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Abstract — Personal neutron dosemeters from seven US Department of Energy (DOE) laboratories were mailed to the European
Laboratory for Particle Physics (CERN) and irradiated using the well-characterised CERN reference radiation facility (CERF).
Neutron dose equivalents determined using the DOE personal dosemeters have been compared to the reference dose equivalent
as determined using a tissue-equivalent proportional counter (TEPC). In the 0.5 to 5 mSv dose equivalent range, the comparison
of results suggests that the neutron personal dosemeters in use at DOE facilities are capable of estimating dose equivalents for
high energy neutrons to within a factor of at least 2 or 3. If a field-specific calibration factor is used to correct the dose equivalent
responses, the agreement with the reference dose equivalent for these dosemeters can be improved to better than about 25
to 65%. Suggestions for future intercomparison studies and methods of improving personal dosimetry at accelerator facilities
are discussed.

INTRODUCTION pean Laboratory for Particle Physics (CERN) in the ref-
erence radiation facility (CERF) high energy neutron
The US Department of Energy administers the opefield, are presented. The European Commission has
ation of twelve laboratories that perform research usingponsored a reference radiation facility at CERN to pro-
high energy particle accelerators. The accelerators in ugile a simulated workplace neutron field, as rec-
at these laboratories produce complex radiation fieldsnmended in ISO Standard 12789From the data col-
with particle energies ranging from a few MeV up tolected in the study, a set of CERN-specific calibration
several TeV. The accurate determination of the dodactors, or field correction factors, has been calculated
equivalent in complex radiation fields is very challengfor each dosimetry system. These correction factors
ing, especially for neutrons, because currently availableould allow for the determination of dose equivalent
radiation detectors are quite energy dependent in theialues that are significantly more consistent with the ref-
dose equivalent responses. erence dose equivalents derived from measurements
Despite the energy dependent dose equivalent rgserformed by CERN personnel. Suggestions for future
ponse of personal dosemeters and area monitors, acdatercomparison studies and methods of improving
ate estimates of dosimetric quantities can still bpersonal dosimetry at accelerator facilities are also
obtained at accelerator facilities if field-specific cali-discussed.
bration factors are used and if the dosimetry system is
not overly sensitive to small perturbations in the energ
spectrum of the radiation field (e.g. small changes i%XPERIMENTAL PROCEDURE
the radiation field caused by scattering from the floor or Participants in the fourth DOE intercomparison study
walls). It would be useful to develop dosemeters thairovided one, or more than one, type of neutron
provide improved dose equivalent responses. Howevgrersonal dosemeter from each of seven DOE labora-
the effort to develop improved personal dosimetryories: Argonne National Laboratory (ANL), Brook-
systems at DOE accelerator facilities is hampered by tfeven National Laboratory (BNL), Lawrence Berkeley
lack of an appropriate national or international standamdational Laboratory (LBNL), Los Alamos National
for high energy neutron dosimetry. Laboratory (LANL), Pacific Northwest National
To help assess the performance of the dosimettyaboratory (PNNL), Stanford Linear Accelerator Center
systems in use at DOE accelerator facilities, the DepaitSLAC), and the Thomas Jefferson National Accelerator
ment of Energy periodically sponsors high energyacility (TINAF). Each laboratory provided 20 replicate
neutron personal dosemeter intercomparison stiitliesdosemeters for the intercomparison study. The dose-
In this fourth intercomparison study, the results of aneters provided by two of the seven laboratories
series of dosemeter irradiations, performed at the Eurmcluded both thermoluminescent detectors (TLD) and
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polyallyldiglycol carbonate plastic (often referred to byHANDI-TEPC
the tr_ade name* .CR'39) etched Frack detectors (TED), The HANDI system has been described in detail in
allowing for two independent estimates of the neutrog, e jier publicatiof?. It consists of a tissue-equivalent

dose equivalent. roportional counter (TEPC), supporting electronics and

Once the dosemeters from the participating [abora; .o ter to evaluate various dosimetric parameters.
tories arrived at PNNL, each dosemeter was assigne Ris system was used to measure the event&iistri-

