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An ideal neutron survey meter for PNF should meet the
following requirements:

1. Introduction

The need of radiation detectors capable to measure efficiently in
PNE.! is attracting widespread interest for applications such as

radiation protection and beam diagnostics in accelerators. Since the 1. capability to withstand very high instantaneous neutron fluxes
60s, numerous investigations focused on the development of detec- with little or no saturation;

tors specifically conceived to work in pulsed fields [1-3]. This is a 2. sensitivity comparable to that of commercially available rem
major issue at particle accelerators, where pulsed neutron and counters;

gamma fields are present because of beam losses at e.g. targets, 3. capability to measure correctly the intensity of a single

collimators and beam dumps. It is well-known that conventional neutron burst and

detectors generally suffer from dead time effects and have strong 4. capability to reject the photon contribution that accompanies
limitations in the measurements of pulsed fields. Severe under the neutron field.

response has been observed in commercial rem counters [4], with

tremendous underestimation of the ambient dose equivalent, H*(10),

up to three orders of magnitude [5]. For use in high-energy fields like those encountered around

particle accelerators or cosmic-ray fields, a good sensitivity to
high-energy neutrons is also desirable.

One way to deal with the problem of PNF is to use an
activation detector and there has been extensive research in this
fields since the 70s [6,7]. A considerable effort has recently been
made on the improvement of silver-activation detectors [8,9], for
which experiments have shown good linearity in pulsed fields [9].
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This detector has low neutron sensitivity, around 9 counts per nSv
for a bare 2°2Cf source [10]. Moreover, a neutron dose equivalent
of 10 puSv is only measurable in a reliable way if the photon
contribution is a factor of 10 lower [9]. However, the crucial issue
of this detector is the response time, which is determined by the
half-life of the Ag isotopes. This leads to a delayed response and
rules out the detector from all potential applications with the
need of an on-line response. The approach based on activation
detectors eventually fulfills the requirements 1 and 4 above, but
does not permit to measure the intensity of the single neutron
burst. Moreover the sensitivity is about two orders of magnitude
worse than commercially available rem counters.

Weizhen et al. [11] reported a way of reducing the counting
losses of a neutron detector in PNF. Their method takes into
account the nearly simultaneous detection of 2 or 3 neutrons in a
proportional counter. However, they set a limit of 100 on the
number of counts that each neutron burst produces in the counter
and a limit of 0.1 Gy/h on the gamma dose rate that accompanies
the neutron field. The limit on the number of counts is very
stringent and does not allow the detector to meet the require-
ments 1 and 3 above. Klett et al. [12] developed a new survey
meter designed to work in pulsed fields, based on the activation
of 2C. The instrument has limited applications as can only be
used for detecting neutrons above 20 MeV, and has strong
limitations in sensitivity and on the burst repetition rate over
which it can be used [4]. Consequently, the requirements 1 and
2 cannot be fulfilled. Leake et al. [4] proposed a method of
measuring PNF based on the exploitation of the die-away of
thermalized neutrons. However, at present there are no experi-
mental results to support the theoretical basis. Very recently
lijima et al. [13] reported on the development of a current-
readout type neutron monitor designed to measure the dose rate
of neutrons bursts generated by beam losses in an accelerator.
This monitor shows no count losses in a dynamic range from
4 uSv/h to 5mSv/h. On the other hand, the monitor cannot
distinguish a gamma signal from a neutron signal. Therefore the
detector cannot operate under stringent constraints and the
requirements 1 and 4 above cannot be respected.

This brief review shows that there is no device presently capable
of fulfilling all the requirements listed above for PNF instruments. A
promising approach is described by Ferrarini et al. [14], who have
discussed the development of a wide dynamic range neutron
monitor using a BF; proportional counter. This monitor works in
current mode and has a front-end electronics based on a logarith-
mic amplifier. This allows having a measurement capability ranging
over many orders of burst intensity. Despite the fact that it works in
current mode, the detector can measure a single neutron interac-
tion. This characteristic assures a sensitivity comparable to that of
commercially available rem counters for steady neutron fields. On
the other hand the detector is able to withstand reactions rates in
the order of 10°s~! without showing any saturation effect. The
capability to reject the photon contribution accompanying the
neutron field is still under investigation.

The prototype instrument which is the subject of this paper is
called LUPIN (Long interval, Ultra-wide dynamic, Plle-up free,
Neutron rem counter) and is an improved version of the detector
proposed by Ferrarini et al. [14]. The device consists of a
Centronics >He-proportional counter, a spherical moderator and
a front-end electronics based on a logarithmic amplifier. This
paper describes the instruments and discusses the results of a
number of measurements performed under various experimental
conditions:

e calibration measurements with a PuBe source to evaluate the
behavior in a steady neutron field;

Fig. 1. A picture of the LUPIN. The *He counter is electrostatically shielded with an
aluminum tube connected to the electronics case. It is inserted in the spherical
moderator from the top. The sphere is placed on a small iron pedestal.

e measurements in PNF produced with a cyclotron at the
Helmholtz-Zentrum in Berlin to evaluate the response with a
negligible photon field contribution;

e measurements in the stray field around the proton synchro-
tron (PS) accelerator complex at CERN, to compare the perfor-
mance with those of other instruments in operational
radiation protection conditions and

e measurements around a radiotherapy linear accelerator (linac)
at the S. Raffaele hospital in Milan to evaluate the behavior in
PNF dominated by a very intense photon component.

