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1 INTRODUCTION 

1.1 NEUTRON DETECTION USING THE TRACK ETCH METHOD  

Since neutrons cannot be detected directly, one method of indirect neutron detection is 

through the charged recoil particles they produce in interactions with matter.  In solid 

state track-etch detectors, a charged recoil particle from a neutron interaction will cause 

radiation damage along its path in the detector material.  Chemical or electrochemical 

etching techniques can be used on the detector material to enlarge the radiation damage 

sites and enhance their visibility (Turner 2007).  Track-etch dosimeters exhibit an 

inherent threshold, since the specific energy loss (−dE/dx) of the charged recoil particle 

must be large enough to cause enough damage to lead to tracks that can be enhanced by 

the etching process.  Thus, track-etch materials will be inherently insensitive to fast 

electron or gamma ray interactions (Knoll 2000). 

CR-39 (poly allyl diglycol carbonate or PADC, with chemical formula C12H18O7n) is 

one material widely used in solid state track-etch neutron dosimetry (Pinfold 2012).  The 

chemical composition is close to that of human soft tissue, making it a roughly tissue 

equivalent detector (Sahoo 2015).  Unirradiated CR-39 plastic has excellent optical 

properties and retains its clarity even after chemical etching.  When irradiated with 

intermediate and fast neutrons, the latent damage caused by recoil particles is enhanced 

after chemical etching and degrades the optical properties of the CR-39 (Arneja 1995).  

CR-39 exhibits insensitivity to thermal neutrons and has a reaction threshold of about 

100 keV (Hankins 1989). 

1.1.1 NEUTRON DOSIMETRY AT THE LAWRENCE LIVERMORE NATIONAL 
LABORATORY 

Routine neutron dosimetry at the Lawrence Livermore National Laboratory (LLNL) is 

conducted using the TASL system (Track Analysis Systems Ltd, Bristol, U.K.) with 

CR-39 plastic foils.  Radiological workers at LLNL with the potential for exposure to 

neutrons are assigned a CR-39 dosimeter in addition to a Panasonic (Panasonic Industrial 
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Devices Sales Company of America, Newark, New Jersey) UD-802 or UD-810 

thermoluminescent dosimeter (TLD) for beta and gamma dosimetry.  A custom-designed 

and manufactured plastic case is used to hold both components, along with shielding for 

specific TLD elements.  A disassembled view of the LLNL personnel dosimeter package 

is pictured in Figure 1. 

 

Figure 1.  LLNL Dosimeter Case with Panasonic UD-810 and CR-39 Foil 

 

When dosimeters are returned to the LLNL External Dosimetry Laboratory for reading, 

the CR-39 foil is processed using a chemical etching procedure to enlarge the latent 

tracks created by neutron-induced recoil particles.  For routine personnel dosimetry, the 

tracks are counted using the TASL system, which uses Nikon optics for transmitted light 

microscopy and automated track analysis using the TASLIMAGE software.  The software 

analyzes each microscope image to measure and account for track characteristics, 
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including length, diameter, position, and symmetry.  Through these analyses, the software 

is able to discriminate neutron tracks from background features (Topper 2016). 

1.1.2 LIMITATIONS OF THE TASL SYSTEM 

The TASL system has been tested for linearity of neutron dose response using an 

unmoderated 252Cf source in the LLNL Radiation Calibration Laboratory.  The TASL 

system was shown to be linear through 300 mSv and became non-linear between 300–

500 mSv.  The average track density for a 300 mSv neutron exposure exceeded 1.5 × 105 

tracks cm−2, and the average track density for the 500 mSv neutron exposure exceeded 

1.3 × 106 tracks cm−2 (Topper 2016).  These effective dose values were determined using 

measured neutron energy spectra and the fluence-to-dose conversion factors for personal 

dose equivalent Hp(10,0) as defined in ICRP Publication 74 (ICRP 1996).  Based on 

these previously reported conversion factors for the unmoderated 252Cf source, 500 mSv 

is equivalent to about 34 mGy (Radev 2009).  Thus, it is apparent that the TASL track 

analysis method is not usable for very high neutron absorbed doses between 0.1 to 10 Gy, 

such as those that could take place in a criticality accident.   

1.2 DOSIMETRY REQUIREMENTS FOR CRITICALITY ACCIDENTS 

Title 10, Part 835 of the Code of Federal Regulations (CFR) requires Department of 

Energy facilities with sufficient fissile material such that “excessive exposure of 

individuals to radiation from a nuclear accident is possible” to provide nuclear accident 

dosimetry for those individuals.  Further, Section 835.1304 requires such a nuclear 

accident dosimetry program to include the following four components: (1) a method for 

initial screening of individuals to determine whether significant exposures occurred, (2) 

methods and equipment for analysis of biological materials, (3) a system of fixed nuclear 

accident dosimeters, and (4) personal nuclear accident dosimeters (10 C.F.R. § 835, 

2016).  The American National Standards Institute and the Health Physics Society 

(ANSI/HPS) Standard N13.3-2013, Dosimetry for Criticality Accidents, provides 
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requirements and performance criteria for a dosimetry system capable of providing 

personal absorbed doses in the event of a criticality accident.     

1.3 NUCLEAR ACCIDENT DOSIMETRY AT LLNL 

Nuclear accident dosimeters are issued to LLNL employees who work in facilities where 

a criticality accident is considered credible.  The LLNL Personnel Nuclear Accident 

Dosimeter (PNAD) design was first developed in the 1980s and its current configuration 

is illustrated in Figure 2.  The LLNL PNAD incorporates six neutron activation elements 

and a Panasonic UD-810 thermoluminescent dosimeter (TLD).  The neutron activation 

elements are sized to fit in the wells surrounding the Panasonic TLD in the standard 

LLNL dosimeter case.  For LLNL employees who work full-time in a facility where 

routine exposure to neutrons and a criticality accident are both possible, a CR-39 foil is 

also included to monitor routine neutron dose.  This work was undertaken to determine 

the feasibility of using the CR-39 foil to provide accident-level neutron dose data in 

addition to those provided by the neutron activation elements of the PNAD. 
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Figure 2.  Components of LLNL Personnel Nuclear Accident Dosimeters 

1.3.1 NEUTRON ACTIVATION ELEMENTS OF THE LLNL PNAD 

The neutron activation elements of the LLNL PNAD and their energy thresholds for 

activation are given in Table 1, along with the neutron activation reaction that takes 

place.  Five metal foils with various shields and a sulfur pellet comprise the LLNL 

PNAD.  Since the calculations for determining neutron fluence from the activated 

elements use measured activity concentration (activity per mass), stringent specifications 

for dimensions or mass of the metal foils and the sulfur pellet are not necessary.  The 

elements do need to meet size limitations and must fit within the specified compartments 

of the dosimeter case illustrated in Figure 2.  The average foil dimensions and masses of 

the LLNL PNAD components are provided in Table 2.  With additional information 

determined by using the specified shielding materials, the activation elements are used to 

resolve the neutron spectrum through neutron activation analysis (LLNL 2012).   
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Table 1.  Neutron Activation Elements of the LLNL PNAD 

Activation Element Shielding Reaction Threshold  
Energy 

Gold Cadmium 197Au (n, γ) 198Au 0.025 eV 
Copper Borated rubber 63Cu (n, γ) 64Cu 1 eV 
Indium Borated rubber 115In (n, n′) 115mIn 0.5 MeV 
Sulfur None 32S (n, p) 32P 3 MeV 

 

Table 2.  Average LLNL PNAD Metrics 

Activation Element Mass 
(g) 

Length1 
(mm) 

Width 
(mm) 

Thickness 
(mm) 

Gold (shielded) 0.208 ± 0.007 17.94 ± 1.56 4.57 ± 0.46 0.15 ± 0.03 
Gold (bare) 0.281 ± 0.009 20.67 ± 0.30 6.05 ± 0.06 0.15 ± 0.02 

Copper 0.474 ± 0.009 16.34 ± 0.12 3.75 ± 0.08 0.65 ± 0.02 
Indium (shielded) 0.362 ± 0.007 19.13 ± 0.48 4.66 ± 0.14 0.62 ± 0.05 

Indium (bare) 0.517 ± 0.006 20.78 ± 0.33 5.96 ± 0.56 0.61 ± 0.04 
Sulfur 0.867 ± 0.023 20.72 5.6 4.0 

Two gold foils are used in the LLNL PNAD.   The larger of the two foils is unshielded, 

while the smaller foil is surrounded by cadmium.  The radiative capture cross section for 

cadmium is very large for neutron energies below about 0.4 eV and then drops abruptly 

for higher neutron energies (Knoll 2000).  Thus, cadmium is used as a shield for one of 

the gold foils to absorb the thermal portion of the neutron fluence.   

The difference in mass activation for the two gold foils yields the thermal component of 

the total neutron fluence.  This arrangement allows for the removal of epithermal and 

higher-energy neutrons and resonance absorption influences on the thermal neutron 

component.  Since the fluence of thermal neutrons in a fission event is relatively low, the 

difference in size between the two foils allows for improved mathematical certainty and 

accuracy in determining the difference in activity concentration in the shielded versus 

unshielded gold foils.  However, too small of a shielded gold piece will reduce sensitivity 

for measuring thermal neutron fluence (LLNL 2012). 

                                                 
1 The average measurements for length, width, and thickness are from the Technical Basis for the LLNL 
Nuclear Criticality Accident System (LLNL 2012).  The average masses are specific to the PNADs used in 
this work. 
2 Based on a single measurement. 
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The copper foil is surrounded by a 10B-loaded rubber shield, which also absorbs the 

thermal portion of the neutron fluence.  Unlike cadmium, borated rubber does not interact 

chemically with the indium or copper foils, and the cross-section for neutrons in the 

range of 0.5 eV to 1 keV is significantly higher for 10B than it is for cadmium, greatly 

reducing the overresponse of the copper foil at low neutron energies (Griffith 1973).  

This shield is composed of 82% (by weight) enriched 10B, with the remainder consisting 

of a rubber binder.  The neutron activation results of the copper foil are used to determine 

the epithermal and intermediate portion of the neutron fluence (1 eV to 1 MeV) 

(LLNL 2012).  For simplicity, this energy range will be referred to as the “intermediate” 

neutron energy range throughout this work.  

The smaller of the two indium foils is also placed inside the 10B-loaded rubber shield, in 

front of the copper foil (away from the wearer).  The threshold for the 115In (n, n′) 115mIn 

reaction is approximately 0.35 MeV and the resulting 115mIn can be further activated 

to 116mIn by thermal neutrons.  The design of the LLNL PNAD minimizes the thermal 

neutron interaction by placing the smaller indium foil within the 10B-loaded rubber 

shield.  The results of the smaller indium foil are used to determine the fluence for fast 

neutrons (>1 MeV) (LLNL 2012). 

The larger of the two indium foils is used as a means for rapid identification 

(“quick sort”) of personnel who received the most significant doses in a criticality 

accident.  It can be used as a backup to the 115mIn measurement for determining the 

fluence for fast neutrons (>1 MeV) once the shorter-lived 116mIn has decayed 

significantly.  If counted twice (once soon after irradiation, and again after the 116mIn has 

decayed), it can also be used as a backup to the thermal neutron fluence determination 

(LLNL 2012).  

The unshielded sulfur pellet is used to determine the fluence for fast neutrons (>3 MeV).  

The cross section for the 32S (n, p) 32P reaction has a threshold of about 3 MeV.  Unlike 

the gold, indium, and copper foils which are analyzed using gamma spectroscopy, the 
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sulfur pellets are counted whole for beta activity from the resulting 32P using a Canberra 

(Canberra Industries, Inc., Meriden, Connecticut) iSolo® Alpha/Beta Counting System. 

