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Purpose: A rhodium self-powered neutron detector (Rh SPND) has been specifically developed by
the Comisién Nacional de Energia Atémica (CNEA) of Argentina to measure locally and in real
time thermal neutron fluxes in patients treated with boron neutron capture therapy (BNCT). In this
work, the thermal and epithermal neutron response of the Rh SPND was evaluated by studying the
detector response to two different reactor spectra. In addition, during clinical trials of the BNCT
Project of the CNEA, on-line neutron flux measurements using the specially designed detector were
assessed.

Methods: The first calibration of the detector was done with the well-thermalized neutron spec-
trum of the CNEA RA-3 reactor thermal column. For this purpose, the reactor spectrum was
approximated by a Maxwell-Boltzmann distribution in the thermal energy range. The second cali-
bration was done at different positions along the central axis of a water-filled cylindrical phantom,
placed in the mixed thermal-epithermal neutron beam of CNEA RA-6 reactor. In this latter case,
the RA-6 neutron spectrum had been well characterized by both calculation and measurement,
and it presented some marked differences with the ideal spectrum considered for SPND calibra-
tions at RA-3. In addition, the RA-6 neutron spectrum varied with depth in the water phantom
and thus the percentage of the epithermal contribution to the total neutron flux changed at each
measurement location. Local (one point-position) and global (several points-positions) and ther-
mal and mixed-field thermal neutron sensitivities were determined from these measurements.
Thermal neutron flux was also measured during BNCT clinical trials within the irradiation fields
incident on the patients. In order to achieve this, the detector was placed on patient’s skin at dosi-
metric reference points for each one of the fields. System stability was adequate for this kind of
measurement.

Results: Local mixed-field thermal neutron sensitivities and global thermal and mixed-field ther-
mal neutron sensitivities derived from measurements performed at the RA-6 were compared and
no significant differences were found. Global RA-6-based thermal neutron sensitivity showed
agreement with pure thermal neutron sensitivity measurements performed in the RA-3 spectrum.
Additionally, the detector response proved nearly unchanged by differences in neutron spectra
from real (RA-6 BNCT beam) and ideal (considered for calibration calculations at RA-3) neutron
source descriptions. The results confirm that the special design of the Rh SPND can be considered
as having a pure thermal response for neutron spectra with epithermal-to-thermal flux ratios up to
12%. In addition, the linear response of the detector to thermal flux allows the use of a mixed-
field thermal neutron sensitivity of 1.95 + 0.05 x 10 2" A n~'-cm?-s. This sensitivity can be used
in spectra with up to 21% epithermal-to-thermal flux ratio without significant error due to epither-
mal neutron and gamma induced effects. The values of the measured fluxes in clinical applica-
tions had discrepancies with calculated results that were in the range of —25% to +30%, which
shows the importance of a local on-line independent measurement as part of a treatment planning
quality control system.

Conclusions: The usefulness of the CNEA Rh SPND for the on-line local measurement of thermal
neutron flux on BNCT patients has been demonstrated based on an appropriate neutron
spectra calibration and clinical applications. © 2011 American Association of Physicists in Medicine.
[DOI: 10.1118/1.3660204]
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I. INTRODUCTION

Boron neutron capture therapy (BNCT) consists of the action
of heavy ions produced by neutron capture in '°B nuclei that
have been selectively localized in tumor cells via a suitable
boron-labeled delivery agent. The 1B neutron capture cross
section is 3838 barns at 2200 m/s (Ref. 1) and decreases rap-
idly for higher neutron energies. (Throughout this work, neu-
tron spectra will be classified according to neutron energies
as follows: thermal neutrons, for energies up to 0.4 eV, epi-
thermal neutrons, for energies ranging from 0.4 eV to 10
keV, and fast neutrons, for energies greater than 10 keV.)
The thermal neutron flux and boron biodistribution in the
irradiation volume are very important factors concerning the
dose delivered to patients in BNCT. Thus their accurate
assessment during the irradiation is essential for the quality
assurance of the treatment.

In a typical clinical trial, a treatment plan is developed
before irradiation to determine the optimum attainable irradia-
tion conditions. A complex computational system, called treat-
ment planning system (TPS), is used for that purpose. TPS
takes into account patient anatomy, patient positioning, char-
acteristics of the nuclear reactor beam supplying the neutrons,
and '°B concentrations. TPS offers an estimation of the dose
distribution in the patient as a result. This dose distribution
consists of a mixture of different components that result from
neutron capture, neutron scattering, and incident gamma rays
that are present to some extent in any practical neutron beam.

Before and during the treatment procedure, attempts are
made to meet plan conditions primarily through three actions:
testing of blood boron concentration, reproduction of geome-
try, and monitoring of the beam. The former takes place after
infusion of the boron compound and continues until blood
1B concentration is acceptable to begin irradiation. Usually,
blood sampling also takes place after irradiation for retro-
spective analysis. The second action is ordinarily completed
during patient positioning just before irradiation with the aid
of laser positioning devices and other tools. Once the irradia-
tion begins, positioning can only be followed by a video cam-
era. In order to more efficiently perform the positioning for
the actual irradiation, a simulation is usually carried out at
planning time in a simulation room. The third action is gener-
ally accomplished through the use of beam monitors (e.g., fis-
sion chambers) located as closely as possible to the
irradiation port. Their goal is to obtain on-line measurements
of the neutron source in order to confirm or correct assumed
planning conditions. If measured fluxes are different from
fluxes assumed for planning, corrections can be made, e.g., in
reactor power and/or in treatment irradiation time. However,
fluxes obtained from beam monitors are still not fluxes in the
actual patient treatment volume delineated in the treatment
planning process. Therefore, the fact that fluxes at the beam
monitor location may be equal to those from planning does
not imply the same for fluxes within the patient.