unique identifying number. A group of 98 dosemetery, ;iion'as  function of lineal energy, y, produced by the
was shipped to Geneva for irradiation at the CER igh energy neutrons incident upon the TEPC. Within
he precision of the TEPC, lineal energy y closely
> - X éﬁ)proximates linear energy transfer L (or LET). Multi-
were divided into three groups. Eight dosemeters frolyicaiion of the event size distribution with the
each institution were exposed in the reference hi Fdependent quality factor Q(L) as defined in ICRP

energy neutron radiation field. Two dosemeters frorﬂublication 219 or the more recent values from ICRP
zef‘sgh EI;aboratory twere exposed dtct)h neutrons frofm blication 6@, yields the dose equivalent to a micro-

u-Bef,n) neutron source, and the remaining fouL.hic yolume of tissue. A lineal energy of approxi-
dosemeters from each institution were used as contr tely 10 keVum™ was used to differentiate between

to correct for background radiation encountered duringvents resultin ot

. g from low L radiation (e.g. photons and
_trandsflt tg arg;gﬁm gERN' 'I('jhe gﬁsﬁriﬁri‘lg’e;ﬁmons) and high L radiation (hadrons including
|rhra (ljate at an returkne éO d shioped b Olheutrons). The dose equivalent thus obtained for high L
the dosemeters were re-packaged and shipped back Igjaiion hehind the concrete shielding at CERF com-

the l(?prt))ropgaie '”.5“‘3“0”$ soﬂghgt dose ?q“'vﬁlengares very well with FLUKA simulations of the dose
could be determined using their normal analySkagivalent due to neutrons in the same positibns

methods. Also, for high energy neutron fields such as the one used
in this study, the dose equivalent values obtained using

CERN reference radiation field the ICRP 21 and ICRP 60 quality factors are approxi-
ately equal to the ICRU’s dose equivalent intfeand

e personal dose equivaléfit operational quantities,
¥spectively.

a During the dosemeter irradiations, the intensity of the
"hdron beam generating the radiation field was

| £ th t tth th h an 80 monitored with an ionisation chamber. In a separate
plane ot the copper target thén passes through an asurement, the ratio of charge collected in the ionis-

th?Ck concrete shield. The cascade of sgcor)dary rad@.{fion chamber to dose equivalent in positions CT7 and
ation that passes through the concrete shield includes @i 1 was determined using the TEPC. Calibration of
intense neutron  fluence strongly peaked aroungle LAND] system was based on uniform irradiation of

100 MeV with another evaporation peak around 1 e yetector with gamma rays fromf%Co source. Reg-
2 MeV. This neutron energy spectrum is similar t0 the, " yerification tests were also performed using an

neutron spectrum produced by the cosmic radiatio&pha particle source within the counter
encountered during commercial airline fligfits ’

A grid pattern has been established on top of th . .
shielding surrounding the beam line, and measuremerﬁ?scr'pt'onS of the dosimetry systems
have been performed at various places on this grid usingThe seven study participants reported nine inde-
a Bonner sphere spectrometer system and a TEP@zndent determinations of the dose equivalent for each
Monte Carlo calculatior® of the neutron energy radiation exposure (for convenience, labelled A to 1).
spectrum at grid locations CT7 and CT11 on the coriFhe readings of dosemeters used by two of the seven
crete shield are shown in Figure 1. The data in Figuredarticipants yielded values for dose equivalent based on
indicate that the neutron energy spectrum is strongipe response of TLD and CR-39 TED dosemeters.
peaked in the 100 MeV region and decreases rapidly f@ecause the dose equivalent response of each dosemeter
higher and lower energies. Dosemeters were mountex dependent, to some extent, on neutron energy and
on the face of a 3 30 X 15 cn? polymethylmethac- because the characteristics of the radiation field at each
rylate (PMMA) phantom for irradiations both at grid DOE accelerator facility differ, the calibration factors
locations CT7 and CT11 as well as th&Pu-Be refer- used by a particular accelerator facility (although appro-
ence irradiations. priate for their own facility) may or may not be appro-
priate for the CERN reference radiation field. Brief
descriptions of the DOE personal dosemeters used in
the study are given below. As mentioned earlier, some
participants submitted two dosemeter types. For these
* American Acrylics, Inc. Chicago, IL, USA. cases, the dosemeters are described together.