1.3.2 NEUTRON DOSE DETERMINATION 

In order to calculate external doses, a set of conversion coefficients must be used to relate 

basic physical quantities to radiological protection quantities (ICRP 1996).  The physical 

quantities relevant to this work are fluence (Φ) and tissue absorbed dose (D).  In the 

context of criticality accident dosimetry, absorbed dose is the appropriate quantity instead 

of the radiological protection quantity effective dose (E), since absorbed dose is 

applicable to an acute dose potentially resulting in immediate nonstochastic effects 

(ANSI/HPS 2013).  Absorbed dose is defined in terms of dε, the mean energy imparted 

by ionizing radiation, and dm, the mass of irradiated matter.  The unit of absorbed dose is 

joule per kilogram, which is given the special name of gray (Gy).   

 𝐷𝐷 =
d𝜀𝜀
d𝑚𝑚

 Equation 1 

Fluence (Φ) is defined as the quotient of dN by da, where dN is the number of particles 

incident on a sphere of cross-sectional area da (ICRP 1996).  In the LLNL PNAD design, 

the decay-corrected activity concentrations (activity per mass) of the components are 

converted to neutron fluence using experimentally derived conversion coefficients 

(LLNL 2012).  The calculated neutron fluence can then be converted to tissue absorbed 

dose by use of another set of conversion coefficients that depend on the neutron energy 

range.  The LLNL Technical Basis Document (LLNL 2012) uses fluence-to-dose 

conversion coefficients derived for Element 57 of the cylindrical phantom as described 

by Auxier, Snyder, and Jones (Hankins 1984, Auxier 1968). 

1.4 PREVIOUS WORK INVESTIGATING CR-39 AS A DOSIMETER FOR HIGH 
NEUTRON EXPOSURES 

CR-39 has been studied extensively as a neutron dosimeter.  For routine use in personnel 

dosimetry, individual tracks can be counted and analyzed as described in Section 1.1.1.  
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For high neutron doses, individual tracks cannot be counted due to overlap, and the high 

track density will cause the foil to become less transparent and take on a “frosted glass” 

appearance after chemical etching.  The decrease in transparency can be quantified by 

measuring the optical density of the foil.  Optical density is defined as the common 

logarithm of the ratio of light incident on the material to the light transmitted through it 

(Equation 2).  A transmission densitometer determines the optical density of a material by 

comparing the intensity of a known light source to the light transmitted through a 

material. 

 OD = log10 �
𝐼𝐼0
𝐼𝐼𝑖𝑖
� Equation 2 

This technique has been previously investigated by Bordy et al. with irradiations of up to 

100 Gy performed at the SILENE reactor in France.  Light transmission through 

chemically etched CR-39 samples was measured using a spectrophotometer and found to 

be a linear function of dose to certain limits.  The limits of linearity were found to be 

dependent on the etching time (Bordy 1991).  

Similar investigations were performed by Arneja and Waker with neutron doses up to 10 

Gy from a bare 252Cf source.  This study also used optical density measurements taken by 

spectrophotometry and included a comparison of monochromatic light sources.  A light 

source with wavelength 500 nm was reported to have almost 100% transmission for 

unirradiated and unetched CR-39, providing the maximum potential to observe 

differences in optical density of irradiated foils (Arneja 1995).  

Yasuda et al. have also studied the use of CR-39 for high neutron doses, but instead of 

measuring light transmission, atomic force microscopy was used to analyze the irradiated 

and etched foils.  This method allows for the use of additional information regarding the 

shape of the etch pits, which assist in determining the charge of the recoil particle causing 

the tracks or their linear energy transfer.  The etch pit density as measured by atomic 

force microscopy was found to be a linear function of dose to the maximum evaluated 

dose of 6 Sv (Yasuda 2006). 
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1.5 SCOPE OF THIS WORK 

In this work, CR-39 foils routinely assigned to Lawrence Livermore National Laboratory 

radiation workers were evaluated for potential use in extremely high neutron dose 

situations, such as a criticality accident.  The LLNL personnel nuclear accident 

dosimeters are built into the standard dosimeter case.  Radiation workers expected to 

receive routine neutron exposures are assigned CR-39 dosimeters which are also built 

into the single dosimeter case.  The current TASL system is not capable of analyzing the 

CR-39 foils in accident-level neutron exposures, so this work is intended to investigate 

the possibility of making use of the CR-39 foils in an accident scenario. 

The LLNL personnel nuclear accident dosimeters are based on neutron activation 

elements, and the activation products with the shortest half-lives must be individually and 

rapidly analyzed by gamma spectroscopy.  This time-consuming analysis means that 

nuclear accident dosimeters are expected to be used as a triage tool to prioritize medical 

attention and dosimetry analysis for the individuals with the highest apparent exposures.  

Other workers could have received measurable neutron exposures, but the activated 

dosimeter elements may decay significantly before they can be analyzed.  In such cases, 

the CR-39 foils could serve as a valuable backup if they could be found to reliably 

indicate high neutron doses beyond the capability of the TASL track counting system. 

CR-39 foils were included as integral components of LLNL PNADs and irradiated to 

accident-level absorbed doses between 0.1–5 Gy at the Godiva reactor at the Nevada 

National Security Site and the Caliban and Prospero reactors at the Valduc facility in 

France.  The CR-39 foils were chemically etched using the standard etching procedure 

for personnel neutron dosimeters at LLNL.  A simple and relatively inexpensive 

instrument for measuring optical density was desired for this study, so optical density was 

measured using a transmission densitometer.     
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2 MATERIALS AND METHODS 

2.1 MATERIALS 

The CR-39 foils used in this work were of dosimetry-grade CR-39 resin with 0.1% 

dioctyl phthalate (DOP) additive and were purchased from Intercast Europe S.r.l. (Parma, 

Italy).  The size of each foil was 25 mm × 20 mm × 1.5 mm.  During storage, dosimeter 

assembly, and irradiation, both sides of the foil were covered with clear polyethylene 

material of 0.5 mm nominal thickness to protect against abrasions and alpha particles 

resulting from the decay of radon and radon daughters.  These protective coverings were 

removed just prior to the chemical etching process. 

In addition to its protective function, the polyethylene covering also serves as a radiator 

for the CR-39 foils (Castillo 2013).  The polyethylene has a greater hydrogen density 

than CR-39 and therefore generates more recoil protons from (n, p) reactions, 

contributing to the total number of interactions in the CR-39.  For neutrons with energies 

higher than 1 MeV, the recoil protons from the polyethylene layer can reach the CR-39 

and enhance its response by producing additional tracks.  Below 1 MeV, the protons 

originating in the polyethylene layer either do not reach the CR-39 or have too little 

energy to damage the foil (Hankins 1989).    

The CR-39 foils were included as components of standard LLNL PNADs.  The neutron 

activation elements were analyzed after each irradiation as described in Section 3.1 

below.  The CR-39 foils were removed from the dosimeter case and shipped to LLNL for 

processing as described in Section 3.2 below. 

2.2 SAMPLE IRRADIATION 

2.2.1 IRRADIATIONS AT THE NEVADA NATIONAL SECURITY SITE 

Three irradiations were performed in May 2014 as part of an international collaboration 

to characterize the Godiva IV fast burst reactor at the National Criticality Experiments 

Research Center (NCERC).  Godiva IV is a bare cylindrical assembly of approximately 
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65 kg of highly enriched uranium fuel (93.2% 235U metal alloyed with 1.5% molybdenum 

for strength) and is designed to perform controlled prompt critical excursions 

(Myers 2010, Goda 2013).  Three irradiations were performed with fuel core temperature 

increases of 71.1°C, 136.9°C, and 229.9°C during the burst excursions and are referred to 

in this report as Godiva 70, Godiva 140, and Godiva 250 based on the target core 

temperatures.  

CR-39 foils were included as components of four hundred thirty-two (432) 

LLNL PNADs deployed to evaluate the Godiva neutron field.  In each irradiation, nine 

support stands with aluminum plates were placed at predetermined positions around the 

reactor core.  The stand placement positions are illustrated in Figure 3.   
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Figure 3.  Placement of Dosimeters around Godiva 
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Each stand held four LLNL dosimeters at each of four different heights, as pictured in 

Figure 5.  The height of the top of each aluminum plate is given in Table 3.  The height of 

the Godiva core is 180 cm; thus, the effective distance between the row of dosimeters on 

each plate and the Godiva assembly core was calculated as illustrated in Figure 4 and is 

given in the last column of Table 3. 
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Figure 4.  Calculation of Effective Distance between Reactor Core and Dosimeter 

   

 

Figure 5.  Aluminum Stand Used in the Godiva Irradiations 
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Table 3.  Heights and Effective Distances of Dosimeter Holding Plates 

Location Radial Distance 
from  

Reactor Core 
(m) 

Plate 
Identification 

Top of  
Plate Height  

(cm) 

Effective 
Distance from 

Core 
(cm) 

1, 2, 3 2 AB 
CD 
EF 
GH 

197 
156 
115 
70.5 

200.7 
201.4 
210.3 
228.0 

4, 5 3 AB 
CD 
EF 
GH 

220 
169.5 
119.5 

69 

302.7 
300.2 
306.0 
319.9 

6 2.5 AB 
CD 
EF 
GH 

220 
169.5 
119.5 

69 

253.2 
250.2 
257.2 
273.5 

7, 8, 9 4 AB 
CD 
EF 
GH 

234 
178.5 
123 
67.5 

403.6 
400.0 
404.0 
415.5 

 

2.2.2 IRRADIATIONS AT THE CEA VALDUC FACILITY 

Two irradiations were performed in September 2014 in collaboration with the French 

Commissariat à l'énergie atomique et aux énergies alternatives (Alternative Energies and 

Atomic Energy Commission, CEA).  As in the Godiva irradiations, CR-39 foils were 

included as components of forty-one (41) LLNL PNADs that were irradiated at the CEA 

Valduc facility.  Twenty-four (24) dosimeters were irradiated in a burst experiment using 

the Caliban reactor at a core burst temperature of 61.8°C and 17 dosimeters were 

irradiated at a steady state of 100 W for 1500 seconds using the Prospero reactor 

(Lobaugh 2015). 

Caliban is a vertically oriented cylindrical reactor with highly enriched uranium fuel 

plates (93.5% 235U alloyed with 10% in weight of molybdenum).  Four control rods of the 
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same uranium alloy are used for reactor operation.  Caliban can be operated in either a 

steady state power mode or a pulsed mode with a neutron fluence in the irradiation cavity 

of about 4 × 1014 n cm−2 (Casoli 2014).  In the Caliban irradiation, dosimeters were 

placed on two phantoms and one aluminum stand.  The stand and one phantom directly 

faced the reactor core, while the other phantom was arranged at a 45° angle.  The radial 

distance of all dosimeter positions in the Caliban irradiation was 3 m from the reactor.   

Figure 6 illustrates the dosimeter stand and phantom positions for the Caliban irradiation.  

LLNL PNADs were only placed at locations S1, P_2, and P_3.  For consistency with the 

Godiva data, in which all PNADs were irradiated on direct-facing stands, only the 

Caliban data for Stand S1 are presented in this work. 

Figure 7 depicts the stand setup for the Caliban irradiation.  The heights of each set of 

dosimeters are indicated in the figure.  The height of the Caliban reactor is 25 cm and the 

effective distance from the reactor to the dosimeters was calculated in the same manner 

as for the Godiva irradiations. 

