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FOREWORD 

Neutron response of the albedo type dosimeter is strongly dependent on 

the energy of the incident neutrons as well as the moderating material on the 
backside of the dosimeter. This study characterizes the response of the 
Hanford dosimeter for a variety of neutron energies for both a water and Rando 
phantom.(a) 

SUMMARY 

The Hanford dosimeter response to neutrons of different energies is 

typical of albedo type dosimeters. An approximate two orders of magnitude 
difference in response is observed between neutron energies of 100 keV and 

10 MeV. Historically, the Hanford dosimeter has been calibrated at about 
1 MeV using a PuF4 source. During the past several years a 252Cf source 

has often been used which has an average energy of about 1 MeV when weighted 
by Hanford dosimeter response. 

The Hanford dosimeter has shown differences in response by as much as a 
factor of 2 when calibrated with 252Cf sources at different facilities. This 

is attributed to the contribution of room-scattered neutrons to the dosimeter 

response. The magnitude of the contribution is unique to the irradiation 
geometry at each facility. Little difference in dosimeter response was 
observed for dosimeters irradiated on a polyethylene phantom, water phantom, 
or on the centerline position of a Rando phantom (Study 5 describes response 
of dosimeter for different positions on Rando phantom). 

(a) Simulated human body (trunk and head) consisting of an actual human 
skeleton with molded plastic for body muscle and certain organs. High 
density polyethylene is used to simulate muscle tissue and low density 
polyethylene is used to simulate lung tissue. 
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Methods were described to compensate for the difference in dosimeter 
response between a laboratory neutron spectrum and the different spectra 
encountered at various facilities in the field. Generally, substantial field 
support is necessary for accurate neutron dosimetry. 

INTRODUCTION 

The neutron response of the Hanford albedo dosimeter is dependent, pri
marily, on three parameters as follows: 

1. Energy of incident neutrons, 

2. Type and distance of moderating material on the backside of the 

dosimeter, and 

3. Angular position of dosimeter relative to the neutron source. 

Other parameters include dose, which is discussed in Study 8. The positional 
dependence is discussed in Study 5. 

Albedo dosimeters are inherently highly energy dependent. The absorption 

cross-section of 6LiF (TLD-600) and the scattering cross-section of nuclei 
in the body are both extremely energy dependent and decrease with increasing 

neutron energy. The scattering cross-section of hydrogen in the body is shown 
in Figure 3.1 and the 6LiF (n,~) cross-section is shown in Figure 3.2. 

The response of the Hanford dosimeter to several neutron energies has been 
measured. The Van de Graaff accelerator in the 3745B Building was used to 
generate neutrons of several energies. Dosimeters were also exposed to the 2, 
24, and 144 keV filtered neutron beams at the National Bureau of Standards 
(NBS) as well as to the National Bureau of Standards (NBS) 252Cf source. 

Exposures were conducted using the PuF4 calibration source and the bare 
252Cf source in the 3745A building. 

The effect of moderating material was examined by comparing the response 

of the dosimeter on a 30 cm diameter water jug and a "Rando" phantom. The 

Rando phantom simulates the response expected from the human body in that it 
consists of an actual human skeleton with molded plastic for body-muscle and 
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FIGURE 3.1. Hydrogen Scattering Cross Section as a Function of 
Neutron Energy. 
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FIGURE 3.2. 6L iF Absorption Cross Section as a Function 
of Neutron Energy. 

certain organs. Low density polyethylene is used to simulate the lungs whereas 
high density polyethylene is used to simulate muscle. 

THEORY 

Thermoluminescence-Albedo Dosimeters 

The neutron dosimetry technique most widely used at DOE facilities in the 
United States is the TLD-albedo system, which uses the 6L i(n,a)3H reaction 

or lOB (n,a)7L i reaction in thermoluminescent materials to detect neutrons. 

