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Abstract

The "history" of the extended range neutron rem counter LINUS, since its first conception
in 1990. is reviewed, along with the latest developments. These include the calibration of
rhe initially cylindrical version with nearly monoenergetic neutrons in the energy range 34-
t>6 MeV. a detailed evaluation of the anisotropy of its response function, the construction and
calibration of an improved spherical version, and recent measurements in reference high energy
stray radiation fields. The instrument can now be considered as being fully characterized.
Similar monitors built by other laboratories following the present design have confirmed its
performances. The instrument is now in semi-routine use at a number of particle accelerator
facilities and is one of several devices used on-board of aircrafts for assessing the exposure to
cosmic rays at commercial flight altitudes.
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1 Introduction.

It is weii known that rhe dose eciunviieut uwt.Mde U'.e -hieidmgs around intermediate and high
energy hadron accelerators is dominated in- i he neutron component. This neutron component
extends over a wide energy range, thus making uie dosimetry of -uch fields a difficult task.
Neutron dosimetry is o( importance not only at accelerators used for high energy physics.
>ut aiso because of the increasing number oi proton accelerators employed tor a variety of*

a.ppiicarions. ranging from energy production and waste transmutation ro cancer radiation
!herap>. In addition, the International Commission mi Radiological Protection has -rated that
exposures oi' aircraft personnel during Hi gilts at cruise altitudes >from 10.000 in to i 7.000 mi
!iave !u be considered as being occupational ;I . In iact. a mixed radiation Held extending to
i he hign energies of cosmic rays is present at high altitudes •'_'!: this held is sufficiently- similar
iu i he -trav fields found around high energy accelerators so that instrumentation and passive
detectors can be evaluated in the latter and subsequently used tor inflight measurements [3. 41.
The correct evaluation of the neutron held is therefore important in many practical situations.

In radiation protection, the quantity oi interest is the ambient dose equivalent. H"' 10). The
correct procedure is to measure the spectral neutron fluence and fold this information with
an appropriate set of fiuence to dose equivalent conversion coefficients. The type of monitor
'•mpioved in practice since many years is the so called rein counter. A rem counter consists
'>( a detector with a high efficiency to thermal neutrons placed inside a moderator •••attenuator
designed in such a way that the response function ot the instrument reproduces sufficiently well
rhe curve of the conversion coefficients from neutron fluence to H"( 10) over a wide energy range.
Recent studies o. 61 have however shown that in -ome circumstances the operational quantities
may not always provide an overestimate of protecriun quantities, so that future developments
iu instrumentation will have to take this tact into account.

The most commonly used instrument of this type is the Andersson-Braun I A-B) rem counter,
which is commercially available in a number ot versions. Its response is considered acceptable for
neutron energies between thermal and approximately 10 Me\ . although in reality the monitor
underestimates WHO) in the energy range from thermal to about 1 eV and overestimates
if in the interval 1 eV - 100 keV. Above 10 MeV ; he response falls abruptly, leading to a
drastic underestimation of the ambient dose equivalent, which becomes increasingly larger with
increasing neutron energy.

To overcome the limitations of conventional monitors, a new instrument of the A-B type has
been developed. This instrument was obtained by modifying the moderator of a standard A-B
rem counter, to achieve a response approximately fiat from 1 MeV up to several hundreds of
MeV. As the original design of this extended range rem counter was based on the modification of
a commercial instrument called SNOOPY (Tracerlab model NP-1). the new monitor was named
LINUS (Long Interval NeUtron Survey-meter). The instrument has been fully characterized
over the past few years and is now in use at several accelerator laboratories. It is also employed
for neutron dosimetry on board ommercial aircrafts. The aim ot the present paper is to review
briefly the "history" of this instrument and give the latest developments.
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2 The LINUS.

The original design oi' the A-B rem counter dares back to i(Jf:>3 [7\. Since rhen the instrument
has gained a widespread popularity and several commercial versions have been made available.
! he standard instrument consists of a thermal neutron detector enclosed within a modera-
tor/attenuator assemblv made up ot an inner polyethylene moderator, a boron doped plastic
attenuator and an outer polyethylene moderator. A number of holes are drilled in both the
lateral and front surfaces of the plastic attenuator to allow part of the thermal neutron com-
ponent to penetrate. Some recent commercial instruments have replaced tlie borated plastic
bv a cadmium layer. The thermal neutron detector can either be a BF* or a "He proportional
counter. The moderators employed in the different versions available have either a cylindri-
cal, cylindrical with a rounded edge, or spherical shape (the latter ensuring a more isotropic
response).