3 m4 m5 m

P_4

P_3

P_2

P_1

S1

S2

S3

SSS

 

Figure 6.  Placement of Dosimeters around Caliban 
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149.5 cm

140 cm

95.6 cm

 

Figure 7.  Stand S1 in the Caliban Irradiation 

 

Prospero is also a metallic core cylindrical reactor, but is horizontally oriented.  It is 

composed of metallic plates of a highly enriched uranium alloy surrounded by a depleted 

uranium and steel reflector.  Four depleted uranium control rods in the reflector are used 

to operate the reactor.  Prospero can only be operated in a steady state power mode 

(Casoli 2014).  In the Prospero irradiation, dosimeters were again placed on two 

phantoms and one aluminum stand.  The stand and one phantom directly faced the reactor 

core, while the other phantom was arranged at a 45° angle relative to the reactor.  The 

radial distance of all dosimeter positions in the Prospero irradiation was 3.5 m from the 

reactor. 

Figure 8 illustrates the dosimeter stand and phantom positions for the Prospero 

irradiation.  LLNL PNADs were placed at all locations, but for experimental consistency, 

only the Prospero data for Stand S4 are presented in this work. 
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3.5 m

S4 P_5

P_6

 

Figure 8.  Placement of Dosimeters around Prospero 

   

Figure 9 depicts the stand setup for the Prospero irradiation.  The heights of each set of 

dosimeters are indicated in the figure.  The height of the Prospero reactor is 35.3 cm and 

the effective distance from the reactor to the dosimeters was calculated in the same 

manner as for the Godiva irradiations. 

139.3 cm

90 cm
 

Figure 9.  Stand S4 in the Prospero Irradiation 
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2.3 DOSIMETER PROCESSING 

2.3.1 CHEMICAL ETCH 

All CR-39 foils were chemically etched according to the LLNL procedure for personnel 

neutron dosimeters.  This procedure is based on the TASL user manual but has been 

optimized for operations at LLNL, as described in the TASL CR-39 System Technical 

Basis Document (Topper 2016).  The foils were chemically etched for 2 hours and 50 

minutes in a 6.05 M NaOH bath heated to 85°C.  The molarity (concentration in moles 

NaOH per liter solution) of the etch bath was verified to be slightly less than 6.05 M 

before beginning the heating process by using a refractometer. 

Following the chemical etch, the foils were rinsed in three separate tanks.  The first rinse 

lasts 15 minutes in a solution of acetic acid and water, while the second and third rinses 

lasted five minutes each in deionized water only.  All three rinses used frequent agitation 

by hand during the rinse period.  Following the three sequential neutralizing rinses, the 

foils were initially dried with nitrogen gas and then fully dried for a least one hour in the 

manufacturer-provided dryer.  

A set of five blank and five reference foils were also processed and etched along with the 

sample foils.  The blank foils were not irradiated, while the reference foils were irradiated 

with the bare 252Cf source in the LLNL Radiation Calibration Laboratory to an absorbed 

dose of 0.34 mGy. 

Immediately following the etching process, the CR-39 foils that were irradiated for this 

work had visible damage and obviously had sustained extensive neutron irradiation.  The 

visual difference between the reference foils irradiated to 0.34 mGy and the Godiva foils, 

which were etched together in the same batch, is depicted in Figure 10. 
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Figure 10.  Visual Post-Etch Comparison of Foils Irradiated in Godiva 140 and 
Reference Foils Irradiated to 0.34 mGy (inset) 

2.3.2 MEASUREMENT OF OPTICAL DENSITY 

Following chemical etching, the optical density of the CR-39 foils was measured using an 

X-Rite 301 transmission densitometer (X-Rite, Incorporated, Grand Rapids, Michigan).  

Optical density measurements were taken near the center of each foil using the 

densitometer fitted with a standard 2 mm aperture provided by the manufacturer.  Prior to 

each set of measurements, the calibration of the densitometer was checked using the 

calibration step tablet, also provided by the manufacturer.  The optical density of the 

blank (unirradiated) and reference (irradiated to 0.34 mGy) foils were also measured with 

the transmission densitometer.    
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3 RESULTS 

3.1 LLNL PNAD RESULTS 

3.1.1 DETERMINATION OF NEUTRON FLUENCE 

The distribution of neutron energies of each irradiation was determined by measurement 

of the activated PNAD elements.  The neutron activation elements were analyzed soon 

after irradiation and decay-corrected to the irradiation time.  The process is described in 

Section 1.3.1 and further detailed elsewhere (LLNL 2012). 

Activity-to-fluence conversion coefficients given in the LLNL technical basis document 

(LLNL 2012) were used to determine the neutron fluence from the activity concentration 

measurements.  These coefficients are reproduced in Table 4.   

Table 4.  Activity-to-Fluence Conversion Coefficients for LLNL PNAD Elements 

Activation  
Element 

Activity-to-Fluence 
Conversion Coefficient 

(n g cm−2 Bq−1) 
Gold 8.11 × 105 

Copper 1.35 × 108 
Indium 1.84 × 107 

Sulfur (whole pellet) 7.84 × 108 
 

The results of neutron fluence for each irradiation are shown in the figures on the 

following pages.  The results for the dosimeters on each stand were averaged in groups 

according to their effective distance from the reactor core.  Detailed results of the PNAD 

elements are provided in Appendix 1. 
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Figure 11.  Average Neutron Fluence Results for Godiva 70 

 

 

Figure 12.  Average Neutron Fluence Results for Godiva 140 
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Figure 13.  Average Neutron Fluence Results for Godiva 250 

 

 

Figure 14.  Average Neutron Fluence Results for Caliban and Prospero 
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The PNAD results demonstrate a fairly consistent distribution of neutron energies for 

each critical assembly.  Figure 15 below shows the average distribution of neutron 

energies by critical assembly.  In the Godiva irradiations, where many more dosimeters 

were available, the fast neutron fluence as measured by the PNADs is seen to decrease 

with increased distance from the reactor by a factor roughly corresponding to the inverse 

square law.  For intermediate and thermal neutrons, the fluence decrease with distance is 

less pronounced due to scattering reactions in the facility. 

In each case, intermediate neutrons (in this work, considered to be neutrons with energies 

from 1 eV to 1 MeV) accounted for over 65% of the total neutron fluence, and fast 

neutrons with energies greater than 3 MeV accounted for 4% or less of the total fluence.  

 

Figure 15.  Average Distribution of Neutron Energies per Critical Assembly 
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3.1.2 DETERMINATION OF NEUTRON DOSE 

The neutron fluence values determined from the measured activity of the neutron 

activation elements are further converted to dose using the fluence-to-dose conversion 

coefficients given in the LLNL technical basis document (LLNL 2012).  These values 

were originally developed in 1984 using the calculated neutron leakage spectra from the 

bare and shielded Health Physics Research Reactor assembly at the Oak Ridge National 

Laboratory (Hankins 1984).  The dose conversion coefficients are reproduced below in 

Table 5.   

Table 5.  Fluence-to-Dose Conversion Coefficients for LLNL PNAD Elements 

Neutron Energy Range Fluence-to-Dose 
Conversion Coefficient 

(Gy cm2 n−1) 
Thermal 7.0 × 10−15 

1 eV – 1 MeV 8.1 × 10−14 
1–3 MeV 3.3 × 10−13 
>3 MeV 5.3 × 10−13 

 

Figure 16 below shows the average distribution of neutron dose by critical assembly.  In 

the Godiva and Caliban burst irradiations, the dose from neutrons with energies above 

1 MeV accounted for 50–60% of the total neutron dose, while almost all of the remaining 

dose was due to intermediate neutrons (neutrons with energies from 1 eV to 1 MeV).  In 

the steady-state Prospero irradiation, the fast neutron dose accounted for about 35% of 

the total neutron dose and the intermediate neutron dose accounted for about 60% of the 

total neutron dose.  This difference is due to the softer neutron spectrum of the Prospero 

reactor in a steady-state mode compared to the burst irradiations using the Godiva and 

Caliban reactors. 
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Figure 16.  Average Distribution of Neutron Doses per Critical Assembly 

 

3.2 CR-39 RESULTS 

3.2.1 NEUTRON ENERGY THRESHOLD FOR CR-39 

Data from the Godiva irradiations were used to confirm that the CR-39 foils are 

insensitive to thermal neutrons and part of the intermediate energy range of 1 eV to 

1 MeV.  Figures 17 and 18 show the CR-39 optical density results as a function of 

neutron fluence calculated using the collocated PNAD elements.  Since the PNAD is 

capable of resolving a neutron spectrum to four energy regions, results for each region 

could be reviewed separately.  Figure 17 shows that there is little correlation between 

thermal and intermediate neutron fluence and optical density.  In contrast, Figure 18 

shows good correlation between fast neutron fluence and optical density. 
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Figure 17.  Optical Density as a Function of Thermal and  
Intermediate Neutron Fluence 

 

Figure 18.  Optical Density as a Function of Fast Neutron Fluence 
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3.2.2 DETERMINATION OF OPTICAL DENSITY 

The CR-39 results were averaged in groups according to their effective distance from the 

reactor core.  In the Godiva irradiations, similar to the PNAD results for fast neutron 

fluence, the optical density decreases with increased distance from the reactor.  However, 

it is evident that the relationship between optical density and distance from the reactor 

does not follow the inverse square law.  The results of the optical density measurements 

of the CR-39 foils are shown in Figure 19.  Detailed results of the CR-39 optical density 

measurements are provided in Appendix 2. 

 

Figure 19.  Average Optical Density Results for All Irradiations 
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4 DISCUSSION 

4.1 EXPERIMENT DESIGN AND DATA SELECTION 

The CR-39 foils were irradiated in large-scale experiments designed to fulfill multiple 

objectives, and not all results were relevant to present in this report.  In particular, the 

Caliban and Prospero irradiations at the CEA Valduc facility studied PNAD response to 

varying configurations, including angular orientations and placement on sodium-water 

phantoms as well as aluminum stands.  These irradiations were done with relatively small 

numbers of dosimeters (27 in the Caliban irradiation and 14 in the Prospero irradiation, 

compared to 144 dosimeters for each of the three Godiva irradiations).  Due to the limited 

data available for the alternative configurations, the results for dosimeters placed on 

phantoms and at angular orientations are not presented in this report. 

4.2 CORRELATION BETWEEN CR-39 OPTICAL DENSITY AND FAST 
NEUTRON FLUENCE AND DOSE 

As previously discussed, CR-39 is insensitive to thermal neutrons and has a reaction 

threshold of approximately 100 keV.  The LLNL PNAD design resolves a neutron 

spectrum fluence into four energy regions: thermal, intermediate (1 eV – 1 MeV), and 

fast (two regions, one between 1–3 MeV and another above 3 MeV).  Since the PNAD 

covers a wider range of intermediate neutron energies (from 1 eV to 1 MeV) than CR-39, 

and the CR-39 does not differentiate between >1 MeV and >3 MeV neutrons, the CR-39 

optical density results were compared to the total fast neutron fluence (>1 MeV). 
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Figure 20.  Average Optical Density Results as a Function of  
Fast Neutron Fluence 

 

Figure 20 shows the average optical density results of the CR-39 foils in each irradiation 

for fast neutrons.  The five irradiation experiments are differentiated in this figure, but the 

data demonstrate that each experiment is in good agreement with the overall trend.  This 

plot also shows that optical density resulting from the etching procedure used in this work 

is not a linear function of fast neutron fluence, and therefore would not be expected to 

follow the inverse square law in decreasing with distance from the reactor.  The fast 

neutron fluence was determined using the neutron activation elements as described in 

Section 3.1.1 above.  From the fluence values, the absorbed dose was determined using 

the fluence-to-dose conversion coefficients described in Section 3.1.2. 
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Figure 21.  Optical Density of CR-39 as a Function of Fast Neutron Dose 

 

The averaged absorbed dose results are plotted in Figure 21.  Each marker represents a 

set of dosimeters in the same irradiation experiment with the same effective distance 

from the reactor core.  The solid line shows an exponential fit to Equation 3 performed 

using the R programming language with the non-linear least squares regression “nls2” 

package, where x is the fast neutron absorbed dose in Gy.   