At the CERN super proton synchrotron, a beam
hadrons (protons and pions) with an approximate energ
of 120 GeV impacts on a copper target to produce
cascade of high energy secondary particles, includi
neutrons. The radiation produced at & @hgle to the
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Dosemeter A 8825 beta-gamma TLD dosemeter consisting of four
This dosemeter consists of the Panasonic model 8T caezootg;llfs Jgﬁiﬁgrb);oﬁlzpﬁﬁrc’lJgegn?npl?ﬁgc'gggz
(Panasonic '”d.uig“a' Company, Secaucus, NJ). ItinCofi,semeter were also used to obtain an independent esti-
porates bOtheL'Z B.O,; and L'Z. B.0, elements: A ate of the neutron dose equivalent. The dosemeter H
CR-39 TED is also attached behind the Panasonic dosr - :

meter to detect high energy neutrons. A fully automate! §ults were the dose equivalent values determined

system, developed by the laboratory, was used to reéﬁmg the electrochemically etched TED foils and a cali-
out the CR-39 foils that had undergone electrochemic |:rt1lonneuf{argtr?sr appropriate for unmoderatétCe fis-
processing. The dosemeters were calibrated to an :
unmoderated®2Cf neutron fission source.

Dosemeters C and E

Dosemeters B and H The TLD portion of this dosemeter (dosemeter E) is

The dosemeter B neutron dose equivalent values wefte Harshaw (Bicron-NE, Solon, OH) model 8814 with
estimated using the TLD chip readings from a Harshafire€ 'LiF:Mg,Ti chips and on€’LiF:Mg,Ti chip. The
model 8816 neutron TLD/TED dosemeter (Bicron_NEgosemeter also has an exterior plastic pouch, attached
Solon, OH). The 8816 dosemeter includes a TLD-708 the back, containing a commercially available CR-39
chip and three TLD-600 chips filtered (front/back) by al ED_detector processed by Landauer Inc. (Glenwood,
layer of Sn/Sn, Cd/Sn, Sn/Cd and Sn/Sn, respectivell)- The TLD portion of the dosemeter has been cali-
Neutron dose equivalent values were determined froRfated using unmoderatétCf, D,O-moderated>“Cf,
the TLD chip readings by applying a set of energ)anq238|3u-8e neutron sources. The TED was calibrated
dependent calibration factors. The calibration algorithHSing a**Am-Be source.
uses ratios of filtered chip readings to determine the
relative importance of low and high energy neutrons i
a radiation field. The dosemeter B calibration algorithrE)osemeuar D
has been tuned to provide accurate results for a wideThis dosemeter employs CR-39 for the detection of
range of moderated and unmoderat&dCf fission neutrons with energies greater than 2 MeV. The
neutron sources. The dosemeter B photon dose equiv@lR-39 TED methodology is an adaptation of the
ent values were determined using a Harshaw modelankins systefi? and is based on electrochemical
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Figure 1. Calculated neutron fluence spectral distributions at grid locations CT7 (solid line), and CT11 (dotted line and crosses)
on the concrete shiefth. Each spectrum is plotted as a histogram and normalised to the number of particles incident on the
copper target.
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etching of dosimetry grade CR-39 plastic at elevatedtions. The LiBQ elements are significantly more sensi-
temperatures. The foils are 2.85cm by 1.6 cm biive to low energy (thermal) neutrons than to higher
0.064 cm thick and are covered with a 0.008 cm thicknergy neutrons, and these chips are thus suitable for
polyethylene covering to exclude alpha track productionse as an albedo neutron dosemeter. The CaSO
from radon. After etching the foil, tracks are counteclements over-respond to X rays (compared to gamma
using an optical microscope attached to an automategdiation) and are very insensitive to neutrons, making a
counting system. Calibration of this dosemeter is alsseparation of neutron and non-neutron dose equivalents
carried out using an unmoderat&dCf neutron source. possible. For the present study, the response of the dose-
meter was calibrated using an unmoder&féaf fission
Dosemeter E spectrum and ICRP 22 quality factors.