Thermoluminescence-albedo dosimeters must be worn on the body. Incident fast 

neutrons enter the body and are moderated, and slow neutrons (thermal plus 
epithermal) are reflected back to the dosimeter (hence the term albedo, from 
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the reflected neutrons). Slow neutrons interact with the thermoluminescent 
material, usually through 6Li (n,a)3H or lOB (n,a)7Li reaction, and the 

charged particles then excite the thermoluminescent material. When heated, 
the phosphor emits light in quantities proportional to the energy deposited in 

the material. The energy deposited depends on the number of interactions 
which occur in the sensitive material. 

The thermoluminescent material is sensitive to both neutrons and photons, 

so a correction must be made for photon response by using matched pairs of TL 
chips. One pair is made from 6L iF or a boron crystal, which detects neutrons 
and photons, and the other is made from fully enriched 7LiF, or some other 
neutron insensitive material which detects mostly photons. The neutron response 
is found by subtracting the photon response from the 6LiF or boron crystal 

response. The Hanford multipurpose dosimeter uses a system of 6LiF and 7LiF • 

The basic concepts of the TLD-albedo dosimeter are shown in Figure 3.3. 
Pairs of 6LiF and 7L iF TL chips are placed on each side of a cadmium shield, 

which is used to differentiate incident thermal neutrons from the albedo neu
trons reflected from the body. The top pair measure the incident thermal neu

tron dose; the bottom pair measure the albedo neutrons from which the incident 
fast neutron dose is inferred. The cadmium foil is usually between 0.4 and 
1.5 mm (0.015 and 0.060 in.) thick. Thinner foils allow too many thermal neu
trons to pass through. The cadmium foil should be as large as practical to 

prevent thermal neutrons from diffusing around the foil to the bottom TL chips; 

the smallest useful diameter for the cadmium foil is about 1 cm (0.39 in.) 
(Hankins 1972). Cadmium emits gamma rays when it captures a neutron, so gamma 
shields are sometimes placed between the cadmium and the TL chips. Boron or 
boron-loaded plastic can also be used in place of cadmium, but a much thicker 
shield is required because of boron's lower absorption cross section and 
density. The material is often enriched in lOB, but this is expensive. 

The TLD-albedo dosimeter must be worn close to the body to function pro

perly. As it is moved away from the body, its sensitivity to fast neutrons 

decreases and its sensitivity to thermal neutrons increases. Wearing a dosim
eter loosely clipped on a pocket containing a pack of cigarettes can cause 
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FIGURE 3.3. Basic Concept of TLD-Albedo Dosimeter 

inaccurate readings as well as the movement of the dosimeter away from the body 
while a person is bending over will cause erroneous results. The Hanford 
dosimeter does not function at all for fast neutron measurements if it is worn 

backwards clipped to the inside of a pocket or loosely held on a necklace. 

Hankins has developed a symmetric dosimeter that can be worn in either direc
tion (Hankins 1973). This dosimeter sacrifices sensitivity in order to achieve 
the symmetrical response. 

There are several advantages to TLD-albedo dosimeters: 

• They always give some indication when exposed to a significant 
neutron dose. 

• They are relatively inexpensive and can be reused many times. 

• They are simple to fabricate and are usually lightweight and easy to 
wear. 

• Readout is relatively simple and can be automated. It is possible 
to process several thousand dosimeters with relative ease. 

• They are insensitive to humidity and moderate mechanical shock. 
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There are also several disadvantages to using TLD-albedo dosimeters: 

• The single most important disadvantage of TLD-albedo dosimeters is 
that their sensitivity is highly dependent upon the energy of the 
incident neutron. The dose equivalent indicated by the dosimeter 
can be in error by an order of magnitude if the dosimeter is not 
properly calibrated. 

• The TLD-albedo dosimeter is also gamma sensitive. In mixed radia
tion fields, care must be taken to properly subtract out the photon 
response of the neutron sensitive TLD. 

