I>_/Z<I>_, <I>_ being the fluence in the

ICRP21, ICRU39 and lCRP60, respectively, in Sv (see Section 5.3).
H21, H39 and l—l6OG are the integral dose equivalent according to

F is the integral fluence in cm

the figure.
must be multiplied by the factor given in the upper right part of
the spectrum in absolute values per PIC count, the plotted values
The solution spectrum is plotted as a histogram. In order to get

Explanations to the upper part of a figure:

12.59 MeV to 31.62 MeV.

concentrated in the last two bins covering the energy interval from
was used. The neutrons with energies higher than 12.59 MeV were
In constructing the input spectra no external a priori information

All the data are given per PIC count

POSITIONS USING THE FLUENCE RESPONSE MATRIX C—D 90.RES.

THE PTB-BS SOLUTIONS (TYPE "53E") FOR ALL FOUR MEASUREMENT

APPENDIX B
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E1ii OCR Output
The solutions are given as spectral fluence <l>(E)=d<I>/dE(cmeV)

_2_1
iil

bin, respectively; E=(EL•EU_)‘. All energies are given in eV.

EL, and EU! are the lower and upper margins of the i-th energy

Explanations to the table:

is obtained according to the Eq. 7.

The reduced chi—squared, X", given in the upper part of the figure

of the fluence response.

uncorr
relative uncertainty of the calculated reading, which is the c
the measured reading. The right uncertainty bar includes the
the point size, indicates the relative statistical uncertainty of
The left uncertainty bar of a point, in many cases smaller than

r_, obtained according to the Eqs. 1 and 2.
The points represent the ratios measured/calculated BS readings,

Explanations to the lower part of a figure:

E 6OG are similar.

equivalent according to ICRP2l in the i—th energy bin. E__39 and

i Th l l 1
E 21 is the mean energy E 21= 2E_·H21_/ZH21_, l~l2lbeing the dose

F and integral dose equivalent H21. EH39 and El—l6OG are similar.
EH21 is the energy of a monoenergetic field with integral fluence

i—th energy bin.

miiii
E is the mean energy E= ZE·<l>/2<I>, Qbeing the fluence in the

ICRP21, ICRU39 and ICRP60, respectively, in Sv (see Section 5.3).
l-I21, H39 and l—l6OG are the integral dose equivalent according to

F is the integral fluence in cm

the figure.
must be multiplied by the factor given in the upper right part of
the spectrum in absolute values per PIC count, the plotted values
The solution spectrum is plotted as a histogram. In order to get

Explanations to the upper part of a figure:

Lation reaction assumed to be the main contributor at high energies.
the maximum at about 80 MeV was introduced to account for a spat
energies beyond this limit a Maxwellian spectral distribution with
"53E" solutions were used for neutron energies below 12.59 MeV. For
In constructing the input spectra the same parameters as for the

All the data are given per PIC count

POSITIONS USING THE FLUENCE RESPONSE MATRIX C-1 94.A6l.

THE PTB—BS SOLUTIONS (TYPE "6lE") FOR ALL FOUR MEASUREMENT

APPENDIX C
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Eili OCR Output
The solutions are given as spectral fluence <I>(E)=d<I>/dE(cmeV)

_2_1
iiI

bin, respectively; E=(EL•EU_)‘. All energies are given in eV.

EL, and EU_ are the lower and upper margins of the i-th energy

Explanations to the table:

is obtained according to the Eq. 7.

The reduced chi—squared, X", given in the upper part of the figure

of the fluence response.

uncorr
relative uncertainty of the calculated reading, which is the c
the measured reading. The right uncertainty bar includes the
the point size, indicates the relative statistical uncertainty of
The left uncertainty bar of a point, in many cases smaller than

r_, obtained according to the Eqs. I and 2.
The points represent the ratios measured/calculated BS readings,

Explanations to the lower part of a figure:

E 60G are similar.

equivalent according to lCRP2l in the i—th energy bin. E 39 and

lii III I
E 21 is the mean energy E 2l= 2E•H2l_/ZH2l, I—I2lbeing the dose

F and integral dose equivalent H2l. EH39 and EI~I6OG are similar.
EH21 is the energy of a monoenergetic field with integral fluence

i—th energy bin.

iITA I I I
E is the mean energy E = EE_·<i>/Z<I>_, <I>_ being the fluence in the

ICRP21, ICRU39 and ICRP60, respectively, in Sv (see Section 5.3).
H2l, H39 and l—I6OG are the integral dose equivalent according to

F is the integral fluence in cm

the figure.
must be multiplied by the factor given in the upper right part of
the spectrum in absolute values per PIC count, the plotted values
The solution spectrum is plotted as a histogram. In order to get

Explanations to the upper part of a figure:

to match our responses and normalized to one PIC count.
presented in Ref. 3 were used. The calculated spectra were rebinned
beyond this limit the numerical results of the calculations
Appendix B were used for neutron energies below IO keV. For energies
In constructing the input spectra the "53E" solutions from

All the data are given per PIC count

POSITIONS USING THE FLUENCE RESPONSE MATRIX C—1 94.A6l.

THE PTB—BS SOLUTIONS (TYPE "61X") FOR ALL FOUR MEASUREMENT

APPENDIX D
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relative to the "6lX" values and listed in Table 10 (a and b). OCR Output

group values for the other types were recalculated in percent

As the solutions of type "6lX" are considered to be the best, the

(a and b).

equivalent H21, H39 and H6OG were calculated and listed in Table 9

and the corresponding group values for neutron fluence and dose

IS114 = IRON SIDE POSITION #4 (THICK CONCRETE)

IT#6 = IRON TOP POSITION #6

CS#2 = CONCRETE SIDE POSITION #2

CT#6 = CONCRETE TOP POSITION #6

were considered for each of the four measurement positions:

Type "6lX" (spectra *.6lX) as presented in Appendix D,

Type "6lE" (spectra *.61E) as presented in Appendix C,

Type "S3E" (spectra *.53E) as presented in Appendix B,

the rest of our data and normalized to one PIC count,

Type "6lN" (spectra *.61N) calculated in Ref. 3, rebinned to match

The spectral solutions of different types:

Group 4: from IO MeV to l GeV

Group 3: from 10 keV to 10 MeV

Group 2: from 0.4 eV to IO KeV

Group I: from 1 meV to 0.4 eV

investigations from 1 meV to 1 GeV was divided into 4 energy groups:

The neutron energy range covered by the present spectrometric

All the data are given per PIC count

FOR ALL FOUR MEASUREMENT POSITIONS AND ALL SOLUTION TYPES

THE GROUP VALUES OF THE FLUENCE AND THE DOSE EQUIVQLENT

APPENDIX E
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of type "61X", in all four measurement positions.

equivalent H21, for all types of solutions relative to the solution

Table 10a. The group values of the neutron fluence and dose
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Table l0b. The group values 0f` the dose equivalent H39 and Gs mm
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