Personal dosimetry system F uses a plastic,
hemispherical case that encloses a pyramidal shap@El]A'-YSIS OF RESULTS
polystyrene holder for the TED foils. By averaging the The participating institutions were asked to report the
readings from the three foils, the angular dependen¢giron dose equivalent for each personal dosemeter,
normally associated with a planar dosemeter is Mingqorrected for the dose equivalent received from back-
mised. An Autoscan 60 (NE Technologies Ltd, Readingyround radiation. Study participants were also asked to
UK) automated reading system is used to count tI1“?‘eport neutron dose equivalent estimates for the doseme-
number of damage sites created by recoil protons in thers ysed as controls as well as the dose equivalent
CR-39 plastic. The TED foils are processed using a WRisulting from the non-neutron component of the radi-
step chemical etching procedure. The dose equivalentigon field. An average dosemeter response for each

obtained by multiplying the number of tracks pertmj ragiation group was calculated using the formula
by a calibration factor (Sv.cfnper track or mrem.ct

per track). The calibration factor used for the present _ 1 N
intercomparison study is based on the quality factors H :NE Hi )
reported in ICRP 29, i=1
where N is the number of irradiated dosemeters and H
is the dose equivalent (mSv) for the dosemeter. Equ-
ation 1 was used to calculate the average dose equival-
This dosemeter is distributed by ICN (ICN Dosimetryent for all dosemeters, including those used as controls.
Service, Costa Mesa, CA) and consists of a Harshayhe sample variance associated with the average dose
(Bicron-NE, Solon, OH) dosemeter that incorporategquivalentH was calculated using the formula
three TLD-700 (LiF:Mg,Ti) chips, one TLD-600
(SLiF:Mg,Ti) chip and a CR-39 TED. The electro- 1 N Tho
chemical etching process used in the readout of the TEDS2 “N-1 E (Hi —H) @
element is performed manually. The TED element of =t
the dosemeter was calibrated using unmoderated fissibhe sample standard deviation is the square roof.of s
neutrons from &°2Cf source. Testing of thé&>2Cf cali- Tables 1(a) and 1(b) summarise the dose equivalent
bration algorithm for the TED element, the componengstimates obtained for the dosemeters used as un-
used for routine dose reporting, indicates that this calirradiated controls in the study. The ‘PNNL controls’
bration is also accurate for neutrons frontAm-Be are the dosemeters that were stored at PNNL for the
source. For the present study, the dosemeter G daderation of the experiment and the ‘CERN controls’ are
equivalent values were computed using the TEEhe dosemeters that were shipped to CERN. The
element reading and the standafefCf calibration response of the purposely irradiated dosemeters was
algorithm. corrected for background radiation using the CERN
controls. The laboratory-averaged dose equivalent per
transatlantic flight from PNNL (Richland, WA) to
CERN (Geneva, Switzerland), as determined from the
Dosemeter | is a Panasonic model UD-802 dosemeteontrol dosemeters, is 0810.3 mSv per flight from
(Panasonic Industrial Company, Secaucus, NJ). Thigutrons, 0.02 mS¥ 0.05 mSv pe flight from photons,
dosemeter employs two phosphor materials with differfor a total of 0.1+ 0.3 mSv per flight. Although it was
ent dopings. Lithium tetraborate (LiBPor Li,B,O;:Cu never intended that these dosemeters would be used to
and calcium sulphate (CagQor CaSQ:Tm are used. perform a primary measurement of in-flight dose equiv-
The two LiBO, elements are prepared with lithium andalent, it is interesting to note that a typical value for
boron in their naturally occurring isotopic abundanceshe effective dose resulting from a transatlantic flight,
The LiBO, elements are sensitive to gamma, betalerived from data given in the Eurados report on
Xray, and neutron radiations. LiBOs approximately Exposure of Air Crew to Cosmic Radiatiéfi, is
tissue equivalent with respect to beta and photon rad)-06 mSv.