 𝑦𝑦 = 𝑎𝑎 + 𝑏𝑏𝑒𝑒−𝑐𝑐𝑐𝑐 Equation 3 

 

The “nls2” package was used to determine the weighted least-squares estimates for the 

parameters a, b, and c.  These are shown in Equation 4: 

 OD = 0.185 − 0.152𝑒𝑒−3.33𝑐𝑐 Equation 4 
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Figure 21 shows that while there is a correlation between the optical density of CR-39 

and the fast neutron dose measured using the PNAD neutron activation elements, the 

optical density measurements exhibit a definite point of saturation.  A review of all 

measurements conducted for this work revealed that the measured optical density 

approaches a maximum value of 0.20 under the chemical etching conditions described in 

Section 2.3.1.  The optical density saturation point is reached at a fast neutron absorbed 

dose of approximately 1 Gy. 

 

  



32 
 

5 CONCLUSION 

This work demonstrates that CR-39 is a viable neutron dosimeter for high doses of fast 

neutrons (neutrons with energy greater than 1 MeV), such as those that could occur in a 

criticality accident.  The optical density of CR-39 foils irradiated in nuclear accident 

dosimetry experiments can provide an independent verification of the fast neutron doses 

measured by neutron activation foils up to an absorbed dose of approximately 1 Gy.  

Optical density of chemically etched CR-39 foils was measured using a transmission 

densitometer and found to be an exponential function of the fast neutron dose measured 

by the neutron activation components of the nuclear accident dosimeters. 

This work used the standard LLNL procedure for chemical etching of CR-39 neutron 

dosimeters.  Further studies are warranted to enhance the dose range and optimize 

analysis of the CR-39 foils following high dose irradiations.  One possibility is to study 

various light sources in the transmission densitometer, which could enhance the 

differences in optical density measurements.  Another possibility for further study is to 

examine the potential for analysis of the CR-39 foils directly after irradiation, without 

chemical etching.  Finally, the etching process itself should be studied to determine if it 

can be improved for optical density measurements rather than individual track analysis, 

as in the current etching procedure.  Such studies could be valuable additions to 

dosimetry programs for nuclear criticality accidents and other high neutron dose 

situations. 
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APPENDIX 1 

PNAD DATA 

Table 6.  Average PNAD Results for Godiva 70 

Effective 
Distance  

(cm) 

Number 
of 

PNADs 

Average 
Thermal 
Neutron 
Fluence 
(n cm−2) 

Average 
Intermediate  

(1 eV – 1 MeV) 
Neutron 
Fluence 
(n cm−2) 

Average Fast  
(1 – 3 MeV) 

Neutron 
Fluence 
(n cm−2) 

Average Fast 
(>3 MeV) 
Neutron 
Fluence 
(n cm−2) 

200.7 12 5.37E+09 6.94E+10 2.09E+10 4.87E+09 
201.4 12 5.46E+09 6.72E+10 2.07E+10 4.66E+09 
210.3 12 5.19E+09 6.70E+10 1.89E+10 4.45E+09 
228.0 12 5.46E+09 6.34E+10 1.46E+10 3.49E+09 
250.2 4 5.83E+09 7.84E+10 1.45E+10 3.29E+09 
253.2 4 5.63E+09 8.13E+10 1.50E+10 2.93E+09 
257.2 4 5.95E+09 6.98E+10 1.43E+10 3.42E+09 
273.5 4 5.73E+09 8.04E+10 1.13E+10 2.46E+09 
300.2 8 4.87E+09 5.50E+10 1.02E+10 2.55E+09 
302.7 8 5.02E+09 6.26E+10 1.13E+10 2.59E+09 
306.0 8 5.01E+09 5.78E+10 1.02E+10 2.17E+09 
319.9 8 5.06E+09 4.51E+10 7.51E+09 1.65E+09 
400.0 12 4.71E+09 6.25E+10 7.32E+09 1.46E+09 
403.6 12 4.83E+09 6.91E+10 6.66E+09 1.46E+09 
404.0 12 4.84E+09 6.34E+10 6.59E+09 1.48E+09 
415.5 12 4.92E+09 5.75E+10 6.96E+09 1.41E+09 
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Table 7.  Average PNAD Results for Godiva 140 

Effective 
Distance  

(cm) 

Number 
of 

PNADs 

Average 
Thermal 
Neutron 
Fluence 
(n cm−2) 

Average 
Intermediate  

(1 eV – 1 MeV) 
Neutron 
Fluence 
(n cm−2) 

Average Fast  
(1 – 3 MeV) 

Neutron 
Fluence 
(n cm−2) 

Average Fast 
(>3 MeV) 
Neutron 
Fluence 
(n cm−2) 

200.7 12 1.09E+10 1.19E+11 3.88E+10 9.46E+09 
201.4 12 1.04E+10 1.17E+11 3.93E+10 9.35E+09 
210.3 12 1.10E+10 1.36E+11 3.77E+10 8.73E+09 
228.0 12 1.09E+10 1.11E+11 2.79E+10 6.53E+09 
250.2 4 1.15E+10 1.40E+11 3.04E+10 6.71E+09 
253.2 4 1.08E+10 1.45E+11 2.75E+10 6.35E+09 
257.2 4 1.25E+10 1.18E+11 2.85E+10 7.28E+09 
273.5 4 1.17E+10 1.17E+11 2.15E+10 5.07E+09 
300.2 8 9.81E+09 9.28E+10 2.07E+10 4.83E+09 
302.7 8 9.34E+09 1.21E+11 2.30E+10 4.85E+09 
306.0 8 1.02E+10 1.04E+11 1.96E+10 4.34E+09 
319.9 8 9.66E+09 1.31E+11 1.56E+10 3.24E+09 
400.0 12 9.45E+09 1.07E+11 1.33E+10 2.85E+09 
403.6 12 9.27E+09 9.18E+10 1.40E+10 2.98E+09 
404.0 12 9.28E+09 1.08E+11 1.30E+10 2.96E+09 
415.5 12 9.79E+09 1.00E+11 1.27E+10 2.84E+09 
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Table 8.  Average PNAD Results for Godiva 250 

Effective 
Distance  

(cm) 

Number 
of 

PNADs 

Average 
Thermal 
Neutron 
Fluence 
(n cm−2) 

Average 
Intermediate  

(1 eV – 1 MeV) 
Neutron 
Fluence 
(n cm−2) 

Average Fast  
(1 – 3 MeV) 

Neutron 
Fluence 
(n cm−2) 

Average Fast 
(>3 MeV) 
Neutron 
Fluence 
(n cm−2) 

200.7 12 1.81E+10 2.34E+11 6.96E+10 1.65E+10 
201.4 12 1.83E+10 1.88E+11 7.21E+10 1.64E+10 
210.3 12 1.84E+10 1.92E+11 6.59E+10 1.52E+10 
228.0 12 1.84E+10 1.69E+11 5.06E+10 1.11E+10 
250.2 4 2.06E+10 1.81E+11 5.16E+10 1.13E+10 
253.2 4 2.05E+10 2.13E+11 4.56E+10 1.15E+10 
257.2 4 2.01E+10 2.90E+11 5.03E+10 1.18E+10 
273.5 4 2.09E+10 1.96E+11 3.91E+10 8.85E+09 
300.2 8 1.66E+10 1.67E+11 3.60E+10 8.28E+09 
302.7 8 1.70E+10 1.61E+11 3.90E+10 8.92E+09 
306.0 8 1.71E+10 1.77E+11 3.32E+10 7.57E+09 
319.9 8 1.76E+10 1.37E+11 2.58E+10 5.71E+09 
400.0 12 1.63E+10 1.15E+11 2.27E+10 5.18E+09 
403.6 11 1.58E+10 1.19E+11 2.36E+10 5.13E+09 
404.0 12 1.61E+10 1.11E+11 2.25E+10 5.10E+09 
415.5 12 1.67E+10 1.05E+11 2.20E+10 5.07E+09 
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Table 9.  Average PNAD Results for Caliban Irradiation 

Effective 
Distance  

(cm) 

Number 
of 

PNADs 

Average 
Thermal 
Neutron 
Fluence 
(n cm−2) 

Average 
Intermediate  

(1 eV – 1 MeV) 
Neutron 
Fluence 
(n cm−2) 

Average Fast  
(1 – 3 MeV) 

Neutron 
Fluence 
(n cm−2) 

Average Fast 
(>3 MeV) 
Neutron 
Fluence 
(n cm−2) 

308.2 3 1.08E+10 3.60E+10 1.49E+10 3.45E+09 
321.3 3 9.41E+09 7.90E+10 1.52E+10 3.70E+09 
324.8 3 1.14E+10 6.70E+10 1.49E+10 3.48E+09 

 

Table 10.  Average PNAD Results for Prospero Irradiation 

Effective 
Distance  

(cm) 

Number 
of 

PNADs 

Average 
Thermal 
Neutron 
Fluence 
(n cm−2) 

Average 
Intermediate  

(1 eV – 1 MeV) 
Neutron 
Fluence 
(n cm−2) 

Average Fast  
(1 – 3 MeV) 

Neutron 
Fluence 
(n cm−2) 

Average Fast 
(>3 MeV) 
Neutron 
Fluence 
(n cm−2) 

354.3 3 2.37E+09 1.18E+10 1.26E+09 2.23E+08 
365.2 3 2.33E+09 9.16E+09 1.06E+09 2.16E+08 
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APPENDIX 2 

CR-39 DATA 

Table 11.  Average CR-39 Results for Godiva 70 

Radial 
Distance 

(m) 

Height 
(cm) 

Effective 
Distance  

(cm) 

Number of 
CR-39 Foils 

Average OD Standard 
Deviation 

2 197 200.7 11 0.178 0.0039 
2 156 201.4 12 0.182 0.0037 
2 115 210.3 12 0.181 0.0028 
2 70.5 228.0 12 0.170 0.0000 

2.5 169.5 250.2 4 0.170 0.0000 
2.5 220 253.2 4 0.163 0.0043 
2.5 119.5 257.2 4 0.170 0.0000 
2.5 69 273.5 4 0.163 0.0083 
3 169.5 300.2 8 0.164 0.0048 
3 220 302.7 8 0.161 0.0033 
3 119.5 306.0 8 0.160 0.0050 
3 69 319.9 8 0.144 0.0048 
4 178.5 400.0 12 0.138 0.0055 
4 234 403.6 12 0.137 0.0047 
4 123 404.0 12 0.142 0.0037 
4 67.5 415.5 12 0.138 0.0060 
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Table 12.  Average CR-39 results for Godiva 140 

Radial 
Distance 

(m) 

Height 
(cm) 

Effective 
Distance 

 (cm) 

Number of 
CR-39 Foils 

Average OD Standard 
Deviation 

2 197 200.7 12 0.189 0.0064 
2 156 201.4 12 0.196 0.0049 
2 115 210.3 12 0.189 0.0028 
2 70.5 228.0 12 0.186 0.0049 

2.5 169.5 250.2 4 0.180 0.0000 
2.5 220 253.2 4 0.178 0.0043 
2.5 119.5 257.2 4 0.180 0.0000 
2.5 69 273.5 4 0.178 0.0043 
3 169.5 300.2 8 0.179 0.0033 
3 220 302.7 8 0.178 0.0043 
3 119.5 306.0 8 0.179 0.0033 
3 69 319.9 8 0.169 0.0060 
4 178.5 400.0 12 0.165 0.0138 
4 234 403.6 12 0.163 0.0060 
4 123 404.0 12 0.168 0.0060 
4 67.5 415.5 12 0.168 0.0037 
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Table 13.  Average CR-39 results for Godiva 250 

