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Abstract

Researchers at the Royal Military College of Canada have accumulated extensive dose measurements performed at jet alti-

tudes on over 160 flights and with a wide variety of detectors including a tissue equivalent proportional counter (TEPC), a

smart wide energy neutron detection instrument (SWENDI), bubble detectors, thermoluminescent detectors (TLD) and an

ion chamber. The summation of the individual low and high LET results from the latter equipment compared successfully

to those from the TEPC on each flight. The data from these numerous worldwide flights have been encapsulated into a pro-

gram that calculates the radiation dose for any flight in the world at any period in the solar cycle. This experimentally based

program, Predictive Code for AIRcrew Exposure (PCAIRE) has been designed to be used by the airline industry to meet

national dosimetry requirements. In Canada, for example, such a code can be used, supported by periodic measurements. With

this latter requirement in mind and a desire to decrease equipment size, the silicon-based LIULIN-4N LET (linear energy trans-

fer) spectrometer has been assessed to determine its suitability as a mixed field instrument and possible code verification tool.

Data obtained from the LIULIN and TEPC in ground-based experiments at the CERN-EC Reference-field Facility (CERF)

and on 42 jet-altitude flights have been compared. Analysis of these data has resulted in two different mathematical correlations

which can be used to determine the ambient dose equivalent, H*(10), from the LIULIN absorbed dose output. With either

calibration factor, the LIULIN instrument could now be used as a simple, compact and portable detector for routine

monitoring.
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1. Introduction

In order to model or to measure the dose received by

aircrew, an accurate understanding of the nature of the

radiation environment is necessary. The mixed-radiation

field at aircraft altitudes is the result of the interaction

between cosmic rays (CR) and the Earth�s atmosphere.
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These cosmic rays can originate from outside our solar

system (galactic cosmic radiation, GCR) or from our

sun. GCR consists primarily of charged particles

(mainly protons, some alpha particles and a few heavier

nuclei), with energies up to the TeV range (McDonald

and Ptuskin, 2001). Solar energetic particle events

(SEP) can also inject a large number of these particles

into the atmosphere; however, their energy is much less
than that of GCR particles. As a result, the GCR com-

ponent (as opposed to the solar component) is largely

responsible for the radiation dose received by aircrew.
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Upon entering the heliosphere, GCR particles

encounter the solar wind and the heliospheric magnetic

field, which cycles in intensity with a period of approxi-

mately 11 years in conjunction with solar activity (Barth

et al., 2003). When the sun�s activity is the greatest, the

increased solar wind provides the greatest protection
against GCR. When the sun�s activity is at a minimum,

it provides the least protection against GCR. Upon

reaching the Earth, the charged particles encounter the

Earth�s magnetic field. Whether an incoming particle is

deflected by this magnetic field or is allowed to reach

the atmosphere is a function of the particle�s momentum

and where the particle interacts with the Earth�s mag-

netic field. For example, if the charged particle vertically
enters the Earth�s magnetic field at the equator, it will be

crossing perpendicular to the Earth�s magnetic field lines

and will be deflected if the particle has insufficient

momentum. At the poles, incoming particles can enter

the Earth�s atmosphere by travelling parallel to the mag-

netic field lines so that even low-momentum particles will

not be deflected. To a first approximation, this relation-

ship can be quantified in terms of the effective vertical
cutoff rigidity (Rc), which ranges from 0 GV at the poles

to �17 GV at the equator. Any particles entering the

Earth�s atmosphere will interact with the atmospheric

nuclei, resulting in the production of a cascade of second-

ary particles, which varies in intensity with altitude.

Aircrew are thus exposed to a permanent source of

radiation, which varies in a predictable manner with

date (i.e., solar cycle period), geomagnetic latitude and
altitude. The actual assessment of this exposure by the

airline industry presents unique challenges since the

conventional dosimetric approaches of either personal

passive dosimetry or area monitoring with fixed instru-

mentation would be both costly and difficult to manage.

