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Abstract. The NAVIgation DOsimetry System (NAVIDOS) xDOS Wissmann 2006 2004 was developed. It consists
comprises a complete readout system for a radiation detemf a 2 inch TEPC installed in a cabin baggage sized suit
tor, an air pressure sensor and a GPS receiver. The detectoase including all necessary electronic equipment to run the
system DOSTEL uses silicon detectors which make NAVI- dosemeter system in a stand alone mode for about 12 hours.
DOS light weighted and compact in size. Therefore, NAVI- From December 2003 to September 2004 it was permanently
DOS is well suited to be installed on board aircraft. The cal-installed in an aircraftWissmann2006 and measured am-
ibration of NAVIDOS in terms of ambient dose equivalent is bient dose equivalent rates at flight altitudes mainly on routes
done by an in-field comparison with the PTB reference in-between Frankfurt and North America. Sing®0OS was
strumentr DOS. We also show that the dependence of thesavell characterized in photon reference fields (according to
results on the vertical cut-off rigidity can be explained by the ISO 4037 Buiermann1999 and neutron reference fields (ac-
low response of the silicon detectors for neutrons. Thereforecording to ISO 8592Nolte, 2004, the results are traceable
in-flight measurements have been performed together witho the primary standards maintained by PTB.
the PTB reference instrumentDOS. The dose rates, cal-  Using previous measurements performed by PTB in the
culated using the PTB code FDOScalc, were verified withyears 1997 to 1999 and all data measured wilhOS be-
thesexDOS measurements. The calibration of NAVIDOS tween 2003 and 2006 a mathematical description of the am-
was done with FDOScalc and results in calibration factorsbient dose equivalent rates as a function of latitude, longi-
between 3.4 in the polar and 2.4 in the equator region. tude, altitude and solar activity has been developed and was
implemented in the software code FDOScaWigsmann
20103. Solar activity is expressed in the software code by the
count rate of the neutron monitor in Oulu, Finlandspskin
1 Introduction 2011 Ouly, 2008. The calculations are restricted to the
ranges where the PTB measurements were done, i.e. at typ-
At flight altitudes the radiation field of secondary cosmic ra- jca| altitudes between flight level FL250 and FL400, and
diation is complex in terms of particle composition and en- neytron monitor count rates between 5700 counts fand
ergies. The neutral component includes mainly neutrons angso0 counts min. Within these constraints FDOScalc al-
photons, and the charged component comprises mostly prqpws to calculate the reference values for ambient dose equiv-
tons, muons, electrons and pions. alent rates at any location in the atmosphere and for any
Because of this it is difficult to measure the ambient phase in the solar activity cycle.
dose equivalent. However, it has been shown that a tissue- gecauserDOS is too bulky in size and mass (more than
equivalent proportional counter (TEPC) can approximatelyoq kg) to be used routinely on board passenger aircraft, the
measure the ambient dose equivalent at cruising a"[itUdeRIavigation DosemeterSystem (NAVIDOS) has been de-

(Schrewe 200Q Lewis, 2002 Wissmanp 2008. To in-  yeloped. NAVIDOS is small in size (17cmx 17cm x
vestigate this radiation field the PTB Dosimetry System
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12 cm) and mass (about 4 kg) and utilizes among other the
DOSimetry TELescope (DOSTELBEaujean1999a 2005

as dosemeter. For a full discription of DOSTEL s&g4u-
jean 1999h. DOSTEL is based on a silicon detector stack.
Thus, the material is not tissue equivalent and, therefore, the |- - - .7~y
response to neutrons is rather poor due to the Highecause
neutrons are the main part of the ambient dose equivalent }
at aviation altitudesRartlett 2004, a careful in-field cali- -
bration was performed which used the ambient dose equiv- |~~~
alent rates measured mpPOS and the ones calculated with
FDOScalc as reference values.
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Measurements were conducted during two flights with differ-F. 1 Vertical cut-off rigidit ‘ lot T h 2005 at
ent destinations. The first one was a flight across the equator'J; - Veric@ cur-ol rigidity confour piot for €poch =985 at an
f Erankf C T d back in N ber 2007 altitude of 20 km together with the flight routes (thick solid lines)
rom Frankiurt to Cape Town and back in November " along which the measurements have been carried out.