Radial 
Distance 

(m) 

Height 
(cm) 

Effective 
Distance 

(cm) 

Number of 
CR-39 Foils 

Average OD Standard 
Deviation 

2 197 200.7 12 0.190 0.0000 
2 156 201.4 12 0.190 0.0000 
2 115 210.3 12 0.190 0.0000 
2 70.5 228.0 12 0.183 0.0043 

2.5 169.5 250.2 3 0.190 0.0000 
2.5 220 253.2 4 0.185 0.0050 
2.5 119.5 257.2 4 0.190 0.0000 
2.5 69 273.5 4 0.180 0.0000 
3 169.5 300.2 8 0.189 0.0033 
3 220 302.7 8 0.189 0.0033 
3 119.5 306.0 8 0.183 0.0043 
3 69 319.9 8 0.180 0.0000 
4 178.5 400.0 12 0.180 0.0000 
4 234 403.6 12 0.176 0.0049 
4 123 404.0 12 0.180 0.0000 
4 67.5 415.5 12 0.181 0.0028 
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Table 14.  Average CR-39 Results for Caliban Irradiation 

Radial 
Distance  

(m) 

Height (cm) Effective 
Distance 

(cm) 

Number of 
CR-39 Foils 

Average OD Standard 
Deviation 

3 95.6 308.2 3 0.170 0.0000 
3 140 321.3 3 0.177 0.0047 
3 149.5 324.8 3 0.170 0.0082 

 

Table 15.  Average CR-39 Results for Prospero Irradiation 

Radial 
Distance  

(m) 

Height (cm) Effective 
Distance 

(cm) 