Alternatively, since the aircrew exposure on a given

route is relatively constant (except for the possibility

of sporadic solar energetic-particle (SEP) events), this
exposure can be predicted based on theoretical and/or

experimental knowledge of the route dose. Such a pro-

gram, with verification by periodic measurements,

would require less infrastructure and would be less

costly than the other options. In fact, following guid-

ance from the European Commission and the ICRP,

this is the suggested method for assessment of aircraft

crew exposure in both the EU and Canada (ICRP,
1997; Transport Canada, 2001; van Dijk, 2003).

In light of this guidance, scientists at the Royal Mil-

itary College (RMC) of Canada have been collecting

and analyzing radiation data from numerous worldwide

flights throughout the current solar cycle, which is ex-

pected to reach its minimum in 2007. Since 1999, ambi-

ent dose equivalent rates have been measured by RMC

on over 160 flights, which have spanned the entire cut-
off rigidity potential of the Earth�s magnetic field. Using

those data for which the actual inflight altitude and geo-
graphical positions were known, mathematical correla-

tions have been developed between the GCR radiation

dose and altitude, latitude and time in the solar cycle

(Lewis et al., 2001, 2002, 2004). These mathematical cor-

relations provide the basis for the development of a Pre-

dictive Code for Aircrew Radiation Exposure
(PCAIRE) which provides an ambient dose equivalent,

H*(10), value for a given flight route (Lewis et al.,

2004). In order to validate the use of this code, H*(10)

must be measured periodically on representative routes.

Previously, these measurements have been conducted

with a tissue equivalent proportional counter (TEPC)

as the preferred instrument for measuring the mixed

field radiation at aircraft altitudes (Taylor et al., 2002).
With a desire to increase the operational ease of these

periodic measurements, a Si-based LIULIN semicon-

ductor spectrometer (Spurny and Dachev, 2003) has

been assessed by comparing its response to that of the

TEPC on several flights as described in this paper.
2. Materials and methods

2.1. Tissue equivalent proportional counter

A battery-powered tissue equivalent proportional

counter (TEPC) has been designed by Battelle Pacific

Northwest National Laboratories (and subsequently up-

graded by Far West Technologies to the HAWK TEPC)

for portability and simplicity in airline flight measure-
ments. The detector is a propane-filled sphere (12.7 cm

in diameter) with an outer wall consisting of A150 poly-

mer. Together, the propane and the polymer simulate a

microscopic volume (2 lm in diameter) of tissue. An an-

ode wire with a high potential (�700 V) runs through the

centre of the detector and acts as the sensing element. As

radiation passes through the detector, it ionizes the pro-

pane, which results in a current spike through the anode
as the charge collects on the wire. The current spike thus

produced is amplified and converted to a voltage spike

by a preamplifier. A multi-channel analyzer (MCA) then

quantifies the voltage spike and records the data pro-

duced every minute. The absorbed dose (in Gy) recorded

by the TEPC is a function of the linear energy for a given

channel, y, and the number of counts within the channel,

n(y), such that:

D ¼ 0:204

d2
d

X1
i¼0

yinðyiÞ; ð1Þ

where dd is the diameter of the TEPC sphere in microns

(Lewis et al., 1999). Similarly, the dose equivalent (in Sv)

is given by

HTEPC ¼ 0:204

d2
d

X1
i¼0

qðyiÞyinðyiÞ; ð2Þ
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where q(y) is the quality factor, which has been replaced

by the Q(LET) relationship recommended in ICRP-60

(ICRP, 1991) for the present analysis.

