
2009 International Nuclear Atlantic Conference - INAC 2009
Rio de Janeiro,RJ, Brazil, September27 to October 2, 2009
ASSOCIAÇÃO BRASILEIRA DE ENERGIA NUCLEAR - ABEN
ISBN: 978-85-99141-03-8

NEUTRON SPECTROMETRY WITH BUBBLE DETECTORS 

Rossana C. Falcão1, Alexandre P. Jorge2 and Carlos Eduardo V. DeAlmeida3

1 Coordenação Geral de Reatores
Comissão Nacional de Energia Nuclear

Rua General Severiano 90
22294-900 Rio de Janeiro, R, Brazil

ross@cnen.gov.br
2INSTITUTO DE FISICA -UFRJ

   Ilha do Fundão,   Bloco A
 21945-970, Rio de Janeiro,  RJ,  Brazil

alexbpj@gmail.com
3 Instituto de Biofísica

Universidade do Estado do Rio de Janeiro
R. São Francisco Xavier, Pav. Haroldo Lisboa da Cunha, Sala 136

 Rio de Janeiro-RJ,  Brazil 
cea71@yahoo.com.br

ABSTRACT

The use  of linear accelerators with photon energies above 10 MV is becoming more common 
for therapeutical  purposes. Although these beams have some clinical  advantages over low 
energies ones, they have neutrons as an additional component to the radiation field, due to the 
interaction of the high energy photons with the high Z materials which form the head and 
other  accelerator  components.  The neutrons  which cross the accelerator  head are  emitted 
almost isotropically, in an energy range which varies from a few keV (thermal) up to some 
MeV.
The evaluation of neutron  equivalent doses in radiotherapy facilities is relevant not only for 
patient protection but also for shielding purposes. In this paper we present results of neutron 
dose measurements and spectra evaluation,  with the use of a neutron bubble spectrometer, 
performed in some points of a facility which has a 15 MV  Varian Clinac linear accelerator. 
The measured values, when  compared with reported  in the  literature, shows a fairly good 
agreement.

1 INTRODUCTION

Neutrons  are  by-products of high-energy radiation  therapy and a  source of extra  dose to 
normal tissues. The production of photoneutrons by these high-energy medical accelerators is 
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a subject of  growing  interest, and has been extensively treated in various works [1], [2], [3]. 
Neutrons are produced by photonuclear reactions when the photon energy is higher than the 
threshold energy of (γ ,n)  reactions. The threshold energy is about 8 MeV for the various 
heavy element materials used in linear accelerators.

Nowadays, the  number of these machines, with photon energies above 10 MeV  is growing 
fast, becoming a routine for clinical use in Brazil. The accuracy of the estimation of neutron 
doses and spectra is of interest  not only to regulatory bodies  when applying for licensure, 
but it is also relevant to  patients and occupational people. The neutron spectra and yield must 
be known in order to optimize the treatment and try to avoid secondary malignancies.

This work reports the measurements of neutron dose equivalent and neutron spectra using a 
bubble detector spectrometer, performed at Hospital in Rio de Janeiro, in a Varian Clinac 
2300 C accelerator, with maximum photon nominal energy of 15 MV. 

Bubble detectors [4] consists of a glass tube of 14.5 cm long and 1.9 cm diameter in which 
tiny superheated liquid droplets  of low boiling-point   liquids  are  suspended in  a holding 
polymer medium. When the pressure on the polymer is released by unscrewing the cap, the 
superheated droplets, when exposed to high LET radiation, absorb the energy  and cause the 
droplets to vaporize forming bubbles; the number of bubbles is proportional to the neutron 
dose equivalent. Re-pressuring the polymer transforms the bubble back and the dosimeters 
become re-usable for a certain period of time.

In the following sections these measured values are presented, and, whenever possible, they 
are compared with data found in literature.[5], [6], [7], [8], [9].

2 MATERIALS AND METHODS

 

2.1.  The Bubble Spectrometer

The  BTI  bubble  dosimeter  spectrometer  (BDS)  is  a  low  definition  spectrometer  which 
consists of 36 neutron bubble detectors,  covering the energy range of 10 keV up to 20 MeV 
[4]. 

In this  work we used sets  of  six detectors,   each detector  being  labeled to describe its 
neutron energy treshold: BDS10 detects neutrons above 10 keV, BDS100 detects neutrons 
above 100 keV;   BDS600 detects  neutrons above 600 keV;  BDS1000 detects  neutrons 
above 1.0 MeV;  BDS2500 detects neutrons above 2.5 MeV and, finally,  BDS10000 detects 
only neutrons with energies above 10.0 MeV. 

Figure 1  shows a picture of one of these dosimeters, after  irradiation.
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Figure  1.   One  of  the  bubble  dosimeter,  which 
constitutes  BDS, after irradiation.