2. Material and methods
2.1. The LUPIN

The LUPIN is a rem counter type instrument consisting of a >*He
proportional counter placed inside a spherical moderator (see
Fig. 1). The front-end electronics consists of a current-voltage
logarithmic amplifier, whose output signal is acquired with an
ADC and processed with a LabVIEW© program running on a
personal computer. The idea of the analysis software is simple:
the voltage signal is converted back into a current signal and
integrated over a time that can be set by the user. The result of
this calculation represents the total charge generated in the >He
detector by the neutron interaction. This quantity, divided by the
average charge expected by a single neutron interaction, repre-
sents the number of neutron interactions occurring during the
integration time.
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2.2. Moderator

The moderator is designed so that the response function of the
instrument reproduces sufficiently well the curve of the conver-
sion coefficients from neutron fluence to H:x(10) over a wide
energy range, as in the original extended-range rem counter
LINUS (Long Interval NeUtron Survey meter) [15]. The moderator
consists of a polyethylene sphere of 12.5 cm outer radius with
lead and cadmium inserts, hosting at its center the >He propor-
tional counter. The inner part of the moderator, 5.6 cm in radius,
is surrounded by a 6 mm thick lead shell. The outer layer of this
inner polyethylene sphere hosts eleven cadmium buttons, 2.5 cm
in radius and 1 mm thick. Polyethylene inserts (“plugs”) are used
to fill the void around the detector stem. A scheme and a
photograph of the inner parts of the rem counter are shown in
Fig. 2. The spherical geometry of the moderator was adopted to
make the monitor response isotropic. The problem related to the
anisotropy of the geometry is in fact serious when monitoring
neutrons fields whose angular distribution is unknown, and it can
lead to an underestimation of the ambient dose equivalent
[16,17].

The same spherical moderator has been used with CR39
dosimeters and a 3He proportional counter as a dual-detector
extended-range rem counter (conventional, i.e. for non-pulsed
fields) by Agosteo et al. [18]. The only difference is the electro-
static shield that contains the detector and the polyethylene plug.
This shield is an aluminum cylinder of 1 mm thickness, which is
inserted in the sphere together with the detector and the plug.
The thickness of the polyethylene plug was reduced by the same
thickness of the aluminum shield. The presence of this thin shield
is not expected to alter the response function of the rem counter:
the sensitivity has been checked and shown to be the same with
or without this element, which is a good indicator that the
response should also not be influenced. This will be confirmed
by a further study. The aluminum electrostatic shield is needed
because of the characteristic of the front end electronic as described
below.

2.3. Proportional counter

The natural choice of the detector with respect to the spherical
geometry of the moderator was a spherical Centronic SP9 3He
proportional counter. Although the 3He filling pressure is nomin-
ally stated as 2 atm (202,650 Pa), the actual pressure is 2.3 atm
(233,047 Pa), to which 1.2 atm (121,590 Pa) of Krypton is added
as a quench gas [19]. Another possible choice is a cylindrical BF;
proportional counter. Although less isotropic, such an alternative
can be attractive because of the higher Q-value of the 1°B(n, «)’Li
reaction. The characterization of the version of the LUPIN with

External polythene Internal
shell \g P mﬁm
Lead shell __
Held
Cadmium buttons proportional
counter

Plug ————

a BF3 counter is presently under way and will be the subject of a
forthcoming paper.

2.4. Electronics

The scheme of the front-end electronic is shown in Fig. 3. The
polarization between the electrodes of the >He counter is pro-
vided by a user-adjustable internal high voltage supply. The
electronics is based on a current-voltage logarithmic amplifica-
tion of the signal produced inside the proportional counter. A
fixed current I, is added to the current signal Iz generated by
the reactions inside the counter to avoid negative saturation in
case of absence of a neutron signal. This current is set to 200 pA,
but this value can be modified if necessary. A larger value of I,
causes a faster response of the LogAmp. The sum of the two
currents, Ig+Imin, is collected and processed by the LogAmp.
Because the signal is collected at the cathode, the proportional
counter must be electrostatically shielded in order to avoid noise
pick up. The electrostatic shield is made of an aluminum cylinder
that completely encases the counter, as discussed above.

The LogAmp output signal passes through a cable driver and the
signal Viggoue is acquired via a digital oscilloscope. For the measure-
ments described in this paper the signal was acquired via a PC
oscilloscope (PicoScope 4424 by PicoTechnology) and monitored by
a LabVIEW© program running on a PC. More details about the
theoretical operating principles of the circuit with explicit reference
to the Kirchoff's laws and the Ebers-Moll equations can be found in
Ref. [14]. The choice of a LogAmp was driven by the need to achieve
a dynamic range of a few orders of magnitude with respect to the
burst intensity to be measured. Conventional LogAmps are too slow
for the purpose of the detection of a radiation signal, especially in
the tail of the signal. It was then decided to employ a high-speed
LogAmp. The attention was focused on two models, the AD8304
(Analog Devices) and the LOG114 (Texas Instrument). Both are

3He counter

\/

Shield

ot Vgt

Fig. 2. Scheme of the detector and moderator assembly of the LUPIN and photograph of its inner part showing the inner polyethylene with the cadmium buttons, the lead

shell and the outer polyethylene.
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Fig. 5. Circuital scheme of the front-end electronics with the LOG114 LogAmp.

declared by the manufacturers to work over a range of eight
decades (160 dB) with high temperature stability. The circuital
schemes of the front-end electronics with the two LogAmps are
shown in Figs. 4 and 5.

A number of tests were carried out to compare the perfor-
mances of the two LogAmps. The attention focused on the
different response of the LogAmps to the same input signals to
better understand their functioning dynamics. Fig. 6 shows the
response of the two LogAmps to the same input. The input current
signal was generated applying a triangular voltage signal by a
Keithley function generator (1 V maximum voltage, 0.3 ps rising
time, 2.2 ps falling time) on a 10 MQ resistance. The peak of the
two response signals is delayed in time with respect to the input.
While the input current reaches its maximum in 0.3 ps, the
AD8304 and the LOG114 responses reach their peak in 8 pus and
2.5 ps, respectively. This is not surprising for a LogAmp, but it is
interesting to note that, even if both LogAmps are declared to be
fast, the LOG114 response reaches its peak in one third of the time
of the AD8304.