Whatever are the constructive details, the sensitivity of a conventional A-B rem counter
is limited to about LO MeV" neutrons. The LINTS was developed to overcome this limitation
which, as mentioned before, is particularly serious In a number ot practical situations. The LI-
NTS was obtained starting from a cylindrical A-B monitor ( Tracerlab model NP-1 SNOOPY)
by inserting a lead layer 1 cm thick between the boron doped plastic attenuator and the outer
polyethylene moderator. The effect of this additional material is to detect neutrons with en-
ergy greater than about 10 MeV via the evaporation neutrons produced in inelastic scattering
reactions, that can be subsequently moderated by the polyethylene and then detected by the
BF3 counter. No significant effect is produced on neutrons with energy below about 10 MeV.
so that in this energy interval the response of the monitor is the same as that of conventional
moderator instruments.

Figure 1 shows a longitudinal cross section of the LINUS. The new moderating structure was
designed by Monte Carlo (MC) calculations, first carried out with the MORSE code Si and later
with the FLUKA code [9. 10]. much superior for energies above 20 MeV [11. 12. 13. 14. 15. 161.
Although apparently straightforward, the new design required extensive MC simulations for
several materials. These calculations gave no other solution yielding results significantly better
than the simple polyethylene+lead configuration eventually chosen. As an example, similar
results were obtained with a moderator made up of a series of layers of different thicknesses and
compositions: from the counter outwards. 5.7 cm polyethylene. 3 cm sodium tungstate. 2 cm
polyethylene. 1 cm nickel. 0.5 cm chromium. 1 cm sodium carbonate and 0.5 cm polyethylene.
The enhanced sensitivity of about a factor 3 resulting for this configuration does not justify
the effort for the realization of such a complex structure. On the other hand, a very similar
response is obtained by adding a lead shell 2 cm thick around the outer polyethylene, but in
this case the extra weight is about 60 kg rather that 8 kg (i.e.. the instrument is no longer
portable but it can be used as a fixed area monitor). All calculational and design details as
well as the fluence response are given in refs. [S. 9. 10].

The LINUS was tested in high energy stray radiation fields in several experiments at CERN
[17. 9, 10. 18, 19] and calibrated with reference neutron fields between thermal energies and
66 MeV to evaluate both the absolute response function of the new monitor and that relative to
its conventional counterpart, the SNOOPY. The calibration of the first version of the instrument
(a BF3 counter in a cylindrical moderator) in the range thermal to 19 MeV was carried out at
the Physikalisch-Technische Bundesanstalt (PTB) in Braunschweig, Germany, and is discussed
in ref. [20]. The calibration with nearly monoenergetic neutrons between 34 and 66 MeV was
performed at the Paul Scherrer Institute (PSD in Villigen (Switzerland). Preliminary results
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Figure 1: Longitudinal cross section of The cylindrical version of the rein counter LINTS.

were given in two conference proceedings .111. i!)i: the full results are thoroughly discussed
m the next section. Calibrations at 13-5 and ib'O MeV were also attempted at the Svedberg
Laboratory of University of Uppsala i Sweden i in early 1993. However, because of lack of
sufficient information on the neutron spectrum below ;>0 MeV. no reliable conclusions could be
drawn on the absolute calibration at these energies.

An improved version of the LINUS was subsequently developed, making use of a !He pro-
portional counter (to improve the detector stability) within a spherical moderator I to improve
isotropy of the response). This new instrument was calibrated at PTB and subsequently checked
in stray radiation fields, as discussed in section 4.

Following the above work, other groups have built and tested instruments based on the
present design [21. 22. 23. 241 and at least two commercial models are now available (model
ciOb'O by Health Physics Instruments. California. USA and model XM500X by Miinchener Ap-
paratebau fur Elektronische Cerate GmbH. Munich. Germany). The same concept has also
been applied to Bonner sphere spectrometers L25. 26. 27j. In particular, the LINUS is one
amongst the several reference instruments used for neutron dosimetry measurements at com-
mercial flight altitudes, a programme funded by the European Community [30]. It is also in
use at high energy accelerators and it has been employed for neutron measurements at medical
proton accelerators (see for example refs. [28. 29]). It is also worth mentioning that we have
recently discovered an article published in the proceedings of a conference held more than 25
years ago. in which the concept of modifying the response of a BF.3 counter by the addition
of a lead attenuator (with a thickness of either 0.32 cm or 2.2 cm) was considered [31]. This
study was related to the development of a warning radiation meter for supersonic transport
(namely the Concorde). Neither calculations nor extensive experimental tests were carried out
at the time, and no instrument was actually developed and thoroughly characterized, but it is
nevertheless interesting to know that the idea was already considered long ago.