In order to relate this dose equivalent measured by

the TEPC, HTEPC, to the ambient dose equivalent,

H*(10), the TEPC must be calibrated to obtain a multi-
plication factor, f, which can be applied to HTEPC

(Nunes et al., 1996) such that

H �ð10Þ ¼ f � HTEPC: ð3Þ
A past calibration of the TEPC at the Physikalisch

Technische Bundesanstalt (PTB) in 2000 showed a con-

sistent over-response of �15% to all types of radiation
(gamma and neutrons); hence, a correction factor of

f = 1/1.15 = 0.87 was applied uniformly to all TEPC

data (Lewis et al., 2001, 2002). A more recent calibration

effort at the PTB and at the National Physics Labora-

tory (NPL), UK showed that the over-response of the

new HAWK version of the TEPC was �25% for neu-

trons (i.e., for poly-energetic and mono-energetic

neutrons between 0.25 and 5 MeV) and �5% for gamma
radiation (Lewis et al., 2004). Since the HAWK can

provide separate estimates of the low-LET (‘‘gamma’’)

contribution (for y < 10 keV/lm) and the high-LET

(‘‘neutron’’) contribution (for y P 10 keV/lm), these

individual contributions can be multiplied by the

corresponding correction factor (i.e., f = 1/1.05 and

1/1.25, respectively) and then summed to give an alter-

native estimate of H*(10). Using the latter correction
procedure for the radiation field at aircraft altitudes

produces H*(10) values that are virtually identical (with-

in �2%) to those obtained using the former simpler

procedure. (This agreement arises since the radiation

dose equivalent at jet altitudes and at northern latitudes

is comprised of approximately 50% neutrons and

50% low-LET radiation so that a correction factor based

on the average of the 5% and 25% over-responses is
relatively accurate.) In light of this agreement, the

correction factor of f = 1/1.15 has been used for routine

measurements obtained at jet altitudes for the sake of

simplicity.

2.2. LIULIN-4N LET spectrometer

The LIULIN-4N LET spectrometer, manufactured
by Solar Terrestrial Influences Laboratory, has a PIN

semi-conducting silicon-based diode as its detector. A

PIN diode is composed of three layers of material: (i)

a P layer doped with a pentavalent element, such as ar-

senic; an N layer doped with a trivalent element, such as

gallium; and an intrinsic (I) layer comprised of pure sil-

icon. Once a potential voltage is established across the

PIN diode, the loosely bound electrons in the P layer
will migrate toward the N layer and, conversely, the

holes in the N layer will migrate toward the P layer.

Equilibrium is eventually established within the diode.
As radiation passes through the diode, it produces elec-

tron/hole pairs, which results in a current spike in the

diode. The current spike is converted to a voltage spike

and quantified by an analogue to digital converter

(ADC). Like the TEPC, the amplitude of the voltage

spike is proportional to the amount of energy deposited
within the detector. The voltage spikes are sorted by an

MCA into 256 energy channels. In a manner similar to

the methodology used for the TEPC, the LIULIN

absorbed dose is given by:

D ¼ a
X255
i¼0

i � nðiÞ; ð4Þ

where i is the channel number, n(i) is the number of

counts within the channel, and a is a constant deter-

mined by the manufacturer�s calibration process

(Dachev et al., 2002). In this case, a value of

a = 9.33 · 10�5 is expected to give the dose in tissue in

units of lGy. The data-sampling period for the LIU-

LIN, which can be defined by the user as anywhere
between 5 s and 1 h, was set at 20 min for the current

at-altitude experiments.

2.3. In-flight measurements

Radiation levels at jet altitudes have been measured

with a TEPC (before and after upgrading to the

HAWK) on over 160 flights since 1999. On selected
flights, the TEPC measurements were supplemented by

measurements with bubble detectors (BD-PNDs

manufactured by Bubble Technology Industries), ther-

moluminescent detectors (TLDs), a battery-powered

Eberline FHT 191 N ionization chamber (IC) and an

Eberline SWENDI extended range neutron detector.