I.LA. Local flux real-time detection

The primary accepted method for the detailed, high-
resolution determination of local neutron fluxes is based on
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the so-called activation technique. However, since this
method does not produce real-time results for the measure-
ment of the neutron flux, it is primarily used for retrospective
analyses. On the other hand, silicon diodes, planar silicon p-
i-n diodes, and MOSFETs can be found among real-time
methods for flux measurement in BNCT.?>™® For in-patient
measurements, a real-time thermal neutron flux monitor
based on boron or lithium-loaded plastic scintillator coupled
to an optical fiber for locally monitoring fluxes during
BNCT irradiations was used in Japan.”®

In the present work, a novel method for local flux real-
time detection is presented that was specifically developed
for NCT applications. It is based on the use of a self-powered
neutron detector (SPND) with a particular design that can be
placed over the skin or, alternatively, can be implanted under
the skin of patients due to its small external dimensions.”'”
As compared to detectors based on plastic scintillators, an
SPND-based measurement system is not ordinarily subject
to signal saturation problems for high neutron capture rates,
using rhodium as the sensitive SPND material features a
lower burn-up rate than boron- or lithium-based systems and
rhodium SPNDs offer a gamma sensitivity low enough to
allow neglecting the incident gamma contribution present in
typical BNCT irradiation fields. The detector of interest here
is a cylindrical 3-part assembly that includes a cylindrical
inner emitter made of 103Rh, an acrylic insulator tube, and
an outer collector sheath made of Zircaloy-4. This SPND
also has a BNC-connector-ended low-noise coaxial cable as
transmission media that connects it to the measurement elec-
tronics. The cable type is low-triboelectric-noise RG 174/U,
which is commonly used for nuclear instrumentation.'® The
special design of the cable reduces significantly the tribo-
electric effect (spurious currents due to cable movements).
Compared with optical fiber, this cable presents a much
greater flexibility that allows an easier handling and detector
positioning. However, another factor to consider is that radi-
ation delivered to a part of the cable can also induce a cur-
rent. The potential magnitude of this current must be
evaluated in order to assure this does not interfere unaccept-
ably with the actual measurement.

In this type of devices, the '“Rh central emitter captures
neutrons, yielding '®*Rh with subsequent beta decay via two
channels having half lives of 43 s (92.4%) and 4.4 min
(7.8%). The emitted beta particles have enough energy to
reach the external sheath after passing through the acrylic
isolation, thus creating a potential difference across the de-
vice. If an electrometer is connected between central rho-
dium electrode and the external sheath, this potential
difference produces a continuous current that is proportional
to the neutron flux. These detectors also have a gamma
response due to photoelectric and Compton effects that can
also produce free electrons with enough energy to pass from
the emitter to the external sheath or vice versa. Both types of
interaction can also be present in the detector cable but, in
that case, the response to neutron and gamma radiation is
much lower than the detector response to neutrons.

The probability per unit time of '®*Rh capturing a neutron
with energy between E and E +dE is proportional to the
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Fic. 1. 'Rh and SPND radiative capture cross section as a function of
energy (Ref. 11).

product ®(E) o(E), where O(E) and o(E) are the energy-
dependent neutron flux and capture cross section, respec-
tively. As can be determined from Fig. 1, '®>Rh has a thermal
neutron capture cross section of 147 barns at 0.0253 eV, with
a general decreasing behavior with neutron energy, but with
an important resonance peak in the epithermal energy range
around 1 eV."" It is important to note that below 0.4 eV '*Rh
thermal neutron capture cross section is of the type //v as
well as the one for '°B. Fic. 1 also illustrates the SPND radia-
tive capture cross section that was estimated specifically for
the detector presented in this work by means of MCNP (Ref.
12) neutron transport simulations. This is the effective capture
cross section in the detector body, which includes the rho-
dium self-shielding effect. Corresponding to this effect, the
figure shows a large reduction of the highest values of the
cross section, which implies a reduction of the importance of
the resonances in the detector response. Due to the patterns of
these cross sections, rthodium Rh SPNDs show a very good
response to thermal neutrons but they still also present some
response to epithermal neutrons that has not been evaluated
yet for our particular design. One of the objectives of this
work is to characterize the thermal and epithermal response
of the Rh SPND in order to evaluate its suitability as an
instrument to perform thermal flux measurements in real
NCT beams, and particularly, in the clinical trials that employ
the RA-6 reactor NCT beam.

1.B. Measurements in clinical trials

The SPND based novel detection method was developed
by the Comisién Nacional de Energia Atomica of Argentina
(CNEA) in the frame of the argentine BNCT Project. In
2003, the Administracion Nacional de Medicamentos, Ali-
mentos y Tecnologia (ANMAT), and the Autoridad Regula-
toria Nuclear (ARN) approved the BNCT Project Phase I/I1
clinical trial (ANMAT 3976-2003 and ARN 21190-2003,
respectively). The protocol was designed to evaluate the effi-
cacy and toxicity of BNCT for skin melanomas in extrem-
ities. It involves single administrations of BPA-fructose
boron compound followed by single fraction neutron beam
irradiations. These irradiations are performed at the BNCT
facility available at the RA-6 reactor located at the Centro
Atémico Bariloche (CAB), CNEA."?
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As part of Phase I/II melanoma BNCT clinical trial con-
ducted in Argentina seven patients to date have received
eight treatment sessions covering ten anatomical areas
located in extremities. All patients presented multiple subcu-
taneous skin metastases of melanoma on their right or left
leg. 1415

The performance of the novel detection method presented
in this article under actual BNCT irradiation conditions was
evaluated during the treatments of patients 3, 4, 5, and 6.
The purpose of this evaluation was to demonstrate the feasi-
bility of in situ monitoring of the irradiation field, with spe-
cial emphasis on evaluating the stability and accuracy of the
measurement system.