The BDS spectrometer has been calibrated by the manufacturer using an Am-Be source, at 
200 C  and  the  change  in  detectors  energy response  with  temperature  has  not  been  fully 
characterized [4]. Consequently , the  dosimeters must be used at 200 C .

Each detectors sensivity is also provided by the manufacturer. In table 1 is shown an exemple 
of the sensitivity value of one of each detector type.

Table 1.  Average sensitivity of each bubble dosimeter -as given by the manufacturer [4] 

 detector Serial number
      Mean Sensitivity 
bubbles/ 
mrem

bubbles/μS
v

BDS10 7341438 1.1 0.1

BDS100 7344150 1.7 0.16

BDS600 7355107 0.91 0.085

BDS1000 7354348 1.5 0.14

BDS2500 7354415 1.4 0.13

BDS10000 7341318 0.52 0.048
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2.2.  Irradiation Set up

The  irradiation  geometry  conditions   were  selected  in  order  to  reproduce  other 
measurementes made previously by two of the present  authors [8] or  found in literature  [6]: 
a 10  X 10 cm2  irradiation field, gantry rotation at 00, SSD of 100 cm and 100 MU/Gy, as 
shown in figure 2 . The spectral measurement was done simply by placing the BDS set up in 
the neutron field for a certain period of time.

Figure 2.  BDS irradiation set up

In order to  obtain a reliable  spectrum, it is necessary good statistical data, thus, a large 
number of bubbles for each energy range detector were required. Although  an automatic 
reader  was  not  available,  the  maximum number   of  bubbles  of  each  dosimeter  was 
limited  to  a  maximum of  100,  in  order  to  make  it  possible  to  count  them visually. 
Generally, before a spectral measurement was done an indication of neutron dose rate 
was already available. In the present  case two of the authors have performed neutron 
doses measurementes in accelerator rooms [8], thus, the approximated time of exposure 
to yield around 100 bubbles could be estimated. Measurements were performed in three 
independent irradiations, in order to  improve  statistics.

2.3.  The Visual Method for Counting Bubbles

The following apparatus were used  for  counting bubbles visually :
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 digital camera (a) to photograph the dosimeters after irradiation (see figure 1).

 A personal computer to download the digital pictures  taken, and then amplified on 
the PC screen, to easy the counting.

 detector holder (b) – detectors must be placed in water to reduce refractive effects at 
the bubble detector walls . 

 A glass of water (c)to put in the detectors .

 Sheet of paper (d)

 Light  spot  (e)-  Lighting  the  detectros  from  behind  before  photographing   them, 
improving the bubbles definition.

 Personal computer (f) – to download the photographs.

Figure 3.  Apparatus for visually counting bubbles
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2.4  Unfolding  of the spectral data from the bubble detector spectrometer

After counting the bubbles of the individual dosimeters, these data have to be unfolded or 
deconvoluted,  to  obtain  the  neutron  spectrum.  This  was  done  using  the  following 
assumptions:

 the derived unfolded spectrum can be  adequatedly approximated   by a six region 
histogram ( 6 energy  treshold  detectors).

 Neutrons detected  by the BDS10000 lie in the 10 – 20 MeV energy range.

 Fluence per unit energy is constant over each energy interval.

The calculations were performed using the following method:

 Determine the number of bubbles (Ai) of all 6 type of detectors treshholds, for all 
three independent irradiations – since , for each irradiation the detectors were read 
threetimes, and we had three of each detectors treshhold, these means that for each 
energy interval there were 27 readings.

 Normalize  Ai      to a detector  of unit sensitivity, by dividing Ai       according to the 
detector sensitivity, given in  Table 1.

Ai/Sensitivity = Ri                            (1)

 where Ri is the standardized response and i denotes  a particular BDS detector, i=1 
corresponds do BDS10 and i=6 corresponds to BDS10000.



 Find the mean value the 9 Ri for each of the 6 tresholds ( tree of each kind in three 
independent irradiations).

 Note the values  ,  Fij in Table 2, where i stands for the particular BDS and j is the 
histogram interval index.

 Calculate the number of neutrons in the corresponding histogram Ni   by using the 
approprieted  Fij.

R6 =  F6;6 x N6        (2)

 Having determined N6  , we move to  the next histogram to determine its fluence N5  

R5 =  F5,5 x N5  +  F5;6 x N6        (3) 

 This procedurre is carried on until  all the Ni   neutron fluences  of the six energy 
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intervals are obtained.