The fraction of collected charge with respect to the input
charge (125 fC) is 83% for the LOG114 (104 fC) and 74% for the
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g. 6. Response of the two LogAmps to the same input current signal.

AD8304 (92 fC) after 90 us. Thus for both devices the charge
collection is fairly slow, especially in the tail, e.g. the LOG114
response is still equal to 10% of the peak value after 90 pis. From
this comparison it is clear that the LOG114 is fairly faster in the
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first part of the signal, while the charge collection lasts for a
longer time as compared to the AD8304. A shorter output signal
allows a shorter integration time and a better rejection of the
gamma background.

Fig. 7 shows the response of the AD8304 to three different
input signals, generated applying a triangular voltage signal on a
1 MQ resistance. The voltage signal has a rising time of 0.2 s, a
falling time of 1.8 pus and peak values varying from 1 to 5 V, which
correspond to a peak current varying from 1 to 5 pA. The AD8304
response is faster if the input current is higher. The peak current
of the response is reached in 2.1 ps, 1.4 ps and 0.9 ps for the 1 pA,
2 1A and 5 pA signals, respectively. Consequently if one wants the
LogAmp response to become faster, a higher input current must
be induced. One way to achieve this is to modify the value of the
Imin current of the circuit from the nominal value of 200 pA.

Fig. 8 shows the response of the two LogAmps to a single
neutron interaction. An AmBe source was placed at 1 m from the
instrument and different neutron signals were detected. A full-
energy neutron reaction was chosen for each LogAmp to compare
signals not affected by wall effects. As already seen for the
response to a simulated signal, the LOG114 has a faster response
for the first part of the curve. In fact the current peak is at 2 ps for
the LOG114 and at 9 pus for the AD8304. Then, after 25 pus the
responses are superimposed. This behavior confirms that the
LOG114 must be preferred because it describes better the time
profile of the current inside the proportional counter. Moreover,
higher values of current in the first part of the response lead to a
faster response of the LogAmp in the hypothesis that another
neutron signal is detected just after the first one. The complete
series of electronics tests conducted on the two LogAmps to
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Fig. 7. Response of the AD8304 to different input signals, with the same rising and
falling times but different peak current.
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Fig. 8. Response of the LogAmps to a single neutron interaction.

analyze in details the difference in their behavior can be found in
Ref. [20].

From the above results it was decided to employ the LOG114
to improve the performance of the detector in pulsed fields and to
reduce the integration time. This has an important impact on the
photon discrimination capability. A steady photon field, in fact,
produces a steady current superimposed to the neutron signal.
The larger the FWHM of the neutron signal, the longer must be
the integration time to collect the whole signal and the higher is
the contribution to the total charge due to the photons. If this
contribution approaches the total charge expected by a neutron
interaction, the photon signal can be interpreted as a neutron
interaction.

3. Experimental results and discussion
3.1. Calibration

According to the operating principle of the LUPIN, it is of basic
importance to measure the two calibration factors needed to
obtain a reading in terms of ambient dose equivalent, Hx(10):

e calibration in charge: the MCC.? expected from a single
neutron interaction, to be used to derive the number of
neutron interactions occurring during the integration time,
expressed in fC/n and

e calibration in ambient dose equivalent: the conversion coeffi-
cient from neutron interactions to H#(10), expressed in nSv/n.

The measurements were carried out in the CERN calibration
laboratory with a PuBe source with activity of 1.85TBq. The
operating voltage was set at 1050 V. The output signal was acquired
by an ADC with a conversion rate of 5 MSamples/s. This conversion
rate was maintained for all the measurements described below.

3.1.1. Calibration in charge

Fig. 9 shows the spectrum obtained after 900 acquisitions. The
neutron reaction rate was maintained low enough to avoid
multiple neutron interactions in the integration window. The
data are shown in terms of number of events per single bin (bin
width: 5 fC), where the values on the X-axis are expressed as
integrated charge over the acquisition time, which was set to
1 ms. The MCC is calculated as the mean of the charge distribu-
tion. The value obtained is 229 fC, while the mode of the
distribution is 264 fC. The threshold in term of integrated charge
was set to 70 fC corresponding to the lower limit of the wall effect
continuum. The MCC depends on the type of detector and on the
HV polarization, as well as from the acquisition window. Table 1
sums up the value of MCC for each window.

3.1.2. Calibration in ambient dose equivalent

The calibration in ambient dose equivalent was made placing
the detector in a radiation field of known intensity and by
measuring the number of reactions occurring in a time window
of given duration. The uncertainty associated to the reference
dose rate was evaluated at 7%, according to the calibration
certificate of the PuBe source. The number of reactions occurring
in the acquisition window is calculated by the following equation:

n .
N =round (Z’I\:/Iill’Av €))

cc

2 MCC=Mean collected charge.
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Fig. 9. Spectrum obtained with the PuBe source. The X-axis values are expressed
in integrated charge over the acquisition time (1 ms).

Table 1
Values of MCC as calculated for different acquisi-
tion windows.

Time window (ms) MCC (fC)
0.5 211+15
1 229+ 16
2 243 +17
3 251+18
4 260+ 18

where N is the number of acquired neutrons, “round” is a function
which rounds up the number in brackets to the nearest integer
number, n is the number of samples in a single acquisition, I; is
the current value of each sample, At is the time width of the
sampling (e.g. for 10 MHz sampling, At=100 ns) and MCC is given
in Table 1.

The detector was exposed at 3 m from the PuBe source. The
reference value of ambient dose equivalent rate was 150.52 pSv/h.
The calibration factor was determined as (275 + 22) pSv/n, where
the uncertainty is the sum of two contributions, the one coming
from the calibration of the source (7%) and the counting statistics
(1%). The sensitivity is about a factor of 4 better than the standard
sensitivity of a rem counter (usually close to 1 nSv/count). This
meets the requirement 2 given above.