Number of 
CR-39 Foils 

Average OD Standard 
Deviation 

3.5 90.1 354.3 3 0.067 0.0047 
3.5 139.3 365.1 3 0.060 0.0082 
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	Since neutrons cannot be detected directly, one method of indirect neutron detection is through the charged recoil particles they produce in interactions with matter.  In solid state track-etch detectors, a charged recoil particle from a neutron interaction will cause radiation damage along its path in the detector material.  Chemical or electrochemical etching techniques can be used on the detector material to enlarge the radiation damage sites and enhance their visibility (Turner 2007).  Track-etch dosimeters exhibit an inherent threshold, since the specific energy loss (−dE/dx) of the charged recoil particle must be large enough to cause enough damage to lead to tracks that can be enhanced by the etching process.  Thus, track-etch materials will be inherently insensitive to fast electron or gamma ray interactions (Knoll 2000).
	CR39 (poly allyl diglycol carbonate or PADC, with chemical formula C12H18O7n) is one material widely used in solid state track-etch neutron dosimetry (Pinfold 2012).  The chemical composition is close to that of human soft tissue, making it a roughly tissue equivalent detector (Sahoo 2015).  Unirradiated CR39 plastic has excellent optical properties and retains its clarity even after chemical etching.  When irradiated with intermediate and fast neutrons, the latent damage caused by recoil particles is enhanced after chemical etching and degrades the optical properties of the CR-39 (Arneja 1995).  CR-39 exhibits insensitivity to thermal neutrons and has a reaction threshold of about 100 keV (Hankins 1989).
	Routine neutron dosimetry at the Lawrence Livermore National Laboratory (LLNL) is conducted using the TASL system (Track Analysis Systems Ltd, Bristol, U.K.) with CR39 plastic foils.  Radiological workers at LLNL with the potential for exposure to neutrons are assigned a CR39 dosimeter in addition to a Panasonic (Panasonic Industrial Devices Sales Company of America, Newark, New Jersey) UD802 or UD810 thermoluminescent dosimeter (TLD) for beta and gamma dosimetry.  A custom-designed and manufactured plastic case is used to hold both components, along with shielding for specific TLD elements.  A disassembled view of the LLNL personnel dosimeter package is pictured in Figure 1.
	/
	Figure 1.  LLNL Dosimeter Case with Panasonic UD-810 and CR-39 Foil
	When dosimeters are returned to the LLNL External Dosimetry Laboratory for reading, the CR39 foil is processed using a chemical etching procedure to enlarge the latent tracks created by neutron-induced recoil particles.  For routine personnel dosimetry, the tracks are counted using the TASL system, which uses Nikon optics for transmitted light microscopy and automated track analysis using the TASLIMAGE software.  The software analyzes each microscope image to measure and account for track characteristics, including length, diameter, position, and symmetry.  Through these analyses, the software is able to discriminate neutron tracks from background features (Topper 2016).
	The TASL system has been tested for linearity of neutron dose response using an unmoderated 252Cf source in the LLNL Radiation Calibration Laboratory.  The TASL system was shown to be linear through 300 mSv and became non-linear between 300–500 mSv.  The average track density for a 300 mSv neutron exposure exceeded 1.5 × 105 tracks cm−2, and the average track density for the 500 mSv neutron exposure exceeded 1.3 × 106 tracks cm−2 (Topper 2016).  These effective dose values were determined using measured neutron energy spectra and the fluence-to-dose conversion factors for personal dose equivalent Hp(10,0) as defined in ICRP Publication 74 (ICRP 1996).  Based on these previously reported conversion factors for the unmoderated 252Cf source, 500 mSv is equivalent to about 34 mGy (Radev 2009).  Thus, it is apparent that the TASL track analysis method is not usable for very high neutron absorbed doses between 0.1 to 10 Gy, such as those that could take place in a criticality accident.  
	Title 10, Part 835 of the Code of Federal Regulations (CFR) requires Department of Energy facilities with sufficient fissile material such that “excessive exposure of individuals to radiation from a nuclear accident is possible” to provide nuclear accident dosimetry for those individuals.  Further, Section 835.1304 requires such a nuclear accident dosimetry program to include the following four components: (1) a method for initial screening of individuals to determine whether significant exposures occurred, (2) methods and equipment for analysis of biological materials, (3) a system of fixed nuclear accident dosimeters, and (4) personal nuclear accident dosimeters (10 C.F.R. § 835, 2016).  The American National Standards Institute and the Health Physics Society (ANSI/HPS) Standard N13.3-2013, Dosimetry for Criticality Accidents, provides requirements and performance criteria for a dosimetry system capable of providing personal absorbed doses in the event of a criticality accident.    
	Nuclear accident dosimeters are issued to LLNL employees who work in facilities where a criticality accident is considered credible.  The LLNL Personnel Nuclear Accident Dosimeter (PNAD) design was first developed in the 1980s and its current configuration is illustrated in Figure 2.  The LLNL PNAD incorporates six neutron activation elements and a Panasonic UD-810 thermoluminescent dosimeter (TLD).  The neutron activation elements are sized to fit in the wells surrounding the Panasonic TLD in the standard LLNL dosimeter case.  For LLNL employees who work full-time in a facility where routine exposure to neutrons and a criticality accident are both possible, a CR39 foil is also included to monitor routine neutron dose.  This work was undertaken to determine the feasibility of using the CR-39 foil to provide accident-level neutron dose data in addition to those provided by the neutron activation elements of the PNAD.
	Figure 2.  Components of LLNL Personnel Nuclear Accident Dosimeters
	The neutron activation elements of the LLNL PNAD and their energy thresholds for activation are given in Table 1, along with the neutron activation reaction that takes place.  Five metal foils with various shields and a sulfur pellet comprise the LLNL PNAD.  Since the calculations for determining neutron fluence from the activated elements use measured activity concentration (activity per mass), stringent specifications for dimensions or mass of the metal foils and the sulfur pellet are not necessary.  The elements do need to meet size limitations and must fit within the specified compartments of the dosimeter case illustrated in Figure 2.  The average foil dimensions and masses of the LLNL PNAD components are provided in Table 2.  With additional information determined by using the specified shielding materials, the activation elements are used to resolve the neutron spectrum through neutron activation analysis (LLNL 2012).  
	Table 1.  Neutron Activation Elements of the LLNL PNAD
	Threshold Energy
	Reaction
	Shielding
	Activation Element
	0.025 eV
	197Au (n, γ) 198Au
	Cadmium
	Gold
	1 eV
	63Cu (n, γ) 64Cu
	Borated rubber
	Copper
	0.5 MeV
	115In (n, n′) 115mIn
	Borated rubber
	Indium
	3 MeV
	32S (n, p) 32P
	None
	Sulfur
	Table 2.  Average LLNL PNAD Metrics
	Thickness1(mm)
	Width1(mm)
	Length(mm)
	Mass(g)
	Activation Element
	0.15 ± 0.03
	4.57 ± 0.46
	17.94 ± 1.56
	0.208 ± 0.007
	Gold (shielded)
	0.15 ± 0.02
	6.05 ± 0.06
	20.67 ± 0.30
	0.281 ± 0.009
	Gold (bare)
	0.65 ± 0.02
	3.75 ± 0.08
	16.34 ± 0.12
	0.474 ± 0.009
	Copper
	0.62 ± 0.05
	4.66 ± 0.14
	19.13 ± 0.48
	0.362 ± 0.007
	Indium (shielded)
	0.61 ± 0.04
	5.96 ± 0.56
	20.78 ± 0.33
	0.517 ± 0.006
	Indium (bare)
	4.02
	5.62
	20.7
	0.867 ± 0.023
	Sulfur
	Two gold foils are used in the LLNL PNAD.   The larger of the two foils is unshielded, while the smaller foil is surrounded by cadmium.  The radiative capture cross section for cadmium is very large for neutron energies below about 0.4 eV and then drops abruptly for higher neutron energies (Knoll 2000).  Thus, cadmium is used as a shield for one of the gold foils to absorb the thermal portion of the neutron fluence.  
	The difference in mass activation for the two gold foils yields the thermal component of the total neutron fluence.  This arrangement allows for the removal of epithermal and higher-energy neutrons and resonance absorption influences on the thermal neutron component.  Since the fluence of thermal neutrons in a fission event is relatively low, the difference in size between the two foils allows for improved mathematical certainty and accuracy in determining the difference in activity concentration in the shielded versus unshielded gold foils.  However, too small of a shielded gold piece will reduce sensitivity for measuring thermal neutron fluence (LLNL 2012).
	The copper foil is surrounded by a 10B-loaded rubber shield, which also absorbs the thermal portion of the neutron fluence.  Unlike cadmium, borated rubber does not interact chemically with the indium or copper foils, and the cross-section for neutrons in the range of 0.5 eV to 1 keV is significantly higher for 10B than it is for cadmium, greatly reducing the overresponse of the copper foil at low neutron energies (Griffith 1973).  This shield is composed of 82% (by weight) enriched 10B, with the remainder consisting of a rubber binder.  The neutron activation results of the copper foil are used to determine the epithermal and intermediate portion of the neutron fluence (1 eV to 1 MeV) (LLNL 2012).  For simplicity, this energy range will be referred to as the “intermediate” neutron energy range throughout this work. 
	The smaller of the two indium foils is also placed inside the 10B-loaded rubber shield, in front of the copper foil (away from the wearer).  The threshold for the 115In (n, n′) 115mIn reaction is approximately 0.35 MeV and the resulting 115mIn can be further activated to 116mIn by thermal neutrons.  The design of the LLNL PNAD minimizes the thermal neutron interaction by placing the smaller indium foil within the 10Bloaded rubber shield.  The results of the smaller indium foil are used to determine the fluence for fast neutrons (>1 MeV) (LLNL 2012).
	The larger of the two indium foils is used as a means for rapid identification (“quick sort”) of personnel who received the most significant doses in a criticality accident.  It can be used as a backup to the 115mIn measurement for determining the fluence for fast neutrons (>1 MeV) once the shorter-lived 116mIn has decayed significantly.  If counted twice (once soon after irradiation, and again after the 116mIn has decayed), it can also be used as a backup to the thermal neutron fluence determination (LLNL 2012). 
	The unshielded sulfur pellet is used to determine the fluence for fast neutrons (>3 MeV).  The cross section for the 32S (n, p) 32P reaction has a threshold of about 3 MeV.  Unlike the gold, indium, and copper foils which are analyzed using gamma spectroscopy, the sulfur pellets are counted whole for beta activity from the resulting 32P using a Canberra (Canberra Industries, Inc., Meriden, Connecticut) iSolo® Alpha/Beta Counting System.
	In order to calculate external doses, a set of conversion coefficients must be used to relate basic physical quantities to radiological protection quantities (ICRP 1996).  The physical quantities relevant to this work are fluence (Φ) and tissue absorbed dose (D).  In the context of criticality accident dosimetry, absorbed dose is the appropriate quantity instead of the radiological protection quantity effective dose (E), since absorbed dose is applicable to an acute dose potentially resulting in immediate nonstochastic effects (ANSI/HPS 2013).  Absorbed dose is defined in terms of dε, the mean energy imparted by ionizing radiation, and dm, the mass of irradiated matter.  The unit of absorbed dose is joule per kilogram, which is given the special name of gray (Gy).  
	𝐷=d𝜀d𝑚
	Equation 1
	Fluence (Φ) is defined as the quotient of dN by da, where dN is the number of particles incident on a sphere of cross-sectional area da (ICRP 1996).  In the LLNL PNAD design, the decay-corrected activity concentrations (activity per mass) of the components are converted to neutron fluence using experimentally derived conversion coefficients (LLNL 2012).  The calculated neutron fluence can then be converted to tissue absorbed dose by use of another set of conversion coefficients that depend on the neutron energy range.  The LLNL Technical Basis Document (LLNL 2012) uses fluence-to-dose conversion coefficients derived for Element 57 of the cylindrical phantom as described by Auxier, Snyder, and Jones (Hankins 1984, Auxier 1968).
	CR-39 has been studied extensively as a neutron dosimeter.  For routine use in personnel dosimetry, individual tracks can be counted and analyzed as described in Section 1.1.1.  For high neutron doses, individual tracks cannot be counted due to overlap, and the high track density will cause the foil to become less transparent and take on a “frosted glass” appearance after chemical etching.  The decrease in transparency can be quantified by measuring the optical density of the foil.  Optical density is defined as the common logarithm of the ratio of light incident on the material to the light transmitted through it (Equation 2).  A transmission densitometer determines the optical density of a material by comparing the intensity of a known light source to the light transmitted through a material.
	OD=log10𝐼0𝐼𝑖
	Equation 2
	This technique has been previously investigated by Bordy et al. with irradiations of up to 100 Gy performed at the SILENE reactor in France.  Light transmission through chemically etched CR-39 samples was measured using a spectrophotometer and found to be a linear function of dose to certain limits.  The limits of linearity were found to be dependent on the etching time (Bordy 1991). 
	Similar investigations were performed by Arneja and Waker with neutron doses up to 10 Gy from a bare 252Cf source.  This study also used optical density measurements taken by spectrophotometry and included a comparison of monochromatic light sources.  A light source with wavelength 500 nm was reported to have almost 100% transmission for unirradiated and unetched CR-39, providing the maximum potential to observe differences in optical density of irradiated foils (Arneja 1995). 
	Yasuda et al. have also studied the use of CR-39 for high neutron doses, but instead of measuring light transmission, atomic force microscopy was used to analyze the irradiated and etched foils.  This method allows for the use of additional information regarding the shape of the etch pits, which assist in determining the charge of the recoil particle causing the tracks or their linear energy transfer.  The etch pit density as measured by atomic force microscopy was found to be a linear function of dose to the maximum evaluated dose of 6 Sv (Yasuda 2006).
	In this work, CR-39 foils routinely assigned to Lawrence Livermore National Laboratory radiation workers were evaluated for potential use in extremely high neutron dose situations, such as a criticality accident.  The LLNL personnel nuclear accident dosimeters are built into the standard dosimeter case.  Radiation workers expected to receive routine neutron exposures are assigned CR-39 dosimeters which are also built into the single dosimeter case.  The current TASL system is not capable of analyzing the CR-39 foils in accident-level neutron exposures, so this work is intended to investigate the possibility of making use of the CR-39 foils in an accident scenario.