The treated patients had nodular melanoma progression in
different regions of their legs.'* Patients’ nodules in the tar-
get area were labeled and delineated on the CT scans per-
formed prior to the irradiation for evaluation purposes. The
detector was positioned according to treatment planning and
the measurement results were compared to the estimated val-
ues from the treatment planning calculations.

Il. MATERIALS AND METHODS
Il.LA. Measurement system

The measurement system used for evaluating thermal and
epithermal response of the SPND design of interest and for
measurements during the clinical trials was composed of the
Rh SPND itself (serial number CNEA Rh-10), low current
electrometers, and a PC.

The particular design of the SPND used in this work had
an emitter of 10 mm length and 1 mm diameter, a design
that balances different detector characteristics such as sensi-
tivity, size, flux depression, and electron self-shielding. The
overall detector size was 1.9 mm diameter and 15 mm
length.

According to the simplest response form of an SPND,”'
the expected CNEA Rh-10 sensitivity would be expected to
range from 102" to 10°2° A-n~".cm?®-s. Typical BNCT ther-
mal neutron fluxes range from 10® to 10'° n-cm~2-s~'. Con-
sequently, currents for this type of detection range from
107 B w0 10710 A, Therefore, Keithley electrometers, models
6517A and 6514, both with a resolution of 0.1 fA were used
to obtain high quality readings. Readings from the electro-
meters were always displayed and recorded in real time in a
PC.

The stability of the entire SPND measurement system
was characterized by a reading standard deviation of 1 fA
for a series of measurements over a time period of more than
10 h under no radiation fields.

The measurement of SPND current began some minutes
before the start of irradiation and ended some minutes after
the end. The recorded currents during irradiation, i,, were
used to obtain a time-average current, /,. Readings before
and after each irradiation field, iy, were time-averaged to
determine the system offset current, I, (current without irra-
diation). The average current generated by the applied radia-
tion field, /,,, is calculated as [, =1, — I,.
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II.B. Part A: Detector sensitivity characterization
Il.B.1. Definitions

The measured current (/,,) of the rhodium-based SPND
irradiated in a mixed neutron and gamma radiation field can
be expressed as

Ly = Iip + Lopi + 1y, (1)

where each term represents the contributions to the total cur-
rent due to the interaction of the detector with the thermal
neutron flux (/y,), the epithermal neutron flux (/.y;), and the
interaction of the detector and cable with gamma flux
Ty y0)- Since the rhodium capture cross section is low and
rapidly decreasing for neutron energies greater than 10 keV
(Fig. 1), the interaction of the detector with fast neutrons can
be considered negligible in a thermal irradiation.

The detector sensitivity for thermal (Sy,) and epithermal
(Sepi) contributions can be defined as

Si—g, @
where ® denotes neutron flux (in n-cm ) for component
i. Combining Egs. (1) and (2), the thermal neutron sensitivity
can be expressed as
Ly = Lepi = 1y, . 3)

@y,

According to this equation, the determination of the SPND
thermal neutron sensitivity requires quantification of not
only the partial and total currents but also the thermal neu-
tron flux at the calibration position.

The detector and cable gamma sensitivity per irradiated
centimeter is defined as

I‘/
Sy = #> )
o <I”'(11+(»)D7

where D is the gamma dose rate (in mGy-h™") and by 18
the length of detector and cable (in cm) under a non-
negligible gamma field. This sensitivity was determined by
irradiating the detector and a well known cable length in a

: 3
pure gamma field, using ®°Co and '*’Cs gamma sources.

-2 —1
‘S

Sth -

1l.B.2. SPND calibration

It is clear from previous considerations that the relative
contributions of /y, and /g, to the measured total current
depend on the neutron spectrum characteristics. In order to
evaluate Sy, and Sep; of the SPND under different spectra,
two detector calibrations were performed. The first one was
done inside the thermal column of the RA-3 reactor'’ and
the second one was carried out at different positions along
the central axis of a water-filled cylindrical phantom, placed
with one end adjacent to the irradiation port of the original
RA-6 BNCT beam."? Different irradiation configurations
were used in both facilities. Within the RA-3 thermal col-
umn, the SPND is surrounded by a nearly uniform neutron
field, and more than a meter of cable is exposed to consider-
able radiation levels. In RA-6 BNCT facility, a beam-like
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irradiation with just a few centimeters of exposed cable was
the available setup.