3.2. Measurements at the HZB (Helmholtz-Zentrum Berlin)
cyclotron

The measurements were performed in December 2011 at the
Helmholtz-Zentrum Berlin (HZB) using the cyclotron usually
employed for proton therapy of ocular tumors. A 68 MeV proton
beam was transported to an experimental hall located next to the
treatment room. The beam impinged on a cylindrical tungsten
target (22 mm in diameter and 20 mm thick) and the LUPIN was
placed in the stray neutron field on the beam axis at 50 cm from
the target center. The target configuration is shown in Fig. 10.

The cyclotron was operated in pulsed mode, with a repetition
rate of 100 Hz, a pulse length of 1-10 ps, and a current on target
varying between 2 and 1000 pA. The beam was monitored by
measuring the current, whose values were written on a log-file
with the corresponding timestamp. The beam settings are listed
in Table 2. The burst current is calculated by the following
formula:

Burst current =1 on target/(repetition rate x burst length) (2)

The burst charge is the burst current integrated over the burst
length. Some of the settings are named with a letter as a suffix

Suppg_rt Cu blocks
J |
22 — 4 | < Beam
W target
Al wall
3 "‘ ' Centralizer
Fig. 10. Target configuration at the HZB cyclotron.
Table 2
Beam settings used at the HZB.
Setting I on target Burst Burst Burst Repetition

number  (pA) current (nA) length (us) charge (fC) rate (Hz)

1 0.2 2 1 2 100
2 0.49 49 1 49 100
3 1.07 10.7 1 10.7 100
4 2.97 29.7 1 29.7 100
5a 10.1 101 1 101 100
5b 10.5 105 1 105 100
6 25.3 253 1 253 100
7a 50 500 1 500 100
7b 50.6 506 1 506 100
8a 74.3 743 1 743 100
8b 74.8 748 1 748 100
9a 100 1000 1 1000 100
9b 108.5 1085 1 1085 100
10 111 111 10 1110 100
11 243 243 10 2430 100
12 518 518 10 5180 100
13 1000 1000 10 10000 100
1000 -
900
800 -
700 -
T 600
T 500 A
E
5 400
o}
300
200
100
0 . . " . : !
0 50 100 150 200 250 300
Time [ps]

Fig. 11. Example of acquisition obtained with the LUPIN with beam setting 9b.

(e.g. setting 5a and 5b) because the machine was set to operate
with the same parameters but the obtained currents on target
were slightly different.

For comparison the original extended-range neutron rem counter
LINUS [15,21-23] was exposed in the same position. The LINUS is a
rem counter developed about 20 years ago from an Andersson-Braun
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type device. It consists of a >He proportional counter embedded in a
spherical polyethylene moderator, which incorporates a boron-doped
rubber absorber and a 1cm thick lead shell so that its response
function extends up to several hundred MeV. The electronics was not
specifically designed to operate with strongly pulsed radiation: the
signal is treated with a standard counting chain (pre-amplifier,
amplifier, single channel analyzer and counter) and the TTL counter
outputs are acquired by a National Instruments DAQ and analyzed on
a laptop.

The aim of the measurements was to check the performance of
the LUPIN according to the requirements 1 and 3 above, i.e. its
capability to withstand very high instantaneous neutron fluxes
with little or no saturation and the capability to measure correctly
the intensity of a single neutron burst. The measurements were
carried out for the LUPIN with beam settings 54, 7a, 8a, 9b, 10, 11,
12 and 13; for the LINUS with settings 1, 2, 3, 4, 5b, 6, 7b, 8b, 9a.
An example of a single burst acquired by the LUPIN is shown in
Fig. 11. The original duration of the proton burst (1 pus) is spread
over a few hundred ps due to the thermalization and drift time of
the neutrons inside the moderator. Most of the interactions occur
in the first 100 ps after the trigger and the rare events in the range
100-300 ps can be ascribed to delayed neutrons. The total charge
generated inside the detector is 8.6 pC, corresponding to 36
neutron interactions. Applying the calibration factor, the H*(10)
of the radiation burst is 9.9 nSv.

Fig. 12 shows the distribution of the number of neutron
interactions per burst on a series of 800 acquisitions with beam
setting 9b. During the measurement the cyclotron ion current was
particularly steady. The mean value of the distribution is 52.6
neutrons per burst and the variance is 50.6. Hence the variance-
to-mean ratio is 0.96. From this result one can say that the
number of neutron interactions per burst follows a Poisson
distribution.

Fig. 13 shows the acquisition of a single burst delivered with
beam setting 13. The contribution from stray radiation is larger,
lasting up to 600 ps after the trigger. The distribution of the
number of neutron interactions per burst on a series of 500
acquisitions shows a variance-to-mean ratio of 0.5, thus indicat-
ing that the distribution does not follow a Poisson statistics. This
is consistent with the fact that the LUPIN response is no longer
linear and the expected Poisson variation of the random variable
(the burst intensity) is reduced.

Fig. 14 compares the LINUS and the LUPIN in term of linearity
of their response. For the LUPIN the dose per burst was calculated
as the average over a number of acquisitions ranging from 350 to
1000. For the LINUS the dose per burst was calculated as the
integral of the dose over 100 s divided by the number of expected
bursts. The calibration factor of the LINUS is 0.92 nSv/count.

60
50 A o o
40 A L 3
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20 *® *

Neutron interactions/burst

Fig. 12. Frequency distribution of the number of neutrons per burst measured
with beam setting 9b.
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Fig. 13. Example of single burst acquisition obtained with the LUPIN with beam
setting 13.
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Fig. 14. Dose per burst expressed in nSv as a function of the single burst charge.
The line shows the fit to the first ten LUPIN data points. The response of the LINUS
is plotted for comparison. A zoom of the first part of the graph is also shown.