3 Calibration with quasi-monoenergetic neutrons in the
range 34-66 MeV.

Above L'O MeV true monoenergetic neutrons cannot -ite produced, since >. p.nj reactions on thin
fargefs such as Be or Li yield an energy distribution with a rail extending from the high
energy peak down to thermal energies. Therefore there are no laboratories offering reference
••monochromatic" neutron fieids of energy ot several tens tor hundreds) of MeV which can
be directly used for a monitor calibration, such as those provided at PTB for energies below
I!) MeV. Thus one has to make the additional effort of determining the fluence and the energv
distribution of the neutron held, a task which requires expertise and dedicated instrumentation.

A facility for the production of nearly monoenergetic neutrons in the energy range from
about 30 to 70 MeV is available at the Philips cyclotron of PS1. Measurements with nearly
monoenergetic neutron fields at 39.5. 50.3. 60.7 and 71.8 MeV [32] were performed on two
occasions, in 1992 and in 1993 (where the energy values ar° those of the protons hitting the
beryllium target). These measurements were made in conjunction with the group of I". Schrewe
and H. Schuhmacher from PTB who. in the course of their kerma measurements, have deter-
mined the fluence and spectral fluence data as well as the radial profile of the neutron beam.

In 1992 nearly rnonoenergetic neutron tieids centred at 44.5 and 66 MeV were produced
by 50.-'5 MeV and 71.S MeV protons on a. thin >2 mm; Be target. The absolute calibration of
the neutron beam was not possible because of problems with beam monitoring. However the
ratio of the measured responses of LINT S and that of a conventional A-B rem counter is not
influenced by the beam absolute fluence and it is in very good agreement with MC predictions
i these results are fully discussed in ref. [10]). Thus the good knowledge of the spectral fluence
and of the instrument response for energies below 20 MeV made it possible to extract relevant
information with only one floating normalization factor for both rem counters at both energies.
Comparison with the 1993 PSI measurements confirms the behaviour of the monitor responses
and makes us confident that the absolute normalization of the 44.5 and 66 MeV points must
lie quite close to the one adopted in figures 2 and 3 where the results of the PSI calibrations
are shown.

In 1993 quasi-monoenergetic neutron energy distributions centred at 34.5 and 56 MeV were
produced by 39.5 MeV and 60.7 MeV protons hitting a 1 mm thick Be target. The beam
monitoring was provided by means of a Faraday (.'up (FC). and all data presented in this
section are normalised to the FC counts.

All spectral neutron fluences (figure 4) were measured by U. Schrewe. H. Schuhmacher and
colleagues with a NE213 liquid scintillation detector and the time of flight method [32]. In
the low energy region (below 5 MeV) the spectra were extrapolated: according to measure-
ments made with a Bonner sphere spectrometer, the fluence was assumed to be proportional to
[/ E. The absolute neutron fluence in the high energy peak was measured with a proton recoil
telescope. Reference data for the radiation fields are given in table 1. where Ep is the energy
of the primary protons, £0 is the average neutron energy of the high energy peak. E" is the
neutron energy threshold used for the high energy peak. <§/Q is the total neutron fluence per
unit charge in the primary beam and <&Q/Q is the neutron fluence in the high energy peak per
unit charge in the primary beam.



Figure 2: Absolute neutron fluence response (counts per unit Huence) of the cylindrical version of the
rem counter LINUS.
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Figure 3: Absolute neutron fluence response (counts per unit fluencej of the rem counter SNOOPY.