Dosemeter G

Dosemeter |
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Figures 2 and 3 and Table 2 summarise the inteatically low in comparison to the reference values
comparison study results for irradiation positions CTTdosemeters A, B, C, D, G, and H), except for the high
and CT11 at the CERN reference facility. The ICRResults recorded for dosemeters F and I. The results for
217 reference dose equivalent values, as determineldsemeter E appeared to be anomalous in the sense that
with the TEPC, are 2. 0.3 and 4.% 0.5 mSv for pos- the average dose equivalent value for position CT7 was
itions CT7 and CT11, respectively. The correspondingbout 4% lower than the reference (TEPC) value, while
ICRP 60® dose equivalent values are 3.2 mSv (CT7)he average dose equivalent for position CT11 was 220%
and 5.9 mSv (CT11). The error associated with thkigher than the reference value. Several factors may have
TEPC dose equivalent values corresponds to an estontributed to the observed behaviour of the E-type dose-
mated 10% (1 sigma) standard deviation. The resultseter. The information available to the authors does not
reported for the DOE personal dosemeters are masarrant making strong conclusions about the reason for the
appropriately compared to the ICRP @1reference anomalous behaviour of the E-type dosemeters, although it
dose equivalents. seems unlikely that a systematic error could have occurred

Figures 2 and 3 show that, in general, the reported dosethe processing of all four of the dosemeters irradiated
equivalents for all DOE personal dosemeters were systein-one position and not the other.

Table 1. Neutron (a) and photon (b) dose equivalent (mSv) for PNNL and CERN controls. The ‘transit’ dose equivalent
is calculated by subtracting the PNNL dose equivalent from the CERN dose equivalent. For calculation purposes only,
results are reported to 3 decimal places.

@)
Laboratory CERN control PNNL control Transit dose equivalent (mSv)
Average Standard Average Standard Average Standard
deviation deviation deviation
A 0.467 0.126 0.492 0.291 -0.025 0.317
B 0.290 0.032 0.063 0.019 0.227 0.037
C
D 0.040 0.022 -0.053 0.010 0.093 0.024
E 0.097 0.016 0.062 0.015 0.035 0.022
F
G 0.145 0.029 0.087 0.024 0.058 0.038
H 0.014 0.005 0.007 0.021 0.007 0.022
|
Laboratory 0.055 0.323
average
(b)
Laboratory CERN control PNNL control Transit dose equivalent (mSv)
Average Standard Average Standard Average Standard
deviation deviation deviation
A 0.317 0.029 0.303 0.008 0.013 0.030
B 0.238 0.015 0.177 0.016 0.061 0.022
C
D
E 0.213 0.015 0.182 0.017 0.031 0.023
F 0.001 0.000 0.000 0.000 0.001 0.000
G 0.525 0.019 0.512 0.016 0.013 0.025
H
|
Laboratory 0.024 0.050
average
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To provide an additional reference point for the interTable 2. Reported neutron dose equivalents (mSv) for DOE
comparison study, two of each type of the DOE personaprsonnel dosemeters irradiated in the CERN accelerator.
dosemeters were irradiated at the CERN facility usin he reference ICRP 21 dose equivalent values for positions
a 2°%Pu-Be neutron source. The dose equivalent frofi'/ @nd CT11 are 2.7 and 4.9 mSv. For calculation
this source was determined with a transfer instrumentP"'P°%¢S only, results are reported to 2 decimal places.
i.e. a rem counter of the type EG&G Berthold LB 6411 )
calibrated using?®°Cf and 2*Am-Be neutron sources DOSemeter Neutron dose equivalent (mSv)