The LINUS saturates at a few nSv/burst, with the response becoming
almost flat. At a burst charge of 1000 fC the LINUS measures an
H:(10) value of 5 nSv/burst, underestimating the real dose by 70%.
The reliability of the detector is then limited to values below 1 nSv/
burst. This is the typical behavior of a detector whose output signal is
analyzed by a conventional counting chain without compensation for
dead time losses. The response of the LUPIN is linear up to 16 nSv/
burst. After this value saturation effects become important. At 58 nSv/
burst the underestimation of the dose is 30%, rising to 40% at 92 nSv/
burst. This is due to the space charge effect that reduces the electric
field between anode and cathode with a consequent decrease of the
multiplication factor. This explains the deviation of the distribution of
the measured burst intensity from a Poisson distribution, with a
variance-to-mean ratio lower by a factor of 2. This effect is similar to
the failure of the X? test for GM counters operating with a counting
rate affected by significant dead time losses.

Fig. 14 also shows a linear fit to the LUPIN data acquired at low
burst charge, where the saturation effects are negligible. The data
in the linear region were used to derive the conversion factor
between the dose per burst and the charge per burst, found to be
(15.4 + 1) nSv/pC at 50 cm from the target. The statistical uncer-
tainties are smaller than the size of the symbol. Applying this
conversion factor one can express the x-axis in terms of expected
dose per burst and the y-axis in terms of measured dose per burst.
The data expressed with this new reference system are shown in
Fig. 15.

Looking at Fig. 15 one can try to express the saturation effect
on the H*(10) underestimation via the definition of the parameter
Dhai, Which is defined as the expected dose per burst at which the
detector underestimates by a factor of 2. Appendix A describes
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Fig. 15. Measured dose per burst as a function of the expected dose per burst,
both expressed in nSv, calculated via the conversion factor of (15.4 + 0.1) nSv/pC
obtained with a linear fit on the first data.

how this parameter has been derived. A correction formula can be
applied to compensate for the underestimation. If Dpe,s is the
measured dose per burst and D, is the expected dose, D, can be
derived from Dp,e,s by the following formula:

Dmeas

Dref - 1—Dmeas/Dhalf (3)
The parameter Dy, ¢ can be obtained for both detectors via an
interpolation of the data of Fig. 15. It is Dy (LUPIN)=209.0 nSv
and Dpar (LINUS)=6.3 nSv. Under controlled irradiation condi-
tions the parameter Dp,r can be used to evaluate the instrument
capability to withstand a PNF. The higher its value, the better the
instrument performs.

3.3. Measurements around the PS accelerator complex at CERN

The measurements were carried out in October and November
2011 at the CERN Proton Synchrotron (PS), in three locations
selected on the basis of the time structure of the beam losses. The
aim was to test the performances of the instrument in different
stray field conditions, under operational radiation protection
scenarios. The proton beams used for the Antiproton Decelerator
(AD), the TOF facility, the LHC and the SPS fixed target physics are
extracted from the PS in five turns, using a technique called
Continuous Transfer (CT). During this extraction phase, compara-
tively large losses are observed all around the PS. These losses are
due to particles scattered by the electrostatic septum used to slice
the beam. The revolution time in the PS is 2.2 us and the
extraction losses are distributed over the entire PS ring, leading
to losses of 5-10% of the beam at the energy of 14 GeV/c. The
losses are spread over the five turns and therefore have a typical
length of about 11 ps. When measuring the losses in a critical
point of the PS, one must consider that these 11 ps-losses are
always to be added up.

The measurements were performed in the following locations
(graphically reported on the PS accelerator complex scheme in
Fig. 16):

e Location 1: close to beam injection (septum 42). Typical
duration of the losses: 200-300 ps, smoothed by the ground
shield. Fraction of lost beam: 1-5%.

e Location 2: close to beam extraction (septum 16). Typical
duration of the losses: 2.1 ps. Fraction of lost beam: 1%.

e Location 3: close to beam extraction (septum 16). Typical
duration of the losses: 2.1 ps. Fraction of lost beam: maximum
about 1%.

East hall

South hall

100m

Fig. 16. The PS accelerator complex. The small numbers identify some of the PS
straight sections. The red marks show the measuring locations discussed in the
text (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.).

Table 3

Measurements carried out at the PS. Integrated ambient dose equivalent measured
by the LUPIN and the LINUS, with their statistical uncertainty. The integrated
proton fluence and the expected ambient dose equivalent from Monte Carlo
simulations (where available) with the FLUKA code are also given.

Location Integrated Integrated
H*(10) (nSv) protons in
LUPIN LINUS PS

Expected H*(10)
(nSv) (from MC
simulations [24])

1 2385 +26 2310 + 46 469 x 10" Not available
2 5264 +38 2879 +51 5.90 x 10'° 5000-6200
3 496 + 12 492 +21 9.82 x 10'° 470-700

As can be seen from the typical duration of the losses, the stray
radiation field is strongly pulsed in locations 2 and 3. As for the
HZB measurements, together with the LUPIN the rem-counter
LINUS was exposed for comparison in the same locations. The
results of the measurements are reported in Table 3. In Location
1 the results of the LUPIN and the LINUS are consistent within 20.
As expected, due to the relatively long and smoothed time
structure of the beam losses, there are no appreciable count
losses due to pile-up or saturation in the LINUS.