At the measurement position i 7., > m iron: "ae Be target i the beam had a circular cross
section, with a uniform profile and a Gaussian .arerai fall-oif represented by the expression:

Pi-. = / -M .;• i e x p j ! d x i 1 )

./-,. ' v - " L -<?' J

w h e r e

J () i f :X| > X0

• H ~~ \ i.bO2 if !xj < x0

The equivalent beam radius is xo = 31.1 mm.
Since the cross sectional area of the neutron beam was smaller than the monitor dimen-

sion, an automatic system was designed and built tor linearly scanning the monitor across the
held [33] . The scanning procedure simulates a uniform irradiation in a broad parallel beam.
The fiuence response /?$ (i.e.. the counter reading per unit iiuence) of the rein counter under
calibration is given by:

where At/ is the step between two scanning line-. L is the line length, n. is the number of lines.
Y, are the counts recorded by the instrument •normalised to the FC counts) and <!>,.,,,- is the
reference fluence given bv:gi

Q

where <&/Q is the total neutron liuence per unit charge in the primary beam. Q jP is the primary-
beam charge corresponding to one FC count \ Q;P^IQ~* (.') and .4 is the beam area at the
measurement position.

MC simulations of lateral irradiation of the two monitors (LINUS and SNOOPY) by a
broad parallel beam were performed using the iiuence and spectral uuence data measured by
the PTB group. As one can see from table 2 the agreement between the experimental i Re$*otai)
and the computed fiuence response f R^'^ai) l s g°°d. As the FLUKA code proved to be reliable
in predicting the fiuence response of the monitors tor energies below 20 MeV. the simulation
was used to determine the fraction of the rem counter response due to the low energy tail of
the spectrum and that due to the high energy peak. This information was used to evaluate
the experimental fiuence response in the high energy region (R^eak) which was calculated by
means of the following expression:

nexp i
^Qi.total { nFluka nFluka

uka 1 "Q.total "S.pea* Q $ I Q Q
total \ **t5 *• / j -̂ u v t

The results are also given in table 2. The errors are mainly due to uncertainties in the absolute
neutron fluence.

The MC response together with the H*(10) curve and the experimental values resulting
from the PTB and PSI calibrations are drawn in figure 2. For comparison the computed and
experimental response for the SNOOPY is drawn in figure 3. The curves in figures 2 and 3
have been drawn according the a nominal sensitivity of the BF3 counter (2.54 cm diameter and
0.O8 cm nominal active length. 95% 10B enrichment and fill pressure 80 kPa).

For the FLUKA calculations below 20 MeV use was made of a muitigroup cross section
data set with 72-neutron energy groups [34]. In this range the histogram representation of



Hie response function curves reflects the group structure of the cross section data sets. Above
l'O MeV lateral irradiation with monoenergetic neutrons was simulated with sixteen energies
from 21 MeV up to 2 (!eV. The dashed iir.es m figures 2 and 3 correspond to one i calculated)
standard deviation statistical error. The energy <cale on the horizontal axis iias been .split in
'•orrespondence to 10° eV in order ro expand and better show the high energy region. The
I["ili)'i curve is drawn using "he conversion coefficients trom neutron Huence 'o ambient, (lose
equivalent given in rets. .35. 3(>i.

i-rom figures _' and 3 it can be noticed fruit ; he response of the two instruments is very
similar up to about 5 MeV. where the -eiisinvitv of SNOOPY starts ro decline. At i 1 MeV the
response of LIXI'S is about 40LA larger rhan rilat of the conventional A-B monitor. 55(/< larger
at i() MeV and a factor 4 higher at 60 Me\ .

7 1 . 8 NeV PROTONS 60.7 NeV PROTONS

Figure 4: Spectral neutron fluence for the 1992 and 1993 radiation fields at PSI [32]

Table 1: Reference data for the 1993 radiation fields at PSI [321.
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Table 2: -Ybsolute neutron iiuence respotibe •.counts per unit lluencej of the cylindrical rein counters
LINl'S and SNOOPY to uniform broad parallel neutron beams produced by 39.5 MeV and (50.7 MeV
:>rotons on a thin Be target. The per cent uncertainty {'\ i is indicated. The experimental uncertainties
'richide -ratisticai and systematic contributions. \\C uncertainties are onlv statistical.
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4 The rem counter LINUS sphere.
Calibration with monoenergetic neutrons.

It is well known that the response of a rein counter usually shows a degree of anisotropy which
depends on the geometry of the moderator (often cylindrical) 137]. The angular dependence
of the response oi the cylindrical LINTS for a parallel beam of monoenergetic neutrons was
first measured at a few selected energies :20j and compared to earlier MORSE calculations
'81. ft was then better investigated throught simulations with the FLL'KA code as a function
of energy (figure 5). It is apparent that, whilst for energies above 10 MeV the response is
substantially isotropic. it shows a marked and increasing anisotropy with decreasing energy.
At thermal energies the response at 0° is about 30% of the value at 90°. This anisotropy is a
serious problem when monitoring neutron fields whose angular distribution is unknown and it
can lead to an underestimation of the ambient dose equivalent.