• The Hanford TLD-albedo dosimeters must be worn properly (i.e., close 
to the body) or serious errors can result. 

• Most TLD-albedo dosimeters worn flat against the body exhibit some 
angular dependence, but the effect is small compared to that for 
observed beta-photon radiation. 

• Thermoluminescence dosimeters do not give a permanent record, as 
film or track etch dosimeters do. If the TLD reader malfunctions, 
the reading may be lost. 

• Thermoluminescence dosimeters must be carefully annealed to preserve 
the accuracy of their calibration. 

• Some TLDs exhibit fading. The fading problem in TLD-600s and 
TLD-700s can be overcome by waiting 1 day before reading the TLDs 
out and by various preread annealing techniques. High temperatures 
can cause fading problems; especially if the time period is extended. 

Energy Response Problems of Thermoluminescence-Albedo Dosimeters 

Thermoluminescence-albedo dosimeters have a severe energy response prob
lem, as demonstrated in Figure 3.4. A simplistic explanation of this varia

tion in the response to neutrons of various energies is that the mean free 

path for high-energy neutrons is greater than that for low-energy neutrons, 
and the fast neutrons penetrate farther into the body because cross sections 
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FIGURE 3.4. Energy Dependence of Various Albedo Dosimeters 
(Piesch and Bergkhardt 1978b). 

are small before interacting and becoming thermalized. The thermal neutrons 
must then migrate a farther distance back to the surface of the body, and many 

are absorbed before reaching the TLDs on the surface. It also requires fewer 
high energy neutronis to produce a given dose. Thus the sensitivity of the 

TLD-albedo dosimeter decreases with increasing neutron energy and the decrease 
is greater than the slope of the curve in Figure 3.1 for high energy neutrons. 

Several methods can be used to overcome the energy dependence problem. 
If, TLD-albedo dosimeters are used in facilities in which the neutron energy 
spectrum is almost constant, a single calibration is then sufficient. Second, 
the TLD-albedo dosimeter can be designed to compensate for spectral differ
ences. However, this solution is difficult to achieve in practice. Figure 3.5 

shows a schmatic diagram of the Karlsruhe dosimeters (Piesch and Bergkhardt 

1978a), a multicomponent dosimeter that provides information about variations 
in the neutron energy spectrum in work areas. The Karlsruhe dosimeter uses 

three pairs of TL chips inside a capsule of boron-loaded plastiC, which is 

held to the body by a belt worn about the waist. One of the front chips, 

designated "a" in Figure 3.5, measures the incicent thermal neutrons; a middle 
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FIGURE 3.5. Design of Karlsruhe TLD-Albedo Dosimeter 
(Piesch and Bergkhardt 1978a). 

chip, designated "m", measures mostly epithermal neutrons; and a bottom chip 
closest to the body, designated lIi", measures mostly albedo neutrons. The use 
of the dosimeter to analyze the incident neutron spectrum is described in two 

papers (Piesch and Bergkhardt 1978a; Piesch and Bergkhardt 1978b). The dosim

eter must be calibrated in work areas where it is worn, not in laboratories or 
by monoenergetic neutron exposures. Piesch introduces a method by which the 
dose equivalent can be separated into fractions corresponding to thermal and 
fast neutrons with an effective average energy, which can be related to field 

measurements and the ratio i/a of the response of the TL chips (Piesch and 
Bergkhardt 1978a). In this way, corrections are made for the dosimeter's 
greater response to the neutrons of thermal and intermediate energies that 

result from the high-scatter situations typical of work locations. 

A third method of correcting for energy response (Hankins 1975) uses the 

ratio of the thermal neutron flux inside a 23-cm-dia (9-in.-dia) spherical 
"rem meterll to the flux inside a 7.6-cm-dia (3-in.-dia) sphere covered with a 

O.025-cm (O.OlO-in.) layer of cadmium. Measurements are usually made with a 
small BF3 counter inside the polyethylene spheres, and a calibration factor 
is determined from the ratio of the spheres' responses. The calibration 
factor will vary depending upon the sensitivity of the 6LiF TL chips and the 
type of albedo dosimeter used, but the response functions will approximate a 
straight line and have the same slope on log-log graphs. This method can be 

somewhat cumbersome because measurements must be made at several work loca
tions and records kept of which dosimeters were used at these work locations. 