In Location 2 the detectors were placed before the interlocked
door of the PS access tunnel next to septum 16. The stray field in
this area is due to the beam losses in the straight section where
the magnetic septum for the beam extraction towards the SPS is
located. The access tunnel connects the septum 16 area with the
outside, and during machine operation access is possible only up
to the interlocked door. An example of a neutron burst acquired
with the LUPIN in Location 2 is shown in Fig. 17. The thermaliza-
tion and drift time of the neutrons inside the moderator spreads
the signal over 500 ps. The burst intensity was relatively low,
therefore the peak current is limited to 100 nA, while only a few
neutrons are delayed in time. The interactions are spread in
500 ps, but the reaction rate is higher in the first 200 pus. The
total charge generated inside the detector is 7.1 pC, corresponding
to 27 neutron interactions. Applying the calibration factor, the
intensity of the radiation burst is 7.4 nSv. The responses of the
LUPIN and the LINUS differ by a factor of 2. This is consistent with
what can be derived from Eq. (3). In fact, by setting for the LINUS
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Dheir=6.3 nSv and D,ef=7.4 nSv, one obtains Dyeas=3.4 nSv, i.e.
an underestimation of the LINUS by a factor of 2.2, very close to
that found experimentally.

Some remarks can be made on the basis of FLUKA [25,26]
Monte Carlo simulations available for the area. The PS tunnel is
located next to septum 16, where the beam is extracted. Fig. 18
shows the simulated radiation field expressed as H*(10) per
primary proton lost on septum 16, towards the exit of the access
tunnel [24]. The detectors were placed in an area with an ambient
dose equivalent of 0.66 x 10~7 pSv/primary lost. At the entrance
of the tunnel the H*(10) from gamma contribution is negligible
and the field can be completely attributed to neutrons. The beam
losses in this region are due to two contributions: 1% coming from
the AD, TOF and LHC cycles; 5-10% coming from extraction losses
in the overall PS [24]. About 6% of the overall extraction losses of
the PS occur at the septum 16 [27], which means an additional
contribution of 0.3-0.6% to the total losses. The total fraction of
beam which is lost in this area can thus be assumed between
1.3% and 1.6%. The expected ambient dose equivalent is then
(0.86-1.06) x 10~ pSv/primary. Taking into account the integrated
proton fluence in the PS (Table 3) during the measurement, an
integrated H#(10) in the range 5000-6200 nSv is predicted, in
agreement with the value measured by the LUPIN.
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Fig. 17. Example of acquisition obtained with the LUPIN in Location 2 at the
CERN PS.

1600

In Location 3 the results of the LUPIN and the LINUS are
consistent within their statistical uncertainties. To evaluate the
reliability of the data, they can be compared to FLUKA Monte
Carlo simulations available for the area [24]. It is assumed that
most of the dose comes from the neutron component of the stray
field. From the simulations it can be derived that, in the position
where the instrumentation was placed, the expected ambient
dose equivalent is around (4.1 4+ 0.4)-10~° pSv/primary lost. The
same evaluations made for the Location 2 are valid for this area.
Assuming that the fraction of the beam lost around septum 16 is
1.3-1.6%, the expected ambient dose equivalent is (4.8-7.2) x 10~
11 pSv/primary. Taking into account the integrated fluence in the
PS which, from Table 3, is equal to 9.82 x 10'> protons, the
expected ambient dose equivalent is 470-700 nSv. Taking this
value as reference, both the LUPIN and the LINUS results fall
within the expected range. In this area, even if the beam losses are
characterized by a pulsed structure, both the instruments behave
well. This can be explained by the fact that the total losses were
really low (dose rate < 100 nSv/h), so that the electronics of the
detectors were not “stressed”, in the sense that they may have not
been affected by strong dead time. The average value of dose per
burst is around 0.5 nSv. In fact in this region (from Fig. 15) both
the LUPIN and the LINUS operate in their linear region, without
being affected by saturation losses.

As expected the detector readings are coherent where the
stray field is characterized by a slow time structure, i.e. in
Location 1, or where the stray field is characterized by a very
low neutron dose rate, like in Location 3. The differences are
severe when the stray field is constituted by a strongly pulsed
component, like in Location 2. In this location the Monte Carlo
simulations show that the most reliable value of the integrated
ambient dose equivalent is the one of the LUPIN, confirming that
in these extreme conditions the LUPIN has good reliability if
compared to a more conventional instrument. The underestima-
tion of the LINUS can be completely attributed to the dead time
losses that affect the electronics during the signal processing.

3.4. Measurements at the San Raffaele hospital

The measurements were carried out in January 2012 at the San
Raffaele hospital in Milan, using an electron linac employed for
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Fig. 18. Spatial distribution of H*(10) from a beam loss on septum 16. The results are given as pSv per primary proton lost [24]. The red circle indicates the area in front of
the PS access door where the measurements were performed. The H*(10) at this location predicted by the simulations is about 10~7 pSv/primary lost (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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radiotherapy. The linac was a Varian Clinac® DHX—Dual energy.
It was employed in a fixed irradiation position with the beam
directed on the treatment couch, with an irradiation field of
5 x 5 cm?. The linac was operating at an intensity of 400 monitor
units (M.U.)/min at energies of 6 and 18 MV. The general
convention for beam energy specification in photon beam therapy
is that the nominal energy refers to the maximum accelerating
potential of the electrons incident on the bremsstrahlung target,
with the average energy of the photon beam being approximately
1/3 of the maximum accelerating potential [28]. The LUPIN was
placed in the patient plane on the treatment couch at a source-to-
axis distance of 100 cm, in two different positions, at 32 and
100 cm distance from the isocentre. The measurement set-up is
shown in Fig. 19. The aim of the measurements was to test
the performance of the LUPIN in terms of reliability of the
response in fields characterized by a very intense and pulsed
photon component.