An improved version of LINUS was therefore developed, adopting a spherical geometry
in order to remove the dependence of the monitor response on the direction of irradiation
and a detector other than a BF3 proportional counter whose operation was found to be not
very stable with time. During extensive tests with a calibrated Am-Be source on several BF3

proportional counters, these detectors showed deterioration of their response and recovery in
an unpredictable way after a number of hours of running period. This type of problem has also
been reported in the literature [38].

For this reason the use of 3He proportional counters was investigated. These counters are
fairly insensitive to radiations other than neutrons and their efficiency proved to be stable
with time. Spherical 3He proportional counters are commercially available and well adapt
to a spherical instrument. A spherical version of LINUS housing a spherical 3He proportional
counter (3.2 cm active diameter, filled with 304 kPa 3He and 101 kPa Kr) was therefore designed
and built. The geometry of the LINUS sphere is shown in figure 6 and its computed response
function (together with the results of the experimental calibration discussed below) is drawn
in figure 7.

The new rem counter was calibrated in June 1996 with monoenergetic neutrons in the range
between 144 keV and 19 MeV at PTB. under the same experimental conditions of the previous
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Figure 5: Dependence of the response of the cylindrical LIXl S on the direction of irradiation iFLL'KA
calculations).

calibration of the cylindrical instrument L20] and briefly recalled below. Together with the
LINUS .sphere three polyethylene spheres i"233 mm. 133 mm and 83 mm diameter) housing the
>ame spherical 3He counter were calibrated.

Monoenergetic neutrons were produced by proton or deuteron induced reactions on Li.
Til'T) and Ti(D') targets. Measurements were normally performed by exposing the monitor to
neutrons emitted in the forward directions at a distance of 2 rn from the production target.
The neutron fluence was measured by a proton recoil proportional counter for energies between
144 keV and 1.2 MeV and by means of a proton recoil telescope between 2.5 and 19 MeV. The
uncertainty on the fluence values was ~ 4-5%.

The contribution to the counter reading due to neutrons scattered by the walls of the
calibration facility was taken into account by measurements made with a shadow cone (20 cm
iron + 30 cm polyethylene) interposed between the target and the monitor. This contribution
was in the range 10-15% for the LINUS sphere and the 233 mm sphere and in the range 15-50%
for the 133 mm and 83 mm spheres which are mostly sensitive lo low energy neutrons. At
19 MeV an additional measurement was made with a background (blank) target in order to
evaluate the contribution of neutrons produced in the backing of the target.

The fluence response of the LINUS sphere to irradiation by an aligned and expanded field
at different energies is shown in table 3 and in figure 7. where the experimental values resulting
from the PTB calibrations are compared with the monitor response calculated with FLUKA
and to the H*(10) curve. The errors associated to the experimental points include the statistical
errors and the uncertainty on the fluence measurements. Table 4 and figure 8 present the results
of the calibration of the three polyethylene spheres (figure 8 also includes the response functions
of two additional spheres which were not calibrated at PTB but used in the investigation of
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Figure 6: Cross section ot the spherical version of the rem counter LINUS.

high energy neutron fields presented in the next section). There is good agreement between
the calculated response functions and the experimental calibration points for all energies and
tor all devices.

Table 3: Absolute neutron fluence response (counts per unit fluence) of the LINUS sphere between
144 keV and 19 MeV. The per cent uncertainty {%) is indicated. The experimental uncertainties
include statistical and systematic contributions. MC uncertainties are onlv statistical.

Energy
(MeV)

0.144
0.250
0.560

1.2
2.5
5.0
14.8
19.0

LINUS
experimental
fluence response

(cm2)

0.192
0.280

%

5.6
5.8

0.426 ! 5.4
0.568
0.633
0.519
0.298

4.6
3.5
3.7
4.1

0.347 7.0

sphere

FLU!EvA
Huence response

(cm2)

0.143
0.208
0.373
0.553
0.582
0.510
0.341
0.292

%

4.0
2.7
3.3
3.6
3.3
3.3
3.3
2.9

A\ -
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Figure r. Absolute neutron fluence response (counts per unit fluence) of the rern counter LINUS
sphere.
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Figure 8: Absolute neutron fluence response (counts per unit fluence) of the polyethylene spheres.
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Table 4: Absolute neutron fluence response (counts per unit Huence/ of the three polyethylene sphere
counters to neutrons of energy between 144 keY and 14..* MeY. The per cent uncertainty [%) is
indicated. The experimental uncertainties include statistical and systematic contributions. MC un-
certainties are onlv statistical.