In many instances, the calibration factors for a single facility may not vary 
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by more than 20% to 30% (Hankins 1975). Somewhat similar calibration factors 
have been obtained using the ratio of Bonner sphere measurements. The ratio 

of 30-cm to 5-cm (12-in. to 2-in.) spheres has been used (Piesch and Bergkhardt 
1978b), as has the ratio of 25-cm to 7.6-cm (10-in. to 3-in.) spheres (Ander
son and Crain 1977). 

DOSIMETER RESPONSE MEASUREMENTS 

Neutron Energy 

The neutron energy response of the dosimeter was determined by exposing 
the dosimeter to several sources of neutrons as follows: 

• Approximately 100 keV to 17 MeV monoenergetic neutrons from the Van 
de Graaff accelerator in 3745B Building. 

• Monoenergetic beams of 2, 24, and 144 keV at the National Bureau of 
Standards. 

• Bare and moderated 252Cf source at the National Bureau of 

Standards. 

• Sigma pile, PuBe-D20, PuF4, PuBe, and 252Cf sources at the 

3745 Building. 

• 252Cf source at 3708 Building. 

Approximately 10 decades exist between thermal neutron energies (0.025 eV) and 
fast neutron energies (50 MeV) potentially encountered at Hanford. The dosim
eter response has been measured over much of this rang~. 

The neutron response curves determined are shown in Figures 3.6 and 3.7 
for the water phantom and Rando phantom, respectively. All data in the figure 

are normalized to the calibration data obtained at Hanford (i.e., bare 252Cf , 

Sigma pile, 137Cs , uranium slab) for dosimeters placed on a polyethylene 

phantom. An approximate factor of 2 difference is observed between the dosim
eter response on a water phantom exposed to the NBS 252Cf source and the 

dosimeter response on a polyethylene phantom exposed to the Hanford 252Cf 
source at 3745A Building. The expected cause is the contribution of room

scattered neutrons to the dosimeter response. The exposure geometry at the 
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FIGURE 3.6. Relative Neutron Energy Response of Hanford 
Dosimeter Exposed on a Water Phantom. 

3745A Building involves a room much smaller than at the NBS and, as such, a 
greater percentage of room scattered neutrons. 

These response curves are typical of albedo neutron dosimeters. The 
apparent linearity of the dosimeter response with neutron energies between 
about 100 keV and 10 MeV as well as the relative decrease in dosimeter response 
below about 100 keV is consistent with the hydrogen cross section shown in 
Figure 3.1. 

Moderating Material 

It is apparent in Figures 3.6 and 3.7 that the dosimeter response has 

nearly the same energy response characteristics and magnitude whether exposed 
on the Rando or water jug phantom. Study 5 analyzes the significant effect of 
dosimeter position on and distance from the phantom. The differences observed 
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FIGURE 3.7. Relative Neutron Energy Response of Hanford 
Dosimeter Exposed on a Rando Phantom 
(centerline position only). 

for dosimeter response on similar phantoms for 252Cf sources are expected to 

be caused by differences in the intensity and energy cf scattered neutrons. 

Effect of Cadmium Shielding 

Thermal neutrons which are absorbed by the cadmium shielding cause 

secondary radiation to be generated. By placing both TLD-600s and TLD-700s 

within a cadmium enclosure and exposing to a thermal neutron flux, this 

secondary radiation was measured. Between 2 and 3% of the reduced TLD-600 

response due to cadmium thermal neutron capture was transferred into ionizing 

radiation (mostly gamma) measured by both TLD-600 and TLD-700 Chips. 
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