Medical accelerators use collimators made of a high-Z absor-
ber to block out portions of the radiation beam. Photons with
energies greater than approximately 7 MeV can generate
neutrons in interactions with accelerator components, structures in
the treatment room and the patient [29]. Most secondary neutrons
are generated in the high-Z components of the linac head, ie. the
bremsstrahlung target, collimators and flattening filters [30]. These
neutrons then penetrate the head shielding, scatter throughout the
treatment room, and are ultimately responsible for undue dose to the
patient. The aim of the measurements was to check the behavior of
the LUPIN in operational conditions in different stray fields. Firstly in
a stray field dominated by photons, generated by the 6 MV beam;
secondly in a field characterized by a significant component of
secondary neutrons, produced by the 18 MV beam. The response
signals obtained at 6 MV at distances of 32 and 100 cm from the
isocentre are shown in Fig. 20.

The linac emitted photon bursts at a fixed frequency of around
182 Hz. This value has been derived from a large-window acqui-
sition (10 ms). The signals shown in Fig. 20 are due to photons
leaking from the linac head and to scattered photons impinging
on the treatment couch. The signal is more than one order of
magnitude larger at 32 cm. This is consistent with the decreasing
contribution of leakage radiation with increasing distance. The
two signals are similar in shape, with the exception of a modula-
tion in the signal acquired at 32 cm. The modulation is charac-
terized by a period of 1.5pus, ie. a frequency of 667 kHz.

—

Fig. 19. Set-up of the measurements performed at the San Raffaele hospital. The
LUPIN was placed at d=32 cm and d= 100 cm. The source-to-axis distance of 100 cm
is calculated from the center of the W target located inside the treatment head.
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Fig. 20. Single-burst acquisitions obtained with the LUPIN at 32 cm and 100 cm
from the isocentre at 6 MV. The signal at 100 cm is magnified by a factor of 10.
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Fig. 21. Response signals obtained with the LUPIN at 32 cm and 100 cm from the
isocentre at 18 MV. The zoom of the first 15 ps shows the prompt gamma peak.

This modulation can derive from two effects typical of a radio-
therapy linac. Firstly, it is known that frequency noise comes from
the modulator, with a peak in the power spectral density around
500 kHz [31]. Secondly, radio frequency noise can be produced by
the motors of the multileaf collimator, with spikes measured in
the power spectral density at 700 and 900 kHz [32]. The total
integrated charge for the two signals at 32 and 100 cm is 6.8 and
0.8 pC. This means that the LUPIN detects these signals as if they
came from the interactions of 29 and 3 neutrons, respectively.

The detector response at 18 MV is shown in Fig. 21. The signals
spread over 500 us due to the thermalization and diffusion time
of the photoneutrons inside the moderator. The interaction rate is
higher in the first 50 ps and decreases afterwards, leading to the
detection of rare events due to scattered neutrons after 250 ps. A
zoom of the response on the first 15 ps shows the peak signal due
to the prompt gamma contribution. This contribution is very high
in the case of the signal acquired at the 32 cm distance from the
isocentre. The difference in the intensity of the signals is less
important than at 6 MV, because the signal is mainly due to
neutrons, which are isotropically produced in the linac head and
uniformly scattered across the room before being detected. The
total integrated charge for the 32 and 100 cm acquisitions,
excluding from the calculation the gamma contribution under
the assumption that it is mostly confined in the first 10 pus, is
equal to 145.4 pC and 110.6 pC, respectively, which correspond to
559 and 425 neutron interactions, i.e. 154 and 117 nSv. In this
range of measured H#(10) the LUPIN is underestimating. A
correction can be applied using Eq. (3) to find out the expected
dose per burst. The corrected values are 582 and 226 nSv.

To understand if these values are reasonable one has
to compare them with the data available in the literature.
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The neutron contamination in a medical electron linac is usually
expressed as the ratio between the dose due to secondary neutrons
at a given point and the therapeutic photon dose at the isocentre
(mSv/Gy). This ratio is obtained by dividing the photon dose
delivered in one minute, i.e. 4 Gy (1 M.U.=10 mGy) by the total
number of pulses produced by the linac in the same time, i.e.
10920 (182 pulses/s x 60 s). The photon dose rate at the isocentre
is thus 366 uGy/pulse. The ratio between the H*(10) due to
secondary neutrons at 32 and 100 cm and the photon dose at the
isocentre is 1.59 and 0.73 mSv/Gy, respectively.

The H:x(10) values heavily depend on the linac design, materi-
als in the head and scattering materials in the room. With the
linac operating at 18 MV, recent measurements carried out by
means of gold foil activation in Bonner spheres give at 40 cm from
the gantry isocentre an H*(10) varying between 0.52 and
1.90 mSv/Gy [28], where the lower value was measured for a
Siemens linac and the higher data for a Varian. Via the same
technique a value of H*(10) of 0.60 mSv/Gy was obtained for a
Siemens linac [33]. Measurements performed via thermolumi-
nescent LiF:Mg, Ti chips placed inside Bonner spheres at distances
between 25 and 80 cm from the isocentre gave values of H*(10)
independent of the distance and variable between 0.34 and
0.86 mSv/Gy [34]. Higher values were found via measurements
with bubble detectors around a Varian Clinac® 2100: the H*(10)
varied between 2.3 mSv/Gy at 50 and 100 cm and 10 mSv/Gy at
15 cm from the isocentre [35]. The data agree reasonably well
with the present measurements.

As expected the reading of the LUPIN is not reliable when the
linac is operating at 6 MV, as the instrument detects the strong
gamma burst and interprets it as a signal coming from neutron
interactions. Nevertheless, it is interesting to note that one can
observe in detail the burst shape, including the internal modula-
tion due to radio frequency noise. At 18 MV the LUPIN measured a
considerable amount of neutrons with a dose per burst up to
154 nSv, which, if corrected by an appropriate algorithm, repre-
sents a dose per burst up to 583 nSv, in agreement with literature
data.