located at the Physikalisch-Technische Bundesanstalt

(PTB) in Germany. The fluence and dose equivalent CT7 irradiation CT11 irradiation
values for the CERN?®Pu-Be source were then deter-
mined using the methods described in International Average Standard ~ Average Standard
Standard 1SO 1064%. For this transfer calibration, it deviation deviation
was assumed that the response of the rem counter to
neutrons fron?**Am-Be is the same as that for neutrong® 0.81 0.03 170 0.23
from a 2*Pu-Be source. The results of tféPu-Be B 0.53 0.06 101 0.31
irradiations to 1 mSv are summarised in Figure b 0.22 s 0.19
S D 1.01 0.21 2.46 0.36
Although the statistical power of the results f&fPu- 559 019 10.82 052
Be experiment is low (because of practical constraints&, 332 011 6.94 0.13
these data suggest that the DOE personal dosemeters@re 0.67 0.16 1.48 0.22
better at estimating neutron dose equivalent values fer 0.72 0.08 1.69 0.04
23%py-Be neutrons than for the CERN reference radi- 5.23 0.66 10.68 1.51
ation field. The relative error in the DOE personal dose=
17.5 10.0
I
15.0
I 7.5 |
E -
2 12.5 3
£ 3
= = 5.0
5 5 -
§ 10.0 I g
3 g i F H
o [ 2 ___lcRreo_ __§__ [ L
2 75 F g R S ]
= I ] c 25 ICRP 21
s [ _IcRPGO_ ] £ I D
3 - cre2t G ¢ : G
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D § ¥
I 0
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- | i | -
ol 25
Dosemeter Dosemeter

Figure 2. Summary of intercomparison study results for CERIRigure 3. Summary of intercomparison study results for CERN
irradiation position CT11. The average dose equivaleritradiation position CT7. The average dose equivalent response
response for each dosemet®)(is shown with a 99% confi- for each dosemetel) is shown with a 99% confidence inter-
dence interval. The data point®) used to calculate the aver- val. The data points@®) used to calculate the average dose-
age dosemeter response and the associated sample standseter response and the associated sample standard deviation
deviation are also shown. The reference ICRP 21 and @0e also shown. The reference ICRP 21 and 60 neutron dose
neutron dose equivalents, as determined with the TEPC, agquivalents, as determined with the TEPC, are 2.7 mSv and
4.9 mSv and 5.9 mSyv, respectively. The estimatedr&lative 3.2 mSy, respectively. The estimated elative error in both

error in both reference TEPC measurments is 10%. reference TEPC measurments is 10%.
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meter results, when irradiated witi®u-Be neutrons, calibration equation yielded positive values fQr in all
ranged from a low of 2.5% to a high of 63% (comparedases except one (dosemeter E), analysis of the variance
with a 4 to 300% relative error for the acceleratosuggests that outliers had a significant effect on the
irradiations). regression analysis, i.e. a much larger F-stafistimas

One way to improve the performance of DOEobtained for the calibration with the intercept forced
personal dosemeters for a specific radiation field, dhrough zero (¢=0) than the one obtained for the
facility, is to multiply the dose equivalent readinggeneral calibration equation which allows for non-zero
obtained using a standardised dose estimation algorithralues of ¢. With the exception of dosemeter E, the
and a specific calibration source (e?§°Cf or 2*?Am-  preferred calibration parameters for the CERN simu-
Be) by a field-specific correction factor. This proceduréated workplace neutron field are those obtained when

can be expressed mathematically as the regression analysis is based on the model without