II.B.2.a. Calibration at RA-3 thermal column. In order
to evaluate spectrum characteristics close to the calibration
positions, bare and cadmium-covered gold activation foils
were irradiated inside the thermal column. The cadmium ra-
tio obtained from these measurements was 4100,'® which
demonstrates that selected calibration positions present a
well-thermalized neutron spectrum. Assuming thus that the
epithermal contribution to the total current can be considered
negligible for these calibration positions, Eq. (3) can be sim-
plified to

I — 1“/((1+4) . 5)

@y,

A detailed measured gamma profile along the small tube
where detectors and cables pass through to the irradiation
position was not practically obtainable. Therefore, a second
detector with very similar geometry and materials to those
for CNEA Rh-10 but with an emitter made of Zry-4 (Zirca-
loy-4, a Zr based alloy) was used to evaluate [, ? Since
Zry-4 neutron capture cross section is very low, the response
of this detector to neutrons can be considered negligible.
Thus, the measured total current with Zry-4 detector is basi-
cally due to the interaction of the detector and irradiated
cable with the gamma flux (i.e., I2~* ~ 1Zy 4) Addition-
ally, since zirconium and rhodium atomic numbers are simi-
lar (Z=40 and Z =45, respectively), the gamma sensitivity
of both detectors can be considered approximately equal,
1274 =1, . An estimation of the current I, is thus
obtalned by placmg the Zry-4 detector and cable parallel to
the Rh SPND. Considering this estimation, Eq. (5) can be
rewritten as

Sth =

I, — 24
Sy = ——"1— (6)
" (I)th

The calibration procedure involved several measurements in
the graphite thermal column with a reactor power of 5 MW.
In each column location, both Rh and Zry-4 detectors were
installed with their active zones at the same distance from
the reactor core. Currents were measured simultaneously
with two Keithley electrometers (models 6514 and 6517A)
connected to a PC. Mean measured currents and their disper-
sions were obtained from these data.

In order to estimate the thermal flux during irradiation,
neutron activation foils and wires were simultaneously irra-
diated at the same distance from the reactor core as the
detectors but separated laterally from them by a distance of
2 cm. Two types of activation foils were employed, namely
bare Cobalt (59Co), 3 mm in diameter and 0.125 mm thick,
and bare Gold (197Au), 3 mm in diameter and 0.02 mm thick.
Activation wires used for flux measurements were approxi-
mately 10 mm in length and 1 mm in diameter and were
composed of Copper alloyed with 1.55% Gold by weight.
Gammas from the activated foils and wires were measured
using a high-purity germanium detector (HPGe) previously
calibrated using a commercial Europium ("3%Eu) source of
certified activity. (Certificate of calibration No. 76044 A-440,
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Eckert & Ziegler Analytics, Inc., October 30, 2007. Ana-
lytics maintain traceability to National Institute of Standards
and Technology.) The Westcott formalism was used to
obtain thermal flux values from the measured activities.'
For this, the neutron spectrum at the irradiation location was
assumed to have a pure Maxwell-Boltzmann distribution,
thermalized to the actual material temperature (38°C by
direct measurements).

Sensitivities for each material were determined and the
average of the three values was eventually taken as the final
calibration factor for the SPND.

A second detector, of the same type described above, was
characterized by irradiation in the RA-3 thermal column
using the first detector as a reference.

II.B.2.b. Calibration at RA-6 BNCT facility. The RA-6
neutron spectrum in air has been well characterized prior to
the SPND calibration irradiations described here. (The char-
acterization of the SPND was performed before the upgrade
of the RA-6 reactor in 2008.) The thermal region of the spec-
trum differed from the ideal Maxwell-Boltzmann spectrum
assumed for RA-3 thermal column.'® In addition, the RA-6
beam contains a mixture of thermal and epithermal neutrons.
Historical measurements using bare and cadmium-covered
gold foils yielded epithermal-to-thermal neutron flux ratios
at the detector calibration locations of up to 25%. Thus, the
epithermal contribution to the detector response is not a pri-
ori negligible for this beam.

According to these considerations, the methodology fol-
lowed to obtain thermal neutron sensitivity and an estimation
of the epithermal neutron sensitivity was different from that
used in RA-3. In this case, Rh SPND measurements were
performed in six different positions inside a dry acrylic tube
of 10 mm internal diameter, along the central axis of a
water-filled cylindrical acrylic phantom aligned axially with
the neutron beam. The detector position was coaxial to the
phantom and the beam and the center of the SPND sensitive
zone was located at distances of 9, 12, 22, 32, 52, and 82
mm from the upstream surface of the phantom. The acrylic
phantom, 17.3 cm in diameter and 20.5 cm long, was placed
with its axis coincident to the central axis of the RA-6 neu-
tron beam and adjacent to the 15 cm diameter irradiation
port. The total current was acquired for each irradiation posi-
tion (n) and, from these, time-averaged measured currents
and their dispersions were obtained.

Substituting Eq. (2) into Eq. (1), the measured total cur-
rent at each detector axial location inside the phantom (/})
can be expressed as

1::, = Sth(D:'h + Sepi(I)’

i H L )

¢)
In contrast to the RA-3-based calibration procedure, I " in
Eq. (6) were calculated rather than measured direct(ly. In
order to perform these calculations, the total cable length
inside the phantom (the cable outside the phantom was con-
sidered to be in a negligible gamma field), the previously
obtained gamma sensitivity per irradiated centimeter of
both detector and cable, and the total gamma dose rate
profile along the phantom were considered. Gamma (and
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fast neutron) dose profiles were measured using the paired
ionization chamber (IC) method. Selected ICs were minia-
ture Far West Tech. model IC-18 (A-150 TE plastic, 0.1 cm?
gas cavity, flushed with methane-based TE gas) and model
IC-18G (graphite, 0.1 cm® gas cavity, flushed with high pu-
rity carbon dioxide). The IC-18G was used as the detector
with low neutron sensitivity.

A set of bare activation wires of copper alloyed with
1.55% gold by weight (1 mm diameter and approximately 10
mm length) was irradiated without the Rh SPND present to
obtain thermal and epithermal flux profiles along the central
axis of the phantom. The neutron absorption in “*Cu and
7 Au provides two activation responses that were used to
determine, through the two-material method, the thermal and
epithermal neutron flux contribution at each wire location.
For each wire and irradiation position, the gamma self-
absorption and neutron self-shielding factors together with
an average thermal neutron capture cross section were eval-
uated through MCNP calculations. Finally, at each detector
calibration position, thermal and epithermal fluxes in Eq. (7)
were obtained by interpolation.