Energy
i.MeV)

0.144 :
0.250
0.560 •

1.2 '
2 . 5 '•,

o.O '.
14.8
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2 \ •
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33 s

*-.{

6
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'2
3
1>
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3 i
2

• > S

1
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-cm-!
I 2.78 .

3.25 '
2.87
2.45
1.7(5
1.05

33

''{

o
6
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l

6

sphere
FLU

: :..-m-'l

2.03
2.97

: 2.82
• 2.46

; 1.69
; 1.03
; '1.401
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• ' I

2
; 2 ;
• • >

1 ' >

i *) ;
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i 2 :

(

0
0
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0
0
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.150 i
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5
5
4
i:

spnere

: FLIKA
: (cm-'i '7

i 1.47
1.26 2

0.950 2
: 0.(515 2
! 0.317 2
i 0.1(51 : ::
! 0.051 ' :; i

U hen using a rem counter the ambient dose equivalent is obtained from the -em counter
reading via the appropriate conversion coefficient, once the correspondence between neutron
fiuence and counter response is known. The ambient dose equivalent calibration factor \S) for
• he LINT'S sphere was established from the PTB calibration points: it comes from the ratio
between the rem counter fiuence response and the fluence to ambient dose equivalent conversion
coefficients. For an ideal rem counter S would be the same in the whole energy range considered:
for the LINUS sphere it slightly varies and an average value was chosen: 5 = 1.389 counts/nSv
— 10.0(7i'. where the error accounts for the variation of .s with energy. The H*(10) curve in
figure 7 was drawn adopting this sensitivity.

Some tests were also performed with a calibrated Am-Be source in order to verify the
isot.ropy of the response of the new instrument. The results for the cylindrical and spherical
version of LINUS are compared in table 5 and figure 9. A measurement, was also made with
the LINUS sphere in a high energy neutron field at PSI in April 1997 (71.3 MeV protons on
a thin Be target, yielding a neutron distribution with the high energy peak centered at about
66 MeV"). The angular response was found isotropic within 1%.

Table 5: Absolute and relative fiuence response of the cylindrical and spherical LINUS to Am-Be
source neutrons, as a function of direction of irradiation. The per cent statistical uncertainty ('%) is
indicated.

Direction of
irradiation

0°
45°
90°
135°
185°

c

FLUKA
(cm2)

0.364

%

0.5

vlindrical LINUS

(cm2)

0.322
0.316
0.351
0.280
0.264

EXP
%

0.7
1.9
0.9
1.2
0.8

norm, to 90°

0.92
0.90
1.0

0.80
0.75

LINUS sphere
FLUKA

! (cm2)

0.484

%

1.05

(cm2)

0.485
0.485
0.481
0.475
0.475

EXP
%

0.5
0.3
0.8
0.5
0.5

norm, to 90°

1.01
1.01
1.0

0.99
0.99



> LINUS SPHERE

-o LiiiUS

' iO

Figure !): Angular dependence of the response of the cylindrical and spherical LINUS to Am-Be
source neutrons.

5 Measurements in high energy stray neutron fields.

Measurements to test the performance of the new spherical rem counter in high energy stray
radiation fields were performed at CER.N in May and August 1996. Here a 120 GeV'c positive
hadron beam (about 40% protons. 50% pions and 10% kaons) was stopped in a copper target.
7 cm in diameter and 50 cm in iength. which could be installed in two different positions in
the irradiation cave shown in figure 10. On the top of these positions, the secondary particles
produced in the target are interacting in a shield made up of either SO cm concrete or 40 cm
iron. The neutron spectral fluence outside the concrete and iron shields (positions E and C in
figure 10. respectively) calculated with the FLI.'KA code 4. 18| are shown in figure LI. The
spectrum outside the iron shield is dominated by neutrons in the 0.1-1 MeV range, whilst the
energy distribution outside the concrete shield shows a large relative contribution from 10-
L00 MeV neutrons. Therefore these two exposure locations provide wide spectrum radiation
fields well suited to test dosimetric instrumentation under different conditions |39].