N an intercept, e.g. the preferred calibration parameters for

— s T _1 dosemeter A in the CERN workplace neutron field are
H'(k) = fH(k) +oc = N % [fHik)] + c ®) feern=2.982 and gery = 0. For dosemeter E, the pre-

ferred calibration parameters for the CERN reference

whereH'(K) is the field-corrected mean dose equivalerfacility field are fery=0.268 and gery = 2.00. While
value for the K type of radiation field (Sv),.fis a dose these parameters are applicable for use in the present
equivalent multiplication factor for thektype of radi- experiment, they are not necessarily appropriate for
ation field (Sv.S¥!), and g is the projected dose equiv- other experiments or dosemeters.
alent response at zero dose (Sv). The dose equivalenfAlthough it appears that outliers in the reported dose
valuesH' (k) andH(k) are implicit functions of the inten- equivalent values had a significant effect on the
sity of the K" radiation field (i.e. the magnitude of theregression analysis of parameters for Equation 3, further
particle fluence). The quantityH; +c, is the field- analysis of the data suggests that all of the dosemeters
corrected dose equivalent value for the dosemeter used in the study may also respond in a non-linear
irradiated in the K radiation field. fashion to irradiation in the CERN simulated workplace

To help improve the performance of DOE personaheutron field. Figure 5 shows the corrected dose
dosemeters in future studies, estimates of the parequivalent values, Hk) = f,H;(k), obtained when the
meters f and g for the 2*®Pu-Be and CERN referencereported dose equivalent values for positions C8y (
neutron radiation field have been obtained by perland CT11 ¥) are extrapolated to a dose of 1 mSv. For
forming an inverse linear regressidfi of the inter- an ‘ideal’ dosemeter, the extrapolated data from position
comparison study results. This regression analys@T7 (2.7 mSv) and CT11 (4.9 mSv) would be randomly
was performed using software based on the IMSHistributed about 1 mSv. However, the data shown in
RONE and RINPF statistical analysis routines (VisuaFigure 5 clearly indicate that for all of the dosemeters,
Numerics, http://www.vni.com/). The dose equivalentvith the possible exception of dosemeter B, the extra-
values determined using the TEPC were taken as tpelated dose equivalent values obtained from positions
‘conventional true’ dose equivalent with an associate@T7 and CT11 appear to be clustered in a binary fashion
standard deviation of zero. An inverse regression analgbout two different values.
sis was performed using the general form of Equation
3 as well as for the special case whericforced equal o ) .
to zero (i.e. the intercept is not included in the model)able 3. Summary of calibration equation (Equation 3)
For the case when,& 0, the multiplication factor gﬁ;ﬁ?;teégrsw‘;orrkpl:E:'Eguft'rsosr:oge?;”gg?scg‘lrgﬂl;‘igncpEu'?_'\‘
is approximately equal to the ‘conventional true’ dos ‘ ;
equivalent divided by the dose equivalent obtained poses only, results are reported to 2 decimal places.
using the standard dose estimation algorithm. Becau € orator General calibration Calibration equation
only two of each of the dosemeter types were irradiate y equation (CERN field) 0) q
with the 228Pu-Be source,ffor the 2°8Pu-Be source was
estimated by dividing the 1 mSv ‘conventional true’

23
dose equivalent value by the average of the two reported fi G f(i:elfoT ?' PuBe
dose equivalent readings. K
Table 3 summarises the results of the regressio

analysis of the calibration equation, Equation 3. A non’é1 i'gg g'g i'gg é'gg
zero value for ¢ indicates that the dose estimations 200 135 208 118
algorithm responds in a non-linear fashion with the dosg 1.52 1.16 211 1.82
of radiation, i.e. because of non-linearities in the dose= 0.27 2.01 0.52 0.88
response of the dosemeter, or other unknown spurioBs 0.61 0.69 0.73 1.03
effects (i.e. so-called ‘outliers’ in the reported dose equic 2.73 0.86 3.46 1.82
valent values). For all of the dosemeters used in tHg 2.26 1.08 2.99 1.28

study, the regression analysis of the general form of the
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Figure 4. Neutron dose equivalents for a 1 niS®u-Be neturon source. The average dose equivalent response for each dosemeter
(M) is shown with a 68% (&) confidence interval. The data poin®)(used to calculate the average dosemeter and the associated
sample standard deviation are also shown.