All measured total currents and estimated thermal and epi-
thermal fluxes during this calibration were normalized to a
fixed BNCT irradiation port beam monitor value of 320 mV.

An over-determined system of six linear equations, Eq.
(7), with two unknowns (Sy, and S.,;) was obtained by com-
bining all the data and solved by standard least-squares fit-
ting methods. These sensitivities will be referred as global.

Additionally, for each irradiation position n, a raw ther-
mal neutron sensitivity, named local mixed-field thermal
neutron sensitivity, was obtained as

I}’l
Sp = ®)
(I)Ih

The global mixed-field thermal neutron sensitivity, Sy;x, was
obtained by fitting @}, S, =1}, to the six measurement
points (six equations with one unknown, S,,,;x) using standard
least-squares fitting methods. This sensitivity is intended to
be used for the thermal flux measurement during the BNCT
treatments since it simplifies the process through the single
measurement of the total current. The range of validity of
the calculated S,,;x is given by the epithermal-to-thermal
neutron flux ratio range from the measurements.

II.C. Part B: Clinical trial measurements

Il.C.1. Treatment planning and detector position
selection

The locations of the SPND were selected to be consistent
with reference positions, or marker points, set for treatment
planning. They were selected in an effort to obtain fluxes as
high as possible in accessible positions over the patient.
Thermal neutron flux assessment was the main goal of the
task. The estimation of the values of the radiation fields in
these points was calculated by means of a TPS, in this case,
NCTPlan.*?!

NCTPlan creates a voxelized patient anatomical model
as input for MCNP (Ref. 12) calculations specific to the
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position of the patient relative to the reactor irradiation port
(with a 15 cm diameter beam aperture), the beam character-
istics, the tissues involved in the irradiation volume, and the
9B concentration. In typical BNCT planning, the results
show the expected dose distribution within the patient. How-
ever, for this case, additional output was required and few
changes in the process were made in order to obtain neutron
fluxes as result. When these values were calculated, the
points for SPND localization could be chosen.

Several patients were irradiated at RA-6 with the SPND
placed according to guidance from the treatment plan results
specific to each patient as noted above. Patient 3 (L.G.) was
exposed to a 3-site irradiation, one field each site. One of the
fields was in her calf (C1), another slightly above her heel
(C2), and the other in her foot sole (C3). All of them were in
the right leg. Patients 4, 5, and 6 (named M.T.M., M.C.G.,
and A.E.S., respectively) were exposed to single field irradi-
ation in their leg, heel, and thigh, respectively.'*'” It should
be noted that only a few centimeters of detector-cable were
under considerable gamma exposition during the treatment.
This was achieved by careful alignment of the detector and
cable to minimize the amount of exposed cable. Figure 2
shows an example of the positioning of the detector during
treatment simulations and irradiations.

Considering SPND positioning, some dependence of the
detector sensitivity on the angle between detector axis and
beam direction might be expected. In order to evaluate the
difference between the experimentally determined sensitivity
and the sensitivity associated to the actual detector position
in each treated patient, MCNP5-based simulations were per-
formed. When the above mentioned angle lies between 45°
and 90°, the difference is at most of 10%. It should be noted
that this range of angles includes the most likely cases
regarding the actual possibility of locating the sensor over
the patients, as it happens in the presented clinical cases
(Fig. 2).

The CNEA Rh-10 signal, a signal from the beam monitor,
and the patient positioning were recorded during each irradi-
ation. In the case that the latter two parameters are stable,
the former should also be stable under normal operating
conditions.

Il.C.2. Comparison parameters

In order to make a comparison between expected values
from the treatment planning and measured values, the fol-
lowing quantities were evaluated:

In
= S, (C))
N VBN NG
A"y = 1001~ (10)
(Dth

where @) and @, are the measured and calculated thermal
neutron fluxes, and A”®y, is the percent relative difference
between measured and estimated fluxes. Because the CNEA
Rh-10 SPND exhibits the usual time delay in its response,
signal steady state was assumed to have occurred 15 min af-
ter any change in reactor power.
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FiG. 2. Photograph of the detector positioning for irradiations: (1) patient 3,
C1; (2) patient 3, C2; (3) patient 3, C3; (4) patient 4; (5) patient 5; and (6)
patient 6. (a) Beam’s eye view in the simulation room (the surface with grid-
lines is that of the irradiation port; RP: reference point for locating the
SPND); (b) irradiation set-up at RA-6 reactor; (¢) SPND location on the
patient skin during irradiation.

lll. RESULTS
lllLA. Part A: Detector sensitivity characterization

This section presents the results of the Rh SPND neu-
tronic and gamma calibration experiments.



6508 Miller et al.: Rhodium self-powered neutron detector in BNCT treatments 6508

TaBLE I. Results of the Rh SPND calibration experiment at the RA-3 thermal column: measured total currents with rhodium (/,,) and Zry-4 detectors (Ii'y’4),
estimated thermal neutron fluxes (®;,) and thermal neutron sensitivity (S,,) for each activation material, and the resulting Rh SPND thermal neutron sensitivity

averaged
Sy )

Irradiation I, (pA) I~ (pA) Activation material @y (10° n-em 257 ") Sy (1072" An~"em?s) S;‘,:mgw (107" An~.cm>s)
1 13.30 £0.13 1.11 £0.03 Co foil 6.6 0.2 1.85 £0.06 1.90 £0.08

2 12.1£0.3 0.70 £0.03 Co foil 5.87 £0.07 1.94 £0.06

1 13.30 £0.13 1.11 £0.03 Cu/Au wire 6.8+0.3 1.79 £0.08 1.79 £0.09

3 11.75 £0.06 0.66 = 0.01 Cu/Au wire 6.2*+0.1 1.79 £0.03

1 13.30 £0.13 1.11 =0.03 Au foil 6.8+0.2 1.79 £0.06 1.79 £ 0.06

Mean thermal neutron sensitivity 1.83 £0.10

The obtained gamma sensitivity per irradiated centimeter
of both detector and cable, S was 2.2+05x 107"
A-mGy "h-cm™ .