Field investigations were made using the LINUS sphere and five polyethylene spheres of dif-
ferent size having at their centre a 3He proportional counter. The five high-density (0.96 g/cm3)
polyethylene spheres have diameters ranging from 83 mm to 233 mm. with material thickness
of: 25 mm (83 sphere). 37.5 mm (108 sphere). 50 mm (133 sphere), 72.5 mm (178 sphere)
and 100 mm (233 sphere). A bare 3He proportional counter and a counter under a cadmium
cover were also used. The polyethylene spheres were used to validate the spectral and absolute
tiuences predicted by the FLUKA calculations. The response of each detector was evaluated
using the three-steps procedure described in ref. [IS], by folding the response functions shown
in figure 8 with the neutron fluence calculated in the various locations where the detectors were
actually exposed. The predicted response of each detector was compared with measurements
made at several locations around the facility, showing an excellent agreement (usually within
10%) [4].

Several measurements were performed with the LINUS sphere at a number of locations
around the shieldings. Results are given here for two representative positions: on the top of



the concrete shield, indicated with "1:," in fiav.re [() (target placed under the concrete shield,
detector placed at a height of '25 cm above -;.e shielding. 75 cm downstream <n the target
and aligned with the beam direction i. rhe oxr-.c: on the top of the iron shield, position "C" in
hgure 10 i target placed under the iron shieic. aetector placed over the centre of the target,
at a height of 25 cm above rhe shielding ana aligned with the beam direction). The beam
monitoring was provided by a Precision [onizanon Chamber i PIC) [40]. with one PIC-count
corresponding to 2.2 • 104 i KWc primary pa:':cles incident on the target. All the data are
normalized to one PIC-count.

Figure 10: Axonometric side view of the CERN-EC reference field facility [3. 4], with the lateral
shielding removed.

The results are given in table 6 for both the LINUS sphere and all other detectors. The
quoted uncertainties are only statistical and do not include systematic uncertainties in the
beam monitoring (10%) and in the efficiency of the 3He counter (5%). The agreement between
the experimental data and the MC simulations is generally very good. It should be stressed
that the problem is very complex and uncertainties are not negligible. The major differences
between the predicted and the experimental counts are found for the bare counter in position
C (iron shield) and for the counter under the cadmium cover. The bare counter is extremely
sensitive to thermal neutrons: on the iron roof (where thermal neutrons coming from the
shielding are negligible) the presence of any moderating material modifies the thermal portion
of the spectrum, thus making the response of the bare counter much dependent on the presence
of any moderating object placed in its proximity which is not obviously accounted for in the
VIC calculations. On the other hand the counter under the cadmium cover is insensitive to
thermal neutrons. Here a problem arises when the cover is not tightly sealed: this allows some
thermal neutrons to penetrate and be detected. In this respect the measurement position on
the concrete roof is especially critical due to the large thermal component. A full discussion

•AS-
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Figure 11: Neutron spectral fluence calculated with FLUKA outside the concrete (E) and iron \C)
shielding of figure 10.

uf measurements made with bare proportional counters and with counters under a cadmium
absorber can be found in ref. [IS].

The agreement between experimental data and computed results is also an indication that
not only the overall fluence but also the relative importance of the low and high energy com-
ponents are well predicted by the FLUIvA code. Each instrument is in fact mainly sensitive to
different neutron energies. Once the reliability of our MC approach in predicting the neutron
spectra outside the shieldings was proven, the simulated spectra were used to derive for each
rem counter (the cylindrical LINUS, the LINTS sphere and the SNOOPYi the ambient dose
equivalent reading (H*ns{r(10)) to be compared with the ""true" value (H'flOi) determined from
the convolution of the neutron spectral fluence with the dose equivalent conversion coefficients
F(E) [35. 36].

The results of such comparison are given in table 7. where rI*rastr(10) and H*(10) were
calculated according to the following expressions:

H*nstr(l0) = - J - - [ R(E)tnstr$(E)dE (6)

iT(10) = f F(E) $(£) dE (7)

Here <&(£) is the computed neutron fluence at a given position. R(E),-nstr is the computed rem
counter fluence response and Sinstr is the ambient dose equivalent calibration factor determined
via calibrations with monoenergetic neutrons: Sun is 1.044 counts/nSv — S.O % (cylindrical
LINUS). Sun sPh is 1-389 counts/nSv ± 10.0 % (LINUS sphere) and S,no is 1.209 counts/nSv
± 9.5 % (SNOOPY). These factors are referred to proportional counters whose sensitivity is



T a b l e b : C o m p a r i s o n b e t w e e n t h e F H ' K A p r e d i c t i o n s a n d t h e e x p e r i m e n t a l r e s p o n s e o f t h e v a r i o u s

l i e t e c t o r s m s t r a v r a d i a t i o n f i e l d s a t C E R N . T h e p e r c e n t s t a t i s t i c a l u n c e r t a i n t y i ' T ) is i n d i c a t e d .