	The LLNL personnel nuclear accident dosimeters are based on neutron activation elements, and the activation products with the shortest half-lives must be individually and rapidly analyzed by gamma spectroscopy.  This time-consuming analysis means that nuclear accident dosimeters are expected to be used as a triage tool to prioritize medical attention and dosimetry analysis for the individuals with the highest apparent exposures.  Other workers could have received measurable neutron exposures, but the activated dosimeter elements may decay significantly before they can be analyzed.  In such cases, the CR39 foils could serve as a valuable backup if they could be found to reliably indicate high neutron doses beyond the capability of the TASL track counting system.
	CR-39 foils were included as integral components of LLNL PNADs and irradiated to accident-level absorbed doses between 0.1–5 Gy at the Godiva reactor at the Nevada National Security Site and the Caliban and Prospero reactors at the Valduc facility in France.  The CR-39 foils were chemically etched using the standard etching procedure for personnel neutron dosimeters at LLNL.  A simple and relatively inexpensive instrument for measuring optical density was desired for this study, so optical density was measured using a transmission densitometer.   
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	The CR39 foils used in this work were of dosimetry-grade CR39 resin with 0.1% dioctyl phthalate (DOP) additive and were purchased from Intercast Europe S.r.l. (Parma, Italy).  The size of each foil was 25 mm × 20 mm × 1.5 mm.  During storage, dosimeter assembly, and irradiation, both sides of the foil were covered with clear polyethylene material of 0.5 mm nominal thickness to protect against abrasions and alpha particles resulting from the decay of radon and radon daughters.  These protective coverings were removed just prior to the chemical etching process.
	In addition to its protective function, the polyethylene covering also serves as a radiator for the CR-39 foils (Castillo 2013).  The polyethylene has a greater hydrogen density than CR39 and therefore generates more recoil protons from (n, p) reactions, contributing to the total number of interactions in the CR39.  For neutrons with energies higher than 1 MeV, the recoil protons from the polyethylene layer can reach the CR39 and enhance its response by producing additional tracks.  Below 1 MeV, the protons originating in the polyethylene layer either do not reach the CR39 or have too little energy to damage the foil (Hankins 1989).   
	The CR39 foils were included as components of standard LLNL PNADs.  The neutron activation elements were analyzed after each irradiation as described in Section 3.1 below.  The CR-39 foils were removed from the dosimeter case and shipped to LLNL for processing as described in Section 3.2 below.
	Three irradiations were performed in May 2014 as part of an international collaboration to characterize the Godiva IV fast burst reactor at the National Criticality Experiments Research Center (NCERC).  Godiva IV is a bare cylindrical assembly of approximately 65 kg of highly enriched uranium fuel (93.2% 235U metal alloyed with 1.5% molybdenum for strength) and is designed to perform controlled prompt critical excursions (Myers 2010, Goda 2013).  Three irradiations were performed with fuel core temperature increases of 71.1°C, 136.9°C, and 229.9°C during the burst excursions and are referred to in this report as Godiva 70, Godiva 140, and Godiva 250 based on the target core temperatures. 
	CR39 foils were included as components of four hundred thirty-two (432) LLNL PNADs deployed to evaluate the Godiva neutron field.  In each irradiation, nine support stands with aluminum plates were placed at predetermined positions around the reactor core.  The stand placement positions are illustrated in Figure 3.  
	Figure 3.  Placement of Dosimeters around Godiva
	Each stand held four LLNL dosimeters at each of four different heights, as pictured in Figure 5.  The height of the top of each aluminum plate is given in Table 3.  The height of the Godiva core is 180 cm; thus, the effective distance between the row of dosimeters on each plate and the Godiva assembly core was calculated as illustrated in Figure 4 and is given in the last column of Table 3.
	Figure 4.  Calculation of Effective Distance between Reactor Core and Dosimeter
	/
	Figure 5.  Aluminum Stand Used in the Godiva Irradiations
	Table 3.  Heights and Effective Distances of Dosimeter Holding Plates
	Effective Distance from Core(cm)
	Top of Plate Height (cm)
	Plate Identification
	Radial Distance from Reactor Core (m)
	Location
	200.7201.4210.3228.0
	19715611570.5
	ABCDEFGH
	2
	1, 2, 3
	302.7300.2306.0319.9
	220169.5119.569
	ABCDEFGH
	3
	4, 5
	253.2250.2257.2273.5
	220169.5119.569
	ABCDEFGH
	2.5
	6
	403.6400.0404.0415.5
	234178.512367.5
	ABCDEFGH
	4
	7, 8, 9
	Two irradiations were performed in September 2014 in collaboration with the French Commissariat à l'énergie atomique et aux énergies alternatives (Alternative Energies and Atomic Energy Commission, CEA).  As in the Godiva irradiations, CR-39 foils were included as components of forty-one (41) LLNL PNADs that were irradiated at the CEA Valduc facility.  Twenty-four (24) dosimeters were irradiated in a burst experiment using the Caliban reactor at a core burst temperature of 61.8°C and 17 dosimeters were irradiated at a steady state of 100 W for 1500 seconds using the Prospero reactor (Lobaugh 2015).
	Caliban is a vertically oriented cylindrical reactor with highly enriched uranium fuel plates (93.5% 235U alloyed with 10% in weight of molybdenum).  Four control rods of the same uranium alloy are used for reactor operation.  Caliban can be operated in either a steady state power mode or a pulsed mode with a neutron fluence in the irradiation cavity of about 4 × 1014 n cm−2 (Casoli 2014).  In the Caliban irradiation, dosimeters were placed on two phantoms and one aluminum stand.  The stand and one phantom directly faced the reactor core, while the other phantom was arranged at a 45° angle.  The radial distance of all dosimeter positions in the Caliban irradiation was 3 m from the reactor.  
	Figure 6 illustrates the dosimeter stand and phantom positions for the Caliban irradiation.  LLNL PNADs were only placed at locations S1, P_2, and P_3.  For consistency with the Godiva data, in which all PNADs were irradiated on direct-facing stands, only the Caliban data for Stand S1 are presented in this work.
	Figure 7 depicts the stand setup for the Caliban irradiation.  The heights of each set of dosimeters are indicated in the figure.  The height of the Caliban reactor is 25 cm and the effective distance from the reactor to the dosimeters was calculated in the same manner as for the Godiva irradiations.
	Figure 6.  Placement of Dosimeters around Caliban
	Figure 7.  Stand S1 in the Caliban Irradiation
	Prospero is also a metallic core cylindrical reactor, but is horizontally oriented.  It is composed of metallic plates of a highly enriched uranium alloy surrounded by a depleted uranium and steel reflector.  Four depleted uranium control rods in the reflector are used to operate the reactor.  Prospero can only be operated in a steady state power mode (Casoli 2014).  In the Prospero irradiation, dosimeters were again placed on two phantoms and one aluminum stand.  The stand and one phantom directly faced the reactor core, while the other phantom was arranged at a 45° angle relative to the reactor.  The radial distance of all dosimeter positions in the Prospero irradiation was 3.5 m from the reactor.
	Figure 8 illustrates the dosimeter stand and phantom positions for the Prospero irradiation.  LLNL PNADs were placed at all locations, but for experimental consistency, only the Prospero data for Stand S4 are presented in this work.
	Figure 8.  Placement of Dosimeters around Prospero
	Figure 9 depicts the stand setup for the Prospero irradiation.  The heights of each set of dosimeters are indicated in the figure.  The height of the Prospero reactor is 35.3 cm and the effective distance from the reactor to the dosimeters was calculated in the same manner as for the Godiva irradiations.
	Figure 9.  Stand S4 in the Prospero Irradiation
	All CR39 foils were chemically etched according to the LLNL procedure for personnel neutron dosimeters.  This procedure is based on the TASL user manual but has been optimized for operations at LLNL, as described in the TASL CR-39 System Technical Basis Document (Topper 2016).  The foils were chemically etched for 2 hours and 50 minutes in a 6.05 M NaOH bath heated to 85°C.  The molarity (concentration in moles NaOH per liter solution) of the etch bath was verified to be slightly less than 6.05 M before beginning the heating process by using a refractometer.
	Following the chemical etch, the foils were rinsed in three separate tanks.  The first rinse lasts 15 minutes in a solution of acetic acid and water, while the second and third rinses lasted five minutes each in deionized water only.  All three rinses used frequent agitation by hand during the rinse period.  Following the three sequential neutralizing rinses, the foils were initially dried with nitrogen gas and then fully dried for a least one hour in the manufacturer-provided dryer. 
	A set of five blank and five reference foils were also processed and etched along with the sample foils.  The blank foils were not irradiated, while the reference foils were irradiated with the bare 252Cf source in the LLNL Radiation Calibration Laboratory to an absorbed dose of 0.34 mGy.
	Immediately following the etching process, the CR-39 foils that were irradiated for this work had visible damage and obviously had sustained extensive neutron irradiation.  The visual difference between the reference foils irradiated to 0.34 mGy and the Godiva foils, which were etched together in the same batch, is depicted in Figure 10.
	/
	Figure 10.  Visual Post-Etch Comparison of Foils Irradiated in Godiva 140 and Reference Foils Irradiated to 0.34 mGy (inset)
	Following chemical etching, the optical density of the CR39 foils was measured using an X-Rite 301 transmission densitometer (X-Rite, Incorporated, Grand Rapids, Michigan).  Optical density measurements were taken near the center of each foil using the densitometer fitted with a standard 2 mm aperture provided by the manufacturer.  Prior to each set of measurements, the calibration of the densitometer was checked using the calibration step tablet, also provided by the manufacturer.  The optical density of the blank (unirradiated) and reference (irradiated to 0.34 mGy) foils were also measured with the transmission densitometer.  
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	The distribution of neutron energies of each irradiation was determined by measurement of the activated PNAD elements.  The neutron activation elements were analyzed soon after irradiation and decay-corrected to the irradiation time.  The process is described in Section 1.3.1 and further detailed elsewhere (LLNL 2012).
	Activity-to-fluence conversion coefficients given in the LLNL technical basis document (LLNL 2012) were used to determine the neutron fluence from the activity concentration measurements.  These coefficients are reproduced in Table 4.  
	Table 4.  Activity-to-Fluence Conversion Coefficients for LLNL PNAD Elements
	Activity-to-Fluence Conversion Coefficient(n g cm−2 Bq−1)
	Activation Element
	8.11 × 105
	Gold
	1.35 × 108
	Copper
	1.84 × 107
	Indium
	7.84 × 108
	Sulfur (whole pellet)
	The results of neutron fluence for each irradiation are shown in the figures on the following pages.  The results for the dosimeters on each stand were averaged in groups according to their effective distance from the reactor core.  Detailed results of the PNAD elements are provided in Appendix 1.
	/
	Figure 11.  Average Neutron Fluence Results for Godiva 70
	/
	Figure 12.  Average Neutron Fluence Results for Godiva 140
	/
	Figure 13.  Average Neutron Fluence Results for Godiva 250
	/
	Figure 14.  Average Neutron Fluence Results for Caliban and Prospero
	The PNAD results demonstrate a fairly consistent distribution of neutron energies for each critical assembly.  Figure 15 below shows the average distribution of neutron energies by critical assembly.  In the Godiva irradiations, where many more dosimeters were available, the fast neutron fluence as measured by the PNADs is seen to decrease with increased distance from the reactor by a factor roughly corresponding to the inverse square law.  For intermediate and thermal neutrons, the fluence decrease with distance is less pronounced due to scattering reactions in the facility.
	In each case, intermediate neutrons (in this work, considered to be neutrons with energies from 1 eV to 1 MeV) accounted for over 65% of the total neutron fluence, and fast neutrons with energies greater than 3 MeV accounted for 4% or less of the total fluence. 
	/
	Figure 15.  Average Distribution of Neutron Energies per Critical Assembly
	The neutron fluence values determined from the measured activity of the neutron activation elements are further converted to dose using the fluence-to-dose conversion coefficients given in the LLNL technical basis document (LLNL 2012).  These values were originally developed in 1984 using the calculated neutron leakage spectra from the bare and shielded Health Physics Research Reactor assembly at the Oak Ridge National Laboratory (Hankins 1984).  The dose conversion coefficients are reproduced below in Table 5.  
	Table 5.  Fluence-to-Dose Conversion Coefficients for LLNL PNAD Elements
	Fluence-to-Dose Conversion Coefficient(Gy cm2 n−1)
	Neutron Energy Range
	7.0 × 10−15
	Thermal
	8.1 × 10−14
	1 eV – 1 MeV
	3.3 × 10−13
	1–3 MeV
	5.3 × 10−13
	>3 MeV
	Figure 16 below shows the average distribution of neutron dose by critical assembly.  In the Godiva and Caliban burst irradiations, the dose from neutrons with energies above 1 MeV accounted for 50–60% of the total neutron dose, while almost all of the remaining dose was due to intermediate neutrons (neutrons with energies from 1 eV to 1 MeV).  In the steady-state Prospero irradiation, the fast neutron dose accounted for about 35% of the total neutron dose and the intermediate neutron dose accounted for about 60% of the total neutron dose.  This difference is due to the softer neutron spectrum of the Prospero reactor in a steady-state mode compared to the burst irradiations using the Godiva and Caliban reactors.
	/
	Figure 16.  Average Distribution of Neutron Doses per Critical Assembly
	Data from the Godiva irradiations were used to confirm that the CR-39 foils are insensitive to thermal neutrons and part of the intermediate energy range of 1 eV to 1 MeV.  Figures 17 and 18 show the CR-39 optical density results as a function of neutron fluence calculated using the collocated PNAD elements.  Since the PNAD is capable of resolving a neutron spectrum to four energy regions, results for each region could be reviewed separately.  Figure 17 shows that there is little correlation between thermal and intermediate neutron fluence and optical density.  In contrast, Figure 18 shows good correlation between fast neutron fluence and optical density.
	/
	Figure 17.  Optical Density as a Function of Thermal and Intermediate Neutron Fluence
	/
	Figure 18.  Optical Density as a Function of Fast Neutron Fluence
	The CR-39 results were averaged in groups according to their effective distance from the reactor core.  In the Godiva irradiations, similar to the PNAD results for fast neutron fluence, the optical density decreases with increased distance from the reactor.  However, it is evident that the relationship between optical density and distance from the reactor does not follow the inverse square law.  The results of the optical density measurements of the CR-39 foils are shown in Figure 19.  Detailed results of the CR-39 optical density measurements are provided in Appendix 2.
	/
	Figure 19.  Average Optical Density Results for All Irradiations
	4 Discussion
	4.1 Experiment Design and Data Selection
	4.2 Correlation Between CR-39 Optical Density and Fast Neutron Fluence and Dose