Concerning neutron response, Table I shows the steady
state measured total currents with rhodium and Zry-4 detec-
tors for each irradiation at RA-3, the estimated thermal neu-
tron fluxes for each activation material, and the resulting Rh
SPND thermal neutron sensitivity. Statistical uncertainties in
1,, and I2Y~* correspond to one standard deviation of the cur-
rent values during the irradiation time, after saturation was
reached, and include reactor power variations. Using the val-
ues from Table I, a mixed-field thermal neutron sensitivity
was calculated (without subtracting gamma induced cur-
rents), yielding a value of 1.97 = 0.06 x 102" A-n~'.cm?s.

Table II lists Rh SPND measured total currents, estimated
currents due to gamma field, and corresponding thermal and
epithermal neutron flux values for each SPND axial location
inside the cylindrical phantom irradiated in the RA-6 beam.
The solution of the system of Eqs. (7), which determines the
global thermal and epithermal neutron sensitivities, as well
as the global mixed-field thermal neutron sensitivity are
summarized in the same table. Table II also shows the local
mixed-field thermal neutron sensitivities for each irradiation
position. Recall that these sensitivities are obtained using the
total measured current of the Rh SPND without subtracting
gamma and epithermal contributions.

Figure 3 shows the response of the detector in terms of
the measured current as a function of the thermal flux. This
response was obtained from the in-phantom measurements at
the RA-6 BNCT facility, where increasing thermal fluxes
represent decreasing thermal-to-total flux ratios (also in
Fig. 3).

V(d+e)?

The second detector calibrated using the first one as refer-
ence was found to be approximately 4% less sensitive,
exhibiting a value of S.;x equal to 1.88 %= 0.05 x 10721
An 'cm?s.

lll.B. Part B: Clinical trial measurements

The values of thermal and epithermal neutron flux (®y,)
were obtained for reference points associated with the geo-
metries of the different treatments using NCTPlan and
SPHERE.'>?** These fluxes and the expected theoretical
(I. = Smix®m) and measured currents (/,,) are detailed in
Table III. Quoted uncertainties for these values include a
conservative estimate of the uncertainty due to the voxeliza-
tion performed by the dosimetry system (NCTPlan and
SPHERE). For this case, Spi, was 1.88+0.05x 107!
A-n~'-cm®s since the second detector was used for these
measurements. This table also shows the percentage differ-
ence (A%®y,) between the calculated fluxes from the plan-
ning and the SPND based measurements.

Figure 4 shows the readings of the Rh SPND, i,, and the
estimated currents, /.., for the irradiations of patients 3 to 6.
The beam monitor during the irradiations of patient 3 is also
presented in the figure.

IV. DISCUSSION
IV.A. Rh SPND characterization

The results reported in Table II show that the value of
1.95+0.05x107?" A-n"'-cm®s obtained for the mixed-
field thermal neutron sensitivity appropriately matches
the local mixed-field thermal neutron sensitivities and is

TasLe II. Results of the Rh SPND phantom measurements at the RA-6 BNCT facility: experimental currents (/,, and ;) and fluxes (®y, and @), local

n

mixed-field thermal neutron sensitivity (S,

); and global thermal (S,), epithermal (S,,;), and mixed-field thermal neutron sensitivities (Sy;x). (Goodness of fit:

R*=0.9998 and RMSE =9 fA for Sy, and Sepi» and R*=0.9997 and RMSE = 13 fA for Spyix.)

Depth (MM) 1, (pA) I,.., (PA) Oy (10°nem >s7") Dy (10%nem 257 Dy /Dy (%) Sh, (1077 Anlem®s)
9 1.925 = 0.005 0.020 = 0.003 9.82 +0.34 2.07 +0.25 21+3 1.96 + 0.07

12 1.853 = 0.005 0.019 = 0.003 9.47 + 0.54 1.72+0.26 18+3 1.96 +0.11

22 1.484 = 0.004 0.016 = 0.002 7.55 £ 0.42 0.978 = 0.132 13+1 1.97 +0.11

32 1.112 = 0.003 0.014 = 0.002 5.82+0.33 0.445 * 0.073 8=1 1.91+0.11

52 0.578 = 0.003 0.010 = 0.002 2.99 + (.37 0.122 + 0.024 4+1 1.93 £ 0.24

82 0.194 * 0.003 0.006 = 0.001 1.00 £ 0.14 0.0371 = 0.0066 4+1 1.94+0.27
Sensitivity (107" An~"-cm®s) S;n=1.89*0.13 Sepi=03*0.8 Smix = 1.95 £ 0.05
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Fic. 3. Rh SPND response to in-phantom irradiations at RA-6 BNCT
facility. The thermal-to-total flux ratio is also presented.

statistically similar to the pure thermal neutron sensitivities of
1.83+0.10 x 102" A-n'cm?s (Table 1) and 1.89 = 0.13
% 1072" A-n~'.cm?s obtained from irradiations at RA-3 and
RA-6, respectively. The global thermal RA-6 based sensitiv-
ity is also in agreement with the pure thermal neutron sensitiv-
ity obtained with the RA-3 spectrum. This is an important
result because it demonstrates that the thermal neutron sensi-
tivity obtained in a highly thermalized spectrum (described by
an ideal Maxwell-Boltzmann distribution and with a negligi-
ble epithermal component) can be used in mixed-spectrum
BNCT neutron beams such as the one at RA-6 (i.e., spectra
not strictly Maxwell-Boltzmann distributed in the thermal
zone and epithermal-to-thermal ratio up to 21%).