The second one was from Dusseldorf to Bangkok and back

to Munich in September 2008. The flight to Bangkok was

selected due to the high vertical cut-off rigidity along the yose rate is a consequence of the increasing and then decreas-
flight path. Figurel shows a world map with the calculated ing cut-off rigidity.

effective vgrtical Cl_Jt—off rigidities for an gltitude.of 20km The field calibration factoiVselq is defined by the ratio
together with the flight routes. The effective vertical cut-off ;¢ tne FDOScalc calculated ambient dose equivalent rate

rigidity was calculated using Planetocosmics (L. Desorgher,I_'I*(lo)FD, and the dose rate in SilicoPs; measured by
personal communication, 2003). For this simulation the Tsy-navIDOS:

ganenko89 model and the International Geomagnetic Refer-
ence Field (IGRF) with the parameters from 2005 were used H*(10)ep(Re, h)
(K. Herbst, personal communication, 2008). The changes of *field(Re. h) = T De(Roh) @)
the parameters from 2005 to 2008 have no significant effect ’
on the analysis of the data. In addition, we used the results Thus, in order to calculate the field calibration factor we
of the CARAMEL measurement campaign in order to coveruse the measured altitude and calculate the vertical cut-off
cut-off rigidities below 4 GV. These measurements were per+igidity from the GPS information. Then the dose rate is av-
formed on a specific location in the south of Norway and in eraged within a cut-off rigidity interval of 1 GV, assuming
the south of Germany. The CARAMEL measurement cam-that the altitude dependence of the calibration factor is negli-
paign details can be found ilMissmann2010H). gible. The result of the calibration for NAVIDOS is shown in
Fig. 3. The calibration factors foR; < 4 GV are taken from
the CARAMEL campaign\(vissmann20108.

The calibration factors show a strong dependence on the

NAVIDOS records the accumulated absorbed dose (energ§//ertlcal cut-off rigidity ke which can be approximated by

deposition per mass) and the environment parameters cabin Ny
pressure and GPS coordinates every minute. The results d¥iit(Rc) = No+ T4 oRe RD/Fo 2
the dose rate measurements are shown inZig.

To convert the measured dose rates in Silicon into am-a fit of this function (x2 = 0.8) to the calibration factors
bient dose equivalent rates, the NAVIDOS results are comvjig|gs the following parameters:
pared with the reference values calculated with FDOScalc,
as shown by the solid line in Fi@. From that figure itis Ny =2.39+0.02 N1 =1.00+0.07
evident that therDOS measurements are consistent with R, =7.17+0.30 GV Rp = 1.88+ 0.25 GV @)

1 . . 0 . .

the FDOScalc results. It has already been shown in Ref.
(Schrewe 2000, that the ambient dose equivalent rate de-where the given uncertainties are thestandard uncertainty.
pends on the altitude and the cut-off rigidiR¢. This is also  Note that the extreme values vary between 2 B3t 14 GV
visible in Fig.2 (left plot): the dose rate in silicon and the am- and 3.4 forR. < 2 GV. The cut-off dependence of the cali-
bient dose equivalent rate increase when the aircraft changdsration function can be explained by the low neutron detec-
it's flight altitude from FL330 to FL370 at flight time 375 tion efficiency of the silicon detector. As discussed in Séct.
on its way from Frankfurt to Cape Town. The slowly varying the relative contributions of neutrons in the polar region is

3 Calibration
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Fig. 2. Dose rate profiles for the flights from Frankfurt to Cape Town (left plot), and from Bangkok to Munich (right plot), takekfstien
(2008. Plotted are the dose rates in Silicdigj (red A) measured by NAVIDOS and the calibrated values in term&5{10) (»). The
7DOS results are given by the full circles)((Wissmann 20104 and the solid line is the calculation using FDOScalc. The dashed line

displays the flown altitude in unit of flight level (right axis).
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Fig. 3. Graphical display of the calibration function (E2). using
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the parameters as given in E§).(

of FDOScalc is assumed. As mentioned above, FDOScalc
represents a mathematical description of the TEPC measure-
ments. Therefore, possible deviations of these measurements
from the apriori unknown true values, although assumed to
be small, can influence the calibration function. The calibra-
tion function Nsit (Rc) can be assumed to be factorized into
two factors:
Niit(Rc) = Fsi—water- Cfield(Rc). (4)
Beaujean(2005 andRo00s(1997) showed that the dose rate
in silicon can be converted into dose in water by using a con-
version factorFsi_water= 1.20. This factor considers the dif-
ferent stopping power (deduced for electrol@3RU, 1984)
of charged particles in water and silicon. Note, tBanton
(2010 showed thafsi_waterdepends on the LET of the par-
ticle. The factorCyieig(Rc) in EQ. (@) is a function of the cut-
off rigidity R and, therefore, is determined by the radiation
field.

In order to investigate the calibration factor further we

higher than in the equator region. Taking into account the recompare the contributions of charged and neutral particles
sponse of silicon to different particle species (charged, neut0 the ambient dose equivalent rate by utilizing the Excel-
trals) the calibration function corrects the measurements irfPased Program for calculating the atmospheric cosmic-ray
order to obtain the dose rate. Thus, by this procedure théPectrum (EXPACS) based on the PARMA co8aig 2006
neutron component in the measured dose rate is corrected008.