	The CR-39 foils were irradiated in large-scale experiments designed to fulfill multiple objectives, and not all results were relevant to present in this report.  In particular, the Caliban and Prospero irradiations at the CEA Valduc facility studied PNAD response to varying configurations, including angular orientations and placement on sodium-water phantoms as well as aluminum stands.  These irradiations were done with relatively small numbers of dosimeters (27 in the Caliban irradiation and 14 in the Prospero irradiation, compared to 144 dosimeters for each of the three Godiva irradiations).  Due to the limited data available for the alternative configurations, the results for dosimeters placed on phantoms and at angular orientations are not presented in this report.
	As previously discussed, CR-39 is insensitive to thermal neutrons and has a reaction threshold of approximately 100 keV.  The LLNL PNAD design resolves a neutron spectrum fluence into four energy regions: thermal, intermediate (1 eV – 1 MeV), and fast (two regions, one between 1–3 MeV and another above 3 MeV).  Since the PNAD covers a wider range of intermediate neutron energies (from 1 eV to 1 MeV) than CR-39, and the CR-39 does not differentiate between >1 MeV and >3 MeV neutrons, the CR-39 optical density results were compared to the total fast neutron fluence (>1 MeV).
	/
	Figure 20.  Average Optical Density Results as a Function of Fast Neutron Fluence
	Figure 20 shows the average optical density results of the CR-39 foils in each irradiation for fast neutrons.  The five irradiation experiments are differentiated in this figure, but the data demonstrate that each experiment is in good agreement with the overall trend.  This plot also shows that optical density resulting from the etching procedure used in this work is not a linear function of fast neutron fluence, and therefore would not be expected to follow the inverse square law in decreasing with distance from the reactor.  The fast neutron fluence was determined using the neutron activation elements as described in Section 3.1.1 above.  From the fluence values, the absorbed dose was determined using the fluence-to-dose conversion coefficients described in Section 3.1.2.
	/
	Figure 21.  Optical Density of CR-39 as a Function of Fast Neutron Dose
	The averaged absorbed dose results are plotted in Figure 21.  Each marker represents a set of dosimeters in the same irradiation experiment with the same effective distance from the reactor core.  The solid line shows an exponential fit to Equation 3 performed using the R programming language with the non-linear least squares regression “nls2” package, where x is the fast neutron absorbed dose in Gy.  
	Equation 3
	𝑦=𝑎+𝑏𝑒−𝑐𝑥
	The “nls2” package was used to determine the weighted least-squares estimates for the parameters a, b, and c.  These are shown in Equation 4:
	Equation 4
	OD=0.185−0.152𝑒−3.33𝑥
	Figure 21 shows that while there is a correlation between the optical density of CR-39 and the fast neutron dose measured using the PNAD neutron activation elements, the optical density measurements exhibit a definite point of saturation.  A review of all measurements conducted for this work revealed that the measured optical density approaches a maximum value of 0.20 under the chemical etching conditions described in Section 2.3.1.  The optical density saturation point is reached at a fast neutron absorbed dose of approximately 1 Gy.
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	This work demonstrates that CR-39 is a viable neutron dosimeter for high doses of fast neutrons (neutrons with energy greater than 1 MeV), such as those that could occur in a criticality accident.  The optical density of CR39 foils irradiated in nuclear accident dosimetry experiments can provide an independent verification of the fast neutron doses measured by neutron activation foils up to an absorbed dose of approximately 1 Gy.  Optical density of chemically etched CR-39 foils was measured using a transmission densitometer and found to be an exponential function of the fast neutron dose measured by the neutron activation components of the nuclear accident dosimeters.
	This work used the standard LLNL procedure for chemical etching of CR-39 neutron dosimeters.  Further studies are warranted to enhance the dose range and optimize analysis of the CR-39 foils following high dose irradiations.  One possibility is to study various light sources in the transmission densitometer, which could enhance the differences in optical density measurements.  Another possibility for further study is to examine the potential for analysis of the CR-39 foils directly after irradiation, without chemical etching.  Finally, the etching process itself should be studied to determine if it can be improved for optical density measurements rather than individual track analysis, as in the current etching procedure.  Such studies could be valuable additions to dosimetry programs for nuclear criticality accidents and other high neutron dose situations.
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	PNAD DATA
	Table 6.  Average PNAD Results for Godiva 70
	Average Fast (>3 MeV) Neutron Fluence(n cm−2)
	Average Fast (1 – 3 MeV) Neutron Fluence(n cm−2)
	Average Intermediate (1 eV – 1 MeV) Neutron Fluence(n cm−2)
	Average Thermal Neutron Fluence(n cm−2)
	Number of PNADs
	Effective Distance (cm)
	4.87E+09
	2.09E+10
	6.94E+10
	5.37E+09
	12
	200.7
	4.66E+09
	2.07E+10
	6.72E+10
	5.46E+09
	12
	201.4
	4.45E+09
	1.89E+10
	6.70E+10
	5.19E+09
	12
	210.3
	3.49E+09
	1.46E+10
	6.34E+10
	5.46E+09
	12
	228.0
	3.29E+09
	1.45E+10
	7.84E+10
	5.83E+09
	4
	250.2
	2.93E+09
	1.50E+10
	8.13E+10
	5.63E+09
	4
	253.2
	3.42E+09
	1.43E+10
	6.98E+10
	5.95E+09
	4
	257.2
	2.46E+09
	1.13E+10
	8.04E+10
	5.73E+09
	4
	273.5
	2.55E+09
	1.02E+10
	5.50E+10
	4.87E+09
	8
	300.2
	2.59E+09
	1.13E+10
	6.26E+10
	5.02E+09
	8
	302.7
	2.17E+09
	1.02E+10
	5.78E+10
	5.01E+09
	8
	306.0
	1.65E+09
	7.51E+09
	4.51E+10
	5.06E+09
	8
	319.9
	1.46E+09
	7.32E+09
	6.25E+10
	4.71E+09
	12
	400.0
	1.46E+09
	6.66E+09
	6.91E+10
	4.83E+09
	12
	403.6
	1.48E+09
	6.59E+09
	6.34E+10
	4.84E+09
	12
	404.0
	1.41E+09
	6.96E+09
	5.75E+10
	4.92E+09
	12
	415.5
	Table 7.  Average PNAD Results for Godiva 140
	Average Fast (>3 MeV) Neutron Fluence(n cm−2)
	Average Fast (1 – 3 MeV) Neutron Fluence(n cm−2)
	Average Intermediate (1 eV – 1 MeV) Neutron Fluence(n cm−2)
	Average Thermal Neutron Fluence(n cm−2)
	Number of PNADs
	Effective Distance (cm)
	9.46E+09
	3.88E+10
	1.19E+11
	1.09E+10
	12
	200.7
	9.35E+09
	3.93E+10
	1.17E+11
	1.04E+10
	12
	201.4
	8.73E+09
	3.77E+10
	1.36E+11
	1.10E+10
	12
	210.3
	6.53E+09
	2.79E+10
	1.11E+11
	1.09E+10
	12
	228.0
	6.71E+09
	3.04E+10
	1.40E+11
	1.15E+10
	4
	250.2
	6.35E+09
	2.75E+10
	1.45E+11
	1.08E+10
	4
	253.2
	7.28E+09
	2.85E+10
	1.18E+11
	1.25E+10
	4
	257.2
	5.07E+09
	2.15E+10
	1.17E+11
	1.17E+10
	4
	273.5
	4.83E+09
	2.07E+10
	9.28E+10
	9.81E+09
	8
	300.2
	4.85E+09
	2.30E+10
	1.21E+11
	9.34E+09
	8
	302.7
	4.34E+09
	1.96E+10
	1.04E+11
	1.02E+10
	8
	306.0
	3.24E+09
	1.56E+10
	1.31E+11
	9.66E+09
	8
	319.9
	2.85E+09
	1.33E+10
	1.07E+11
	9.45E+09
	12
	400.0
	2.98E+09
	1.40E+10
	9.18E+10
	9.27E+09
	12
	403.6
	2.96E+09
	1.30E+10
	1.08E+11
	9.28E+09
	12
	404.0
	2.84E+09
	1.27E+10
	1.00E+11
	9.79E+09
	12
	415.5
	Table 8.  Average PNAD Results for Godiva 250
	Average Fast (>3 MeV) Neutron Fluence(n cm−2)
	Average Fast (1 – 3 MeV) Neutron Fluence(n cm−2)
	Average Intermediate (1 eV – 1 MeV) Neutron Fluence(n cm−2)
	Average Thermal Neutron Fluence(n cm−2)
	Number of PNADs
	Effective Distance (cm)
	1.65E+10
	6.96E+10
	2.34E+11
	1.81E+10
	12
	200.7
	1.64E+10
	7.21E+10
	1.88E+11
	1.83E+10
	12
	201.4
	1.52E+10
	6.59E+10
	1.92E+11
	1.84E+10
	12
	210.3
	1.11E+10
	5.06E+10
	1.69E+11
	1.84E+10
	12
	228.0
	1.13E+10
	5.16E+10
	1.81E+11
	2.06E+10
	4
	250.2
	1.15E+10
	4.56E+10
	2.13E+11
	2.05E+10
	4
	253.2
	1.18E+10
	5.03E+10
	2.90E+11
	2.01E+10
	4
	257.2
	8.85E+09
	3.91E+10
	1.96E+11
	2.09E+10
	4
	273.5
	8.28E+09
	3.60E+10
	1.67E+11
	1.66E+10
	8
	300.2
	8.92E+09
	3.90E+10
	1.61E+11
	1.70E+10
	8
	302.7
	7.57E+09
	3.32E+10
	1.77E+11
	1.71E+10
	8
	306.0
	5.71E+09
	2.58E+10
	1.37E+11
	1.76E+10
	8
	319.9
	5.18E+09
	2.27E+10
	1.15E+11
	1.63E+10
	12
	400.0
	5.13E+09
	2.36E+10
	1.19E+11
	1.58E+10
	11
	403.6
	5.10E+09
	2.25E+10
	1.11E+11
	1.61E+10
	12
	404.0
	5.07E+09
	2.20E+10
	1.05E+11
	1.67E+10
	12
	415.5
	Table 9.  Average PNAD Results for Caliban Irradiation
	Average Fast (>3 MeV) Neutron Fluence(n cm−2)
	Average Fast (1 – 3 MeV) Neutron Fluence(n cm−2)
	Average Intermediate (1 eV – 1 MeV) Neutron Fluence(n cm−2)
	Average Thermal Neutron Fluence(n cm−2)
	Number of PNADs
	Effective Distance (cm)
	3.45E+09
	1.49E+10
	3.60E+10
	1.08E+10
	3
	308.2
	3.70E+09
	1.52E+10
	7.90E+10
	9.41E+09
	3
	321.3
	3.48E+09
	1.49E+10
	6.70E+10
	1.14E+10
	3
	324.8
	Table 10.  Average PNAD Results for Prospero Irradiation
	Average Fast (>3 MeV) Neutron Fluence(n cm−2)
	Average Fast (1 – 3 MeV) Neutron Fluence(n cm−2)
	Average Intermediate (1 eV – 1 MeV) Neutron Fluence(n cm−2)
	Average Thermal Neutron Fluence(n cm−2)
	Number of PNADs
	Effective Distance (cm)
	2.23E+08
	1.26E+09
	1.18E+10
	2.37E+09
	3
	354.3
	2.16E+08
	1.06E+09
	9.16E+09
	2.33E+09
	3
	365.2
	CR-39 DATA
	Table 11.  Average CR-39 Results for Godiva 70
	Standard Deviation
	Average OD
	Number of CR39 Foils
	Effective Distance (cm)
	Height(cm)
	Radial Distance(m)
	0.0039
	0.178
	11
	200.7
	197
	2
	0.0037
	0.182
	12
	201.4
	156
	2
	0.0028
	0.181
	12
	210.3
	115
	2
	0.0000
	0.170
	12
	228.0
	70.5
	2
	0.0000
	0.170
	4
	250.2
	169.5
	2.5
	0.0043
	0.163
	4
	253.2
	220
	2.5
	0.0000
	0.170
	4
	257.2
	119.5
	2.5
	0.0083
	0.163
	4
	273.5
	69
	2.5
	0.0048
	0.164
	8
	300.2
	169.5
	3
	0.0033
	0.161
	8
	302.7
	220
	3
	0.0050
	0.160
	8
	306.0
	119.5
	3
	0.0048
	0.144
	8
	319.9
	69
	3
	0.0055
	0.138
	12
	400.0
	178.5
	4
	0.0047
	0.137
	12
	403.6
	234
	4
	0.0037
	0.142
	12
	404.0
	123
	4
	0.0060
	0.138
	12
	415.5
	67.5
	4
	Table 12.  Average CR-39 results for Godiva 140
	Standard Deviation
	Average OD
	Number of CR39 Foils
	Effective Distance (cm)
	Height(cm)
	Radial Distance(m)
	0.0064
	0.189
	12
	200.7
	197
	2
	0.0049
	0.196
	12
	201.4
	156
	2
	0.0028
	0.189
	12
	210.3
	115
	2
	0.0049
	0.186
	12
	228.0
	70.5
	2
	0.0000
	0.180
	4
	250.2
	169.5
	2.5
	0.0043
	0.178
	4
	253.2
	220
	2.5
	0.0000
	0.180
	4
	257.2
	119.5
	2.5
	0.0043
	0.178
	4
	273.5
	69
	2.5
	0.0033
	0.179
	8
	300.2
	169.5
	3
	0.0043
	0.178
	8
	302.7
	220
	3
	0.0033
	0.179
	8
	306.0
	119.5
	3
	0.0060
	0.169
	8
	319.9
	69
	3
	0.0138
	0.165
	12
	400.0
	178.5
	4
	0.0060
	0.163
	12
	403.6
	234
	4
	0.0060
	0.168
	12
	404.0
	123
	4
	0.0037
	0.168
	12
	415.5
	67.5
	4
	Table 13.  Average CR-39 results for Godiva 250
	Standard Deviation
	Average OD
	Number of CR39 Foils
	Effective Distance(cm)
	Height(cm)
	Radial Distance(m)
	0.0000
	0.190
	12
	200.7
	197
	2
	0.0000
	0.190
	12
	201.4
	156
	2
	0.0000
	0.190
	12
	210.3
	115
	2
	0.0043
	0.183
	12
	228.0
	70.5
	2
	0.0000
	0.190
	3
	250.2
	169.5
	2.5
	0.0050
	0.185
	4
	253.2
	220
	2.5
	0.0000
	0.190
	4
	257.2
	119.5
	2.5
	0.0000
	0.180
	4
	273.5
	69
	2.5
	0.0033
	0.189
	8
	300.2
	169.5
	3
	0.0033
	0.189
	8
	302.7
	220
	3
	0.0043
	0.183
	8
	306.0
	119.5
	3
	0.0000
	0.180
	8
	319.9
	69
	3
	0.0000
	0.180
	12
	400.0
	178.5
	4
	0.0049
	0.176
	12
	403.6
	234
	4
	0.0000
	0.180
	12
	404.0
	123
	4
	0.0028
	0.181
	12
	415.5
	67.5
	4
	Table 14.  Average CR-39 Results for Caliban Irradiation
	Standard Deviation
	Average OD
	Number of CR39 Foils
	Effective Distance(cm)
	Height (cm)
	Radial Distance (m)
	0.0000
	0.170
	3
	308.2
	95.6
	3
	0.0047
	0.177
	3
	321.3
	140
	3
	0.0082
	0.170
	3
	324.8
	149.5
	3
	Table 15.  Average CR-39 Results for Prospero Irradiation
	Standard Deviation
	Average OD
	Number of CR39 Foils
	Effective Distance(cm)
	Height (cm)
	Radial Distance (m)
	0.0047
	0.067
	3
	354.3
	90.1
	3.5
	0.0082
	0.060
	3
	365.1
	139.3
	3.5


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /All
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions false
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Impact
    /LucidaConsole
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