The epithermal neutron sensitivity appears in Table II
with a value of 0.3 +0.8-x 1072 A-nfl-cmz-s, with an
uncertainty larger than the absolute value. The potential neg-
ative values do not have a physical meaning and are statisti-
cal artifacts. On the other hand, the positive range reaches
values that are not negligible compared to the pure thermal
and mixed-field thermal neutron sensitivities. However, the
epithermal neutron sensitivity is still lower than the thermal
neutron sensitivity despite the high epithermal resonance
peaks that occur in Rh. S is about 16% of Sy, and even if
the quoted uncertainty is added to Sp;, the sum is still only
about 60% of Sy,. When @, / @, is less than 12% (less than
22 mm depth in the utilized experimental arrangement), the
range of epithermal flux induced currents falls inside the one
standard error band (7%) of the thermal neutron flux induced
current and, consequently, the epithermal neutron effect is of
limited significance (Table II). The relatively low epithermal
response can be explained in terms of the self-shielding that
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produces flux depression in the resonance energy range and,
consequently, a reduced effective detector cross section
(Fig. 1). In addition to the flattening of the cross section, the
shape of the beam spectrum is another important factor. The
thermal neutrons are basically distributed in a 0.4 eV range
where rhodium has high cross sections while the epithermal
neutrons are spread over a range of 10 keV where the rho-
dium cross section alternates between a relatively low back-
ground capture cross section and some resonance peaks.

In terms of the practical use of the CNEA Rh-10 SPND, it
is important to be able to assess the thermal flux without a
priori detailed knowledge of the gamma and epithermal neu-
tron fields. Accordingly, the mixed-field thermal neutron
sensitivity would be the appropriate value to be used for the
detector sensitivity since it includes the gamma and epither-
mal neutron influence within the spectral range for which it
has been calibrated.

Figure 3 shows, for irradiation at RA-6 facility, the linear-
ity between 7, and the thermal flux despite the changes of
spectral composition over the calibration range and the
gamma contamination that is known to be present. This can
be explained by rearranging Eqgs. (7) and (8) to obtain

(I)e i 1, d+c
Smix = Sth +Sepi (DIZ +:<)+th)’ (11)
with
(Depi/q)th = (Depi/q)th *A (q)epi/q)th) (12)
and
L [ @i =Ly [ @u=A (L, /@), (13)

where one assumes the ratios as a range-mean value plus a
variation (A) from that value. Considering our measurements
(Table II), the ranges of ®@,,; /D, and Lo /®y are 4%-21%
and 2x107% to 6x10°% An 'cm?s, respectively.
Therefore, ®ey/®p is 12% and I, /Oy is 4x 1072
A-n~'em”s. The maximum A(®D,p;/Dy) and A(Iy(dm/(l),h)
would be 9%—Sepi A(Depi/ D) <1077 An~'-em*s—and
2% 1072 A-n~'-cm?s, which would have little impact on
Smix- According to the above mentioned values and consider-
ing Sy, and S, as in Table 11, it can be observed that

Smic ~ St + SepPepi [V + 1., [V (14)

TaBLE III. Results of the Rh SPND based measurements during clinical trials: the expected theoretical (/) and measured currents (/,,), thermal neutron fluxes

-

(@7, and @7}), calculated epithermal neutron flux (g,

th
age beam monitor units during the treatment.

), and flux percentage differences (A%®y,) obtained for the reference points. MU column shows the aver-

Patient MU (mV) 1. (pA) I, (pA) @, (10°n-cm s @f, (10°n-cm 2571 @, / @, (%) @ (10°nem s A%y, (%)
3—Cl 300 0.94=0.16 1.22+0.01 5.00 = 0.85 117 £0.15 23+5 6.51 0.19 30
3—C2 306 1.15+0.20 1.40 + 0.01 6.10 + 1.04 1.49+0.19 24+5 7.45+0.21 22
3—C3 306 0.058 = 0.005  0.062 = 0.020 0.31=0.02 0.077 = 0.003 25+5 0.331+0.014 7

4 306 0.76 =0.02  0.708 = 0.012 3.90 = 0.04 0.91 +0.01 23.3+0.3 3.62+0.12 -7

5 300 1.00£0.03  0.746 = 0.007 5.11+0.05 1.23+0.01 24.1+0.3 3.82+0.11 -25

6 300 1.16 = 0.04 1.02 £ 0.01 6.19£0.12 1.41£0.03 22.8+0.3 545+0.16 —12
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FiG. 4. Evolution of measured currents 7, and RA-6 beam monitor during irradiations. The currents /.. estimated from the planning are also presented.

is approximately 1.97 x 107*' A-n~'-cm®s, which is in
agreement with the value of S,;; in that same table consider-
ing that the uncertainty is 5 x 107> A-n~'-cm?s and includes
the measurement uncertainties as well as the departures from
the mean value introduced by the different flux compositions.
From another point of view, the ratio between the maximum
and minimum local S, is 1.03 = 0.08 (with and without
compensation for gamma dose variations), while the ratio
between maximum and minimum epithermal-to-thermal flux
is 5.3 = 0.2. This shows the low impact of epithermal contri-
butions under the range of evaluated conditions.