For some of the dosemeters, the apparent clusterimged using the DOE personal dosemeters could be
of extrapolated dose equivalent values may be attributel@écreased from a factor of 200 to 300%, for the uncor-
to outliers, e.g. the data for dosemeters C and |. Foected values, to less than about 25 to 65% for the field-
other dosemeters such as dosemeter F and especiallyc&irected values.
the clustering of dose equivalent values is not easily
attributed to outliers. The clustering of extrapolated dose
equivalent values may either be caused by actual diffecONCLUSIONS AND SUGGESTIONS FOR
ences in the radiation field at positions CT7 and CT1tyTURE WORK
in the field, or they may be caused by non-linearities in
the dose estimation algorithm (e.g. the correction for Although practical constraints limited the statistical
background radiation). Although the statistical power opower of the intercomparison study, useful results and
the study is too low to make a definitive judgement, theonclusions can still be drawn from the data. Analysis
lack of a systematic pattern to the clustering effectsf the dose equivalent values reported for the CERN
among the dosemeter types argues in favour of tlemulated workplace neutron field suggests that (1)
latter explanation. some of the reported dose equivalent values are too high

The above concerns about outliers in the reporteat too low for unknown reasons and (2) the dose equiv-
dose equivalent values tend to decrease confidenceallent values for most of the dosemeters display an
the accuracy of the calibration parameters summarisadomalous clustering of dose equivalent values that
in Table 3. Nevertheless, the corrected and re-normalisedlicates the standard dosemeter and dose-estimation
dose equivalent values shown in Figure 5 suggest thalgorithms in use at DOE accelerator facilities may not
the accuracy of the measurements of dose equivaleespond in a linear fashion to the CERN simulated
values in the CERN simulated workplace neutron fielavorkplace neutron field. The apparent non-linear
could be improved by a factor of 3 to 12 if a field-response of these dosemeters in the high energy neutron
specific calibration procedure were to be used. That ield generated by the CERN reference facility is not
the relative error in the dose equivalent values deterrparticularly surprising in light of the fact that personal
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dosemeters are usually optimised for the characteristiossponse, irradiations should be conducted for at least
of the specific radiation field where they are used. three different dose equivalent values (e.g. 0.5, 2.5, and
Analysis of the intercomparison study results5.0 mSv). Information on the angular response of the
suggests that the use of a field- or facility-specific caliparticipant’s dosemeters should also be provided so that
bration procedure could significantly improve the accuvariations of the neutron fluence as a function of angle
racy of values obtained by DOE personal dosemetersan be accounted for. In order to generate more accurate
For the CERN reference facility, the use of a fieldcalibration factors for each DOE facility, it is suggested
specific calibration procedure could improve the accuhat additional intercomparison studies should be
racy of some personal dosemeters by as much as esnducted at DOE accelerator facilities. TEPC dose
order of magnitude, i.e. decrease the relative error iquivalent determinations and Bonner sphere spec-
dose equivalent estimates from about 200 to 300% toometer measurements of the neutron energy spectrum
the range of 25 to 65%. Intercomparison studies, such aBould always be included in future intercomparison
this one, offer a useful method for improving dosemetestudies in order to provide a common reference dose
calibrations because the direct comparison of results fequivalent value for estimating field-specific cali-
different dosemeters irradiated in identical fields cabration procedures.
provide information that helps to identify inconsist-
encies in the experimental protocol and reported result
as well as help identify the strengths and weaknesses%(f:KNOWLEDGEMENTS
specific personal dosemeters. The authors wish to thank the Drs E. Dolecek
To improve the usefulness of future intercomparisofANL), G. Holeman (BNL), J. Hoffman (LANL), G.
studies, the number of dosemeters irradiated at eadbnes (LBNL), K. Welch (TIJNAF), B. Rathbone
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Figure 5. Neutron dose equivalents for position C®) and CT11 ¥) linearly extrapolated to a dose equivalent of 1 mSv. The
average dose equivalent response for each dosenm}es (shown with a 99% confidence interval. The data points used to
calculate the average dosemeter response and the associated sample standard deviation are also shown.
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