The small LIULIN detector was introduced as part of

the equipment suite in May 2003 and was used in
conjunction with the TEPC on 42 flights between 28

May 2003 and 9 January 2004 (Kitching, 2004). These

flights included domestic (North American) routes,

trans-Atlantic routes, trans-Pacific routes, trans-equato-

rial routes and routes within the southern hemisphere,

so that the entire range of cutoff rigidity values (Rc = 0

to �17 GV) was covered. Details on the exact flight

path and altitude changes were recorded by the cockpit
crew and by the internal GPS (Global Positioning

System) incorporated directly into the HAWK model

of the TEPC.
3. Results and discussion

The minute-by-minute dose equivalent rate data ð _HÞ
recorded by the TEPC on flights between 1999 and 2002

were averaged over 30-min intervals in order to improve

the statistics. These data were then normalized to an



Fig. 1. (a) Ambient dose equivalent rates measured by a TEPC

(normalized to an altitude of 10.7 km) plotted as a function of

vertical cutoff rigidity. f1 and f2 show the equations of the best-fit

polynomials through the 1999 (near solar minimum) and 2001–2002

(near solar maximum) data, respectively. (b) Similar presentation of

combined RMC IC+SWENDI (2001–2002) and ACREM IC+NMX

(1997–1998) ambient dose equivalent rate data (normalized to

10.7 km).
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altitude of 10.7 km (or atmospheric depth of

h0 = 243 g cm�2) using the following relationship (Lewis

et al., 2002):

fAltðhÞ ¼
_HðhÞ
_H 0

¼ e�nsðh�h0Þ 1� e�ðk0�nsÞh

1� e�ðk0�nsÞh0

� �

þ k0 � ns
bk0

e�k0h

e�nsh0 � e�k0h0

� �
; ð5Þ

where h is the atmospheric depth (in g cm�2) at which

the data is recorded and b = 3 is an effective proportion-

ality constant for the production of secondary particles

from primary-particle interactions as determined from

balloon-borne flights. The parameter k0 = 0.016 cm2 g�1

accounts for the attenuation of primary particles in the

atmosphere, and is fitted to transport code calculations

in order to provide a maximum value of the function
in Eq. (5) at the Pfotzer maximum, where the radiation

levels in the atmosphere are observed to reach a maxi-

mum due to secondary-particle buildup (Lewis et al.,

2004). ns is the effective relaxation length for the given

particles in the atmosphere, which is a function of the

vertical cutoff rigidity, Rc (in GV), as follows (for alti-

tudes >7.6 km):

ns ¼
0:0085 cm2 g�1; Rc < 4 GV;

�4:714� 10�4Rc þ 0:01039; 4 GV 6 Rc 6 11;

0:0052 cm2 g�1; Rc > 11 GV:

8><
>:

ð6Þ

These normalized TEPC data are plotted versus the

vertical cutoff rigidity Rc (which is derived for a given

geographical latitude and longitude using the Interna-

tional Geomagnetic Reference Field, IGRF-1995) in
Fig. 1(a) (Lewis et al., 2004). In this figure, the data have

been sorted according to the solar activity for the month

of the flight, as indicated by the ground-level neutron

count rate data from the Climax neutron monitor

(NGDC, 2004). (Specifically, the 1999 data were ob-

tained in a period in the mid-range of solar activity just

past the solar minimum when the weighted average of

the Climax count rate was 400,400 counts per hour;
and the 2001–2002 data were obtained in a more active

portion of the solar cycle when the weight average of the

Climax count rate was 374,500 counts per hour.) Com-

parable curves can also be derived from the summation

of independent measurements of the low-LET (ionizing)

and high-LET (neutron) components using an IC and

an extended-range neutron monitor (Lewis et al., 2004;

Schrewe, 2000), as shown in Fig. 1b. The increased scat-
ter in the TEPC data (Fig. 1(a)) compared to the

summed IC and neutron monitor data (Fig. 1(b)) results

from the presence of very high-LET particles that are
produced intermittently by the fragmentation of atmo-

spheric nuclei by high-energy protons. Although these

particles deposit only a minor fraction of the dose,

according to Eq. (2) a single high-LET event can con-

tribute a large fraction of the dose equivalent in detec-

tors for which the reading is derived from the

frequency (LET) distribution of events, such as the

TEPC and LIULIN (EURADOS, 2004). For detectors
which do not measure an LET distribution, such as ion-

ization chambers and neutron monitors, the H*(10)

reading is related directly to the energy absorbed by

the detector and the corresponding statistical uncertain-

ties are much lower.

The