4. Conclusions

The capability of efficiently measuring pulsed radiation fields
is a challenging task, especially with regard to the neutron
component. In the past decades numerous studies focused on
the development of detectors specifically conceived to work in
pulsed fields. Developments occurred in terms of enhanced
response of counters via the use of different technologies. How-
ever, a detector meeting all requirements ideally desirable in a
survey meter for PNF is still missing: the capability to withstand
very high instantaneous neutron fluxes with no saturation, the
sensitivity comparable to that of commercially available rem-
counters, the capability to measure correctly the intensity of a
single neutron burst and the capability to reject the photon
contribution. In this study we tested the performance of the
new instrument LUPIN via a number of measurements performed
under various experimental conditions.

The measurements carried out at the CERN calibration labora-
tory fixed the settings used in the other experimental conditions
in terms of MCC and calibration in ambient dose equivalent. The
first parameter is essential for the functioning principle of the
LUPIN. The second showed that its sensitivity is about a factor of
4 better than the standard sensitivity of a rem counter, thus
meeting the second requirement of an ideal survey meter for PNF.

The tests performed at the HZB showed that the LUPIN
response is linear up to an ambient dose equivalent of 16 nSv/
burst, with an underestimation of the dose of 40% at 92 nSv/burst.

The detector therefore shows the requirements of withstand high
instantaneous neutron fluxes with little saturation and of mea-
suring correctly the intensity of a single neutron burst. It was also
shown that conventional rem counters heavily underestimate the
dose equivalent under the same conditions. Via these measure-
ments a correction algorithm and its critical parameter Dy, s were
also derived.

The measurements accomplished at the CERN PS under opera-
tional radiation protection scenarios confirmed that the LUPIN
response is in the range foreseen by Monte Carlo simulations and
that the instrument correctly measures in stray fields consisting
of a strongly pulsed component. This confirms the reliability of the
detector in terms of capability to withstand very high instanta-
neous neutron fluxes.

The data acquired around an electron linac proved the reliable
behavior of the LUPIN in PNF dominated by a very intense photon
component. In fact, even with the presence of a very intense and
pulsed gamma field that accompanied the neutron bursts, the
detector was able to measure values of H*(10) in agreement with
the results reported in the literature for similar accelerators. This
confirms that the LUPIN shows the requirement of measuring a
PNF rejecting an intense photon contribution that accompanies
the neutron field.

The LUPIN proved to meet the four requirements of an ideal
survey meter for PNF. According to the results presented in this
paper, the detector could be employed in most of operational
radiation protection scenarios where PNF are present with good
efficiency and reliability. Some limitations are still present in the
capability of the detector to withstand very high instantaneous
neutron fluxes. In fact the linear behavior of the response has
been verified only up to 16 nSv/burst. Moreover, an integrated
acquisition system would be desirable, to avoid the need to set
the acquisition parameters according to the specific operating
conditions.

The limit on the response linearity could be overcome by
employing a BF; proportional counter instead of a He counter. In
fact the sensitivity of a BF; is lower than the *He and this can reduce
the space charge effect that leads to saturation for very intense and
pulsed neutron fluxes. In addition, with a good knowledge of the
detector response as a function of the dose per burst, under
controlled conditions, an algorithm could be implemented in the
instrument firmware to further reduce the problems related to the
underestimation of the H*(10). The integration of the acquisition
system can be achieved by employing a FPGA to acquire the data at a
fixed sampling rate. An implementation of a proper algorithm could
also allow the user to read from the instrument only the final value
in H*(10).
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Appendix A

The plot of the dose per burst measured by the LUPIN as a
function of the expected dose per burst (Fig. 15) shows that,
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above a given burst intensity, the instrument saturates and its
response flattens. This can be analytically expressed by fitting the
response curve with a hyperbola, which has the form:

Ax*4+Bxy+Cy? +Dx+Ey+F=0 (A1)

where x represents the expected dose per burst and y represents
the measured dose per burst, both expressed in nSv. Since there is
no quadratic dependence on the response we can put A=—0 and
C=—0. We also know that if the expected dose is 0, the detector
measures 0, then F—0. Eq. (A.1.) then becomes

Bxy+Dx+Ey=0 (A2)

The curve is linear for low values of expected dose per burst,
i.e. y=x for x~0. Under this condition the term Bxy can be
neglected and D= —E. Then

(B/E)xy —x+y=0

where the ratio (B/E) is constant. We can now introduce the
parameter Dy, Which expresses the expected dose per burst at
which the detector underestimates by a factor of 2. This para-
meter is similar to the dead time 7 in the analysis of dead time
losses in a conventional instrument: when the true interaction
rate is equal to 1/, the instrument measures a count rate of
(1/27), i.e. it underestimates by a factor of 2.

Thus if x=Dhajf, y=Dnaie/2 it is BJE=1/Dpair. The measured dose
per burst, Deas, as a function of the expected (reference) dose per
burst, D..f, both expressed in nSv, is then given by

D _ Dref
meas 1+ Dref/Dhalf

Dhair is a characteristic feature of each instrument that can be
extrapolated from the response curve.

Eq. (A.4.) is very important for the LUPIN because the instru-
ment is capable to detect the intensity of the single radiation
burst. This feature makes it possible, once the measured dose
Dieas is known, to derive D.er also under saturation conditions,
using the inverse expression. This expression cannot be applied
with instruments unable to detect the single burst. Nevertheless,
if the time structure of the radiation field is known in term of
repetition rate and if the burst intensity can be considered
constant, one can apply it to derive the burst intensity and
compensate for the dead time losses.

Since the LUPIN measures the individual bursts, Eq. (A.4.) can
be embedded into the instrument firmware, without the need of
any “a priori” information. Nonetheless, it must be considered
that Dy,ir was experimentally assessed with radiation bursts with
duration of 1 ps and 10 ps. For longer bursts one can speculate
that, if the burst duration is shorter than the neutron thermaliza-
tion and drift time (about 500 ps), the expression maintains its
validity. However, further investigations will be conducted before
the algorithm is finally implemented in the instrument firmware.

(A3)

(A4)
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