Applying the calibration function to all measured dose rates Figure4 shows the radiation field components which con-
yields the results as plotted in Fig. The plot also shows tribute to the ambient dose equivalent rate at FL350 near so-
that changes in flight altitudes which were neglected in thelar minimum conditions ¢ = 350 MV), as calculated with
determination ofVs; are reproduced. The good agreement of EXPACS as function oR¢. The contribution of photons to
the NAVIDOS data with the ones fromDOS confirms the the dose equivalent rate is below 5% for all vertical cut-
validity of the calibration procedure. off rigidities (dashed line in Figd left). Neutrons contribute
about 65 % forR. < 3GV. FromR; =3 GV toRc=12GV

a rather strong dependence on the vertical cut-off rigidity ex-
ists. The solid line in Fig4 shows the calculated percentage
of the secondary charged particle component to the total dose
The calibration function in Eq.2) is, of course, deter- at FL350 forR; between 0 and 17 GV. This ratio increases
mined by FDOScalc. That in turn means, that the validity from 34 % to 52 %.

4 Discussion
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Fig. 4. Plot on the left side: Relative composition of the radiation field components which contribute to the ambient dose equivalent rate at
FL350 near solar minimum condition® (= 350 MV), as calculated with EXPACSSatq 2006 2008. The solid, dotted and dashed lines

show the contributions of neutrons, charged particles and photons, respectively. The plot on the right hand shows the instrument response
calculated by the reciprocal of the calibration function of Ex).(§olid line).

Since EXPACS calculates the dose rate in tissue equiva- 100
lent material we need to determifigaieras described above.
Figure4 (right plot) shows the ratio abyaterand H*(10) de-
rived from the fitted field functiomVs;; (see Eq2):

T T T T T T T T T T
g @ =1125 MV solar maximum
904 —— @ = 283 MV solar minimum B

g0 —— ®= 350MV ]

T neutron i
70 - -

Dwater _ Fsi—water
H*(10)rp  Niit(Re)

60 4

(5)
50'_ charged particles

404

Note,m has to be multiplied bysi_waterin order to take
into account the different stopping power in water compared
to silicon. SubstitutingVsi: (Re) by the quantities defined in

EqQ. @) one obtaines

30 -
204 -

10 ] photons

relative ambient dose equivalent contribution (%)

Duwater _ 1
H*(lO)FD Csield(Rc)

(6) vertical cut-off rigidity / GV

The latter quantity as a function of the vertical cut-off rigid- gy 5 The relative composition of the ambient dose equivalent rate
ity Rc is displayed in Fig4 right. By comparing the shape on FL350 for solar minimum and maximum conditiond as calcu-
of the charged particle contribution to the total dose rate injated with EXPACS. The solid line displays the dose rate composi-
Fig. 4 left from EXPACS Withm we find a close sim-  tion for the solar minimumd® = 283 MV) and the dotted line for
ilarity. Thus we conclude that (13 DOSTEL is mainly sensi- solar maximum conditions = 1125 MV). The red curves corre-
tive to charged particles and that (2) the calibration functionspond to the solar activity during the measureme®ts3s50 MV).
corrects for this deficiency. Figuedisplays a comparison

from the same ratios as in Fig.for solar minimum con-

dition (heliocentric potentiatb =283 MV) and maximum 5 Conclusions

conditions (b = 1125MV) (Usoskin 2011). The compari-

son shows that the neutron and the charged particle compdd€ere we showed that DOSTEL can be used as dosemeter
nent of the dose equivalent rate will be changed during theon board an aircraft. Therefore we calibrated it in terms of
solar Cyc|e_ This effect is very small in the equator region ambient dose equivalent. This calibration resulted from in-
(R > 10GV) and, therefore, can be neglected in this region.tercomparison flights. Furthermore these flights proved that
In the polar region R; < 3GV) and in the intermediate re- FDOScalc is usable for in-flight calibration because the com-
gion the solar cycle must be considered for a precise determiparison with therDOS showed a good agreement. The cal-
nation of the dose equivalent rate and the calibration functioribration shows a strong dependence on the vertical cut-off
has to be reviewed for other solar conditions. But for an es{igidity due to the changes in the composition of the radiation
timation of the dose equivalent rate the calibration functionfield. The comparison with the PARMA code using EXPACS
can extrap0|ated for the whole solar Cyc|e_ demonstrates that NAVIDOS is measuring mainly Charged
particles and that the calibration function corrects the part of
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the neutron dose. The calibration function has to be reviewed ewis, B. J., Bennett, L. G. I|.,Green, A. R., McCall, M.
over the solar cycle because the field conditions will change. J..Ellaschuk, B., Butler, A., and Pierre, M.: Galactic and Solar
But for an estimation of the ambient dose equivalent rate the Radiation Exposure to Aircrew During a Solar Cycle, Radiat.
calibration function is usable. Prot. Dosimetry, 102, 207-227, 2002.
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