Table 2.  Mean cross sections of BDS over various energy ranges – histogram interval 
bubble/n.cm2

 0.01–0.1 
(MeV)

0.1–0.6 
(MeV)

0.6–1.0 
(MeV)

1.0–2.5 
(MeV)

2.5–10.0 
(MeV)

10.0–20.0 
(MeV)

BDS 10 5.00x10-6 2.50x10-5 2.92x10-5 2.97x10-5 4.15x10-5 4.78x10-5

BDS 100 - 2.27x10-5 3.14x10-5 3.23x10-5 4.47x10-5 5.09x10-5

BDS 600 - - 1.60x10-5 3.27x10-5 4.75x10-5 5.45x10-5

BDS 1000 - - - 1.32x10-5 3.50x10-5 5.90x10-5

BDS 2500 - - - - 2.99x10-5 8.70x10-5

BDS10000 - - - - - 4.35x10-5

3 RESULTS AND DISCUSSION

3.1 Neutron equivalent doses

Before reconstructing  the spectrum, neutron equivalent  doses wwere evalueted at  1,41 m 
from isocentre (fig.2). This was done simply by calculating the dose to BDS 10, which covers 
almost all the  neutron spectrum. The value found was 0.53 +/- 0,12 mSv n/Gy .This value is 
in good agreement with the value of  0.59 +/- 0,16  mSv n/Gy of X-rays, previously found by 
the  authors  [8],  when  performing  measurements  in  the  same  15  MV  Clinac  2300  C 
accelerator, using a PND bubble dosimeter. Ongaro et al.[6] measured neutron doses in a 15 
MV Mevatron  Siemens  accelerator,  under  the  same  irradiation  conditions  of  the  present 
work,  also using a bubble spectrometer. They found values of neutron equivalent doses at the 
patient plane ranging form 1.0 to 4.8 mSv n/Gy of X-rays, depending on  the distance from 
the  isocentre.  These values  are  consistent  with  the one presented  here,  differences  being 
explanined by the different accelerators manufactures.
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3.2 Neutron spectra

Neutron spectra was unfolded using the algorithm described in section 2.4 and the result is 
presented in fig. 4. It was used, as discussed before, 6 energy beams: 20-10 MeV; 10-2.5 
MeV; 2.5-1.0 MeV; 1.0- 0.6 MeV; 600-100 keV; 100-10 keV. It is important to notice that, 
since in the algorithm presented the lower energy beams depend on the values of the previous 
ones, the error increases, i..e, it is cumulative, as energy decreases.

Although BDS is a low definition spectrometer, with an intrinsic error in the measurements 
of 20%, our results are in accordance with Ongaro et. al. [6] , who found a peak in neutron 
fluence (0.8 x 10 6  n/cm2 Gy) at neutron energy of 0.4 MeV, as shown in fiure 4. Note tjat 
dues to the increase of the error at lower energies, only this local peak is being considered. 
The shape of the spectrum found in [6]  and in the present work is also compatible,  the 
difference being mainly in the lower end of the spectum,  since we measured it at a distance 
of 1m from the isocentre, at the patient plane and in [6] this distance was of 15 cm, and so, 
we have more neutrons at lower energie levels.

Other authors also simulated and measured neutron spectra from medical linear accelerators. 
In [5] is presented the results of Monte Carlo simulation with the MCNP code and BDS 
measurents in a 18 MV Elekta accelerator. Good agreement was found between experiment 
and simulation, making us more confident on the results of the BDS spectrometer. There it 
was found a neutron fluence peak of 1.5 x 10 6 n/cm2 Gy at neutron energy of 0.7 MeV and 
neutron dose equivalent of  2.62 +/- 0,68  mSv n/Gy of X-ray at a distance of 15 cm from the 
isocentre, at the patient plane. This values are also consistent with the fact that the greater the 
maximum photon nominal energy is, the greater will be the average neutron energy.

 Other  methods  of  neutron  spectra  evaluation  are  also  present  in  the  literature.  In  [7], 
Barquero et al evaluated neutron spectra of a 18 MV Siemens KD accelerator using TLDs. 
Although their measurement conditions were different from ours, since they used a 40 x 40 
cm2 photon  field   and  a  polyethylene  water  filled  phanton,  the  shape  of  the  spectrum 
presented for the couch region is similar to ours. The authors unfolded the spectrum in 26 
energy beams, obtaining a much more precise result , where the lower energy part of the 
spectrum has more difinition and a peak is also observed. 
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Figure 4.  Neutron spectra measured with BDS  for 
a 15 MV Clinac at 1 m from isocentre

4 CONCLUSIONS 

The BDS spectrometer was found to be of limited interest when evaluating neutron spectra. 
The  small  number  of  neutron  energy  intervals  (bins),  associated  with  the  realtively  low 
precision method of spectra deconvolution, in which the error is cumulative,   increasesing at 
lower  energies,  makes  it  only possible  to  reproduce  the  shape  of  other  spectra  found in 
literature. Furthermore, the visual  method  of bubble counting, associated with the limited re- 
usability of the dosimeters  makes  it  difficult  to perform a higher number of readings to 
improve the statistics.  This  region of lower energy is  specially  important  when discuting 
effective doses to patients, as shown in [9].
 Neverthless,  the spectrometer  reproduced well  the values of equivalente  doses measured 
previously by the authors.
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