LINT'S sphere j
233 sphere !

178 sphere |
133 sphere !
108 sphere |
S3 sphere j

bare 'He counter
'He counter—cadmium 1

L

experimental

cts/PIC
CON

0.204
0.788
0.989
1.02

0.942
0.704
0.576

0.0417

" •

CRETI

0.77
0.33
0.36
0.30
0.35

1 0.30
: 0.30
i 0.92

FLU
. - r s /PK

Z TOP -

0.273
(J.S99
1.01

0.981
0.883
0.717
0.548

0.0213

KA
' • x %

E"

3.6
3 . i

3.4
3.2
3.1
3.1
4.1
6.4

experimental
cts/PIC

FLU
cts/PK

IRON TOP ••(-

0.993
9.2S
16.1
19.2
17.7
11.2

0.430
0.160

1-59
0.2S
0.24
0.19
0.20
0.26
0.95
1.41

L. 1 0
!).23
L6.9

21.2

19.2
! O ]

0.247
0.0997

KA
(

i 2.2

! 2.0

i 1.9
! 1.9

i 1.9
! 1-9

4.6
2.3

Table 7: H'llQ) as measured with the cylindrical LINT'S, the LINUS sphere and the conventional A-B
rem counter SNOOPY (see text for comments). The per cent statistical uncertainty {'/<) is indicated.
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LINT
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'S.
'S.
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10)
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J =
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i) =

d =

SNOOPS

90°
60a

45° 1
30°

= 0"

I CONCRETE"

H?nstr(

nSv/PIC

0.271

[ 0.211

0.262
0.252
0.242
0.239
0.232

0.119

10)

3.4

; 3.6

: 3.6
; 3.7
! 3.7
! 3.7
' 3.6

I 3.S

rop --E" j

i

i

0.7« i

0.97 :
0.93 |
0.89 I
0.88 !
o.86 ;

0.45 !

L_ IRON
H'nstr(l

nSv/PIC

1.16

1.22

1.06
0.933
0.833
0.817
0.769

0.921

TOF

0)
%

2.3

2.1

2.2
2.3
2.3
2.3

2.3

2.0

H'tW)

1.05

0.91
0.80
0.72
0.70
0.66 ,

0.79 .

the nominal one (sensitive volume and filling gas pressure of the proportional counters are those
given above).

Table 7 shows that the conventional rem counter SNOOPY underestimates H*[IQ) in all
positions: % 20% on the iron roof and ~ 50% on the concrete shields where high energy
neutrons make up an important part of neutron fluence. This confirms the inadequacy of a
conventional A-B counter in monitoring high energy neutron fields. The cylindrical LINUS
gives a correct evaluation of the ambient dose equivalent for lateral irradiation, while it slightly
underestimates H"{l0) for the other directions of irradiation: this can be a shortcoming in
current practice when the angular distribution of neutron is usually unknown. The LINUS
sphere (whose response in isotropic) gives a 20% underestimation on the concrete roof. Work
is in progress in order to improve this behaviour.



6 Conclusions.

A few vears after its conception, the LIM S rein counter is now fullv characterized. The re-
sponse function predicted by MC calculations has been \aiidated experimentally over an energy
range -urficientiy wide that it. can be considered a valid instrument for neutron monitoring up
:o several hundreds MeV. This feature is or interest ai intermediate and high energy accelerator
iacilitie.s. as we'll as for assessing the radiation iieki encounrered at civil flight altitudes. The
superiority of this device over conventional A-B rem counters has been repeatedly dernostrated
in measurements in stray radiation fields presenting a neutron component above about 10 MeY.
Work done by other groups on similar instruments built following the present design have con-
ri lined the results summarised in the present paper. The same concept (a modified attenuator
including a lead shell) has been adopted in neutron spectrometry with Bonner spheres. The
LIXI'S 'or similar instruments i is now in semi-routine use at a number of laboratories including
CERX and SLAC Further work is now being carried on to develop a version with an improved
response function, more closely following the energy dependence of ambient dose equivalent.
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