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Introduction 
 A neutron dosimeter based on measurement of prompt gamma rays is composed of 
three main elements:  a moderator of the fast neutrons, a converter which transforms the 
thermal neutrons into gamma rays (mostly by (n, γ) reaction), and  the detector of gamma 
rays.  

Chung and co-workers (1,2) studied the possibility to use a Germanium detector to 
measure the neutron dose equivalent rate in a mixed neutron-gamma field. They reported that 
both thermal and fast neutron doses could be evaluated by measuring the photo-peaks at     
596 keV and 691 keV due to the reactions 72Ge(nth, γ) and 73Ge(nf, n' γ) respectively. Chao 
and Niu(3) used a Ge detector covered with moderating material. Fast neutrons were 
moderated in a polyethylene cylinder and then captured in the germanium crystal, where they 
created the 596 keV γ photons, that were counted by the same Ge crystal. Another approach 
was taken by Ghanbari and Mohageghi(4), who used 10B loaded polyethylene as moderator 
and converter. They measured the 478 keV photons, which are emitted from the excited state 
of the 7Li produced by the 10B (n, γ) 7Li reaction.  

In all those studies, where converters were either Ge or 10B, relatively low energy 
photons were produced and measured, which are in the range of high background. There are 
converters that can produce high energy (in the range from 4 MeV to 7 Mev), but the 
efficiency of the detectors in this energy range is very low. An optimal energy range 
considering the two contradicting requirements of low background and high counting 
efficiency is estimated to be over 1 MeV, up to about  2.5 MeV. The purpose of the present 
work was to find an improved combination of converter-detector system with maximum 
efficiency and signal to noise ratio.  
 

Experimental setup 
The neutron source was a lead-shielded 252Cf source. Three different gamma 

spectrometers were used:  a coaxial HPGe detector (GEM10P type of 10% relative efficiency, 
manufactured by Ortec), a 3”x3” NaI(Tl) scintillation detector and a 3”x3” BGO detector. The 
different detectors were employed in order to study the effect of varying resolution and 
efficiency for gamma detection on the system characteristics. The detectors were connected 
through a preamplifier and an amplifier to a multichannel card (TRUMP-PCI-2K MCA card) 
installed in a computer, for measurement of the energy spectra of the emitted photons.  

The converter materials chosen were Cd, Gd, B and Cl, and were selected by two main 
criteria: a high cross section for reaction with thermal neutrons and a high intensity of high-
energy photons. The experimental units were either solid disks of PVC [ (C2H3Cl)n ], where 
the H and C are the moderating elements and 35Cl is the converting element, or cylinders with 
aqueous solutions of various salts including the converting elements [CdSO4 , Gd(NO3)3 , 
Na2B4O7]. The thickness of each solid disk unit was 1.5 cm and of the thickness of each 
solution container was 2 cm. The detectors were placed at a distance of 30 cm from the 



source. Between the detectors and the source (adjacent to the detectors), were placed units of 
moderating and converter materials. For all measurements, the counting time was chosen to 
obtain a net count in the measured peaks of more than 10,000 counts for the HPGe detector 
and over 20,000 counts for the other detectors. 

 
 
Results and discussion 
 Different converter thickness was used between the detector and the source in order to 
find the optimal moderator-converter combination. The optimal PVC thickness was about  7 - 
8 cm, and the optimum thickness of the aqueous mixtures was 4 - 5 cm. This difference is due 
to the lower density of hydrogen in PVC compared to its density in water (0.067 gr H /cm3 in 
PVC and 0.11 gr H /cm3 in water). The results for optimal thickness of mixtures of moderator 
and converter are given in table 1, for the active elements in the converters which were 
investigated.   

 
Active 

element 
Detector  

type 
Concentration 

 (% weight) 

Gamma 
energy  
(keV) 

Net  
count rate  

(cps) 

Background 
count rate 

(cps) 
   558.6 1.95±0.01 0.29 
   651.3 0.31±0.01 0.21 
 HPGe 7.5 806.0 0.24±0.01 0.24 
   1209.4 0.07±0.01 0.09 

Cd   1364.2 0.06±0.01 0.06 
   1399.0 0.05±0.01 0.04 

 NaI(Tl) 7.5 558.6 7.46±0.19 34.00 
   651.3 2.06±0.14 20.35 
   780.0 0.03±0.01 0.41 
   897.3 0.08±0.01 0.19 
   944.0 0.09±0.01 0.20 

Gd HPGe 10.4 961.8 0.07±0.01 0.20 
   977.2 0.04±0.01 0.12 
   1107.3 0.04±0.01 0.16 
   1186.5 0.13±0.01 0.25 
 HPGe 1 478 4.20±0.01 1.34 

B NaI(Tl) 1 478 21.99 ± 1.06 38.33 
 BGO 1 478 16.95 ± 0.82 23.82 
   786 - 789 0.66±0.01 1.02 
 HPGe 56.8 1164.7 0.43±0.01 0.16 
   1950 - 1960 0.14±0.01 0.16 
   786 - 789 2.50±0.05 15.63 

Cl NaI(Tl) 56.8 1164.7 1.74±0.04 12.12 
   1950 - 1960 1.21±0.04 5.93 
   786 - 789 4.27±0.07 21.36 
 BGO 56.8 1164.7 5.23±0.07 16.31 
   1950 -1960 4.20±0.07  10.63 

 
  Table 2:  The count rates obtained for the different detectors with converters of optimal thickness. 

 



 For each converter, measurements with all three detectors were performed. However, 
because of the worse resolution of the NaI(Tl) and BGO detectors relative to HPGe, in some 
cases the gamma peaks could not be detected from the background when using these detectors. 
The background contributions to the detected gamma peaks are also given in table 1.  

 From the table it can be seen, that the highest sensitivity is obtained for an aqueous 
solution of boron due to the high yield of the prompt gamma rays and to the high efficiency of 
the gamma detector at this relatively low energy photons. However, the low energy of these 
photos arises background problems, especially for the NaI(Tl) and BGO detectors. Various 
contributions of the background can be present as direct or scattered gamma rays. 

 The best signal to background ratio (∼6) was obtained for the Cd converter and HPGe 
detector for the 558.6 keV gamma rays, but also this gamma energy is in the problematic 
background region. For the other gamma energies no advantage can be observed for this 
converter. In spite of its very high thermal neutron cross section, Gd does not present an 
efficient alternative either. 

 The PVC (containing Cl) with the HPGe detector seems to be the best choice because 
of the high signal to background ratio of the 1164.7 keV gamma energy peak (∼3). The 
gamma energy is high enough so that there are no interferences expected from the 
background.  The data presented above is based on the background in our laboratory. The 
background may change due to environmental conditions and measuring system setup, but it 
is always lower at high energies.  

 
Conclusions 
 An improvement of neutron detection by prompt gamma ray spectrometry can be 
achieved by optimizing the moderator-converter-detector assembly. A combination of 
high efficiency and low background is the goal, and it can be best achieved if the gamma 
energy is in the range above about 1 MeV up to 2.5 MeV. Most converter elements 
produce gamma rays in the low energy range. If chlorine is used as converter, the 1164.7 
keV peak seems to be a good choice, when an HPGe spectrometer is used. A very 
practical material containing chlorine is PVC. It is an efficient moderator, it is solid, 
common, and can be easily handled.   
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