The uncertainties of the thermal neutron sensitivities are
about 7% and are primarily due to the uncertainty of activity
measurements for each activation wire used for the calibra-
tion. However, if the detector is used only for relative com-
parisons in a given spectrum, currents instead of fluxes can
be directly compared. Since, under constant fluxes over
4 % 10® n-cm %5, current uncertainties are approximately
1% or less (Table III); the Rh SPND is capable of discrimi-
nating between thermal neutron flux values that differ by
much less than 7% assuming that the overall spectrum is the
same in both cases. This is an important advantage compared
to activation methods.

The gamma response of the detector showed in Table I,
12374 is about 6%—8% of I,, and is therefore not negligible.
This is a consequence of the considerable cable length
exposed to the radiation fields. The thermal column is about
3 m in length and calibration positions were selected near
the middle of the column. Thus, about 1.5 m cable length
remained inside the column for each detector. However, this
would not be the general situation in BNCT facilities with
externally collimated beams, where the SPND detectors of
interest can be installed in a manner where only a few centi-
meters of cable are irradiated and gamma induced currents
are minimized.
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Based on these results, it is concluded that the Rh SPND
is well suited to assess thermal neutron fluxes in spectra hav-
ing nearly Maxwell-Boltzmann shapes and epithermal-to-
thermal ratios up to 21%. For cases where these conditions
are not fulfilled, an appropriate in situ recalibration should
be done.

IV.B. Rh SPND based flux measurements during
clinical trials

The results of the use of the Rh SPND during clinical tri-
als show differences between measured and calculated fluxes
that range from —25% to +30%. These differences cannot
be explained in terms of the uncertainty in the sensitivity or
in the current readings. However, they could be explained in
terms of differences between the planning and actual irradia-
tion conditions, emphasizing the importance of on-line local
flux measurement during treatment. Part of the difference
can be attributed to the fact that the measurement points are
superficial and, consequently, planning software cannot
accurately render fluxes for minute volumes outside the irra-
diation model (patient’s body). Estimated errors due to this
effect are lower than 17% for patient 3—C1 and C2, 8% for
patient 3—C3, 1% for patients 4 and 5, and 2% for patient 6
(uncertainty in @f,, Table III). Another source of differences
is related to the positioning of the patient at the time of irra-
diation. During the treatment, every effort is made to place
the patient as planned but slight movements of the patient
can occur, leading to changes in flux. In summary, the Rh
SPND based measurements allow determination of the actual
thermal flux delivered to the reference points in order to
detect and quantify any departure from planning conditions.

The calculated epithermal-to-thermal flux ratios for
the treatments are larger (1.2 times at most) than the maxi-
mum ratio, 21%, considered during the calibration process.
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However, given that local S,;x varies less than 11% with a
variation of epithermal-to-thermal flux ratio from 4% to
21%, one would not expect a meaningful change in global
Smix When that ratio is 25%.

Additionally, the stability of the measurements throughout
the irradiation sessions has been demonstrated in this work,
as can be seen in Fig. 4. High stability in the measurements
implies a similar level of stability in the fluxes impinging on
the points where the detectors were positioned. In order to
obtain an estimation of system stability, the neutron source
behavior was first analyzed. The beam monitor signal with
the reactor power in steady state showed a variability (stand-
ard deviation to mean value ratio) of less than 1% throughout
the treatment. This is consistent with the expected level of
stability of the SPND measuring system. From the typical
current measurement errors shown in Table III, it is seen that
the system variability is less than 3%. Additionally, as devia-
tions due to temporal variations are included in those typical
errors, such deviations are lower than the reported percen-
tages. In general, current drifts from stable values during the
irradiation were coincident with slight patient displacement
from the original position (seen in the video monitor) or with
reactor power-up and power-down (Fig. 4, top left). This
shows that rapid changes can be detected in real time in spite
of the longest half life of '®Rh that produces a setting time
(time to reach the 99% of the signal in steady state) of 14
min. In irradiations with many and fast changes, the dynamic
compensation method could be used to detect sudden changes
correctly in order to improve the online flux measurement. '’

V. CONCLUSIONS

The particular design of SPND described in this work can
be considered as having a pure thermal response in spectra
with up to 12% of epithermal-to-thermal neutron flux ratio
and a Maxwell-Boltzmann-like distribution in the thermal
region and //E distribution in the epithermal region. In addi-
tion, this particular design of SPND can be used in beams
similar to the original RA-6 mixed-spectrum BNCT beam as
a neutron thermal indication, despite the known presence of
gamma and epithermal neutron contributions, using a derived
mixed thermal neutron sensitivity of 1.95+0.05 x 10~
A-n~'.cm?s as described in this work.

The utilization of the detector during clinical trials
showed the applicability of the system to detect local fluxes
in real time during BNCT patient irradiations and the capa-
bility to provide measurements with sufficient accuracy to
evaluate the quality of the treatment.

From the perspective of BNCT clinical trials, the self-
powered detector could be used as a completely independent
system to determine whether fluxes consistent with planned
values have been delivered to patients. Moreover, since the
SPND has the advantage of implantability, neutron fluxes just
under the skin can be also monitored during treatments. This
is of major importance in BNCT, particularly for cutaneous
melanoma treatments in which normal skin is defined as a su-
perficial layer of a few millimeters in depth and is considered
the organ that limits the deliverable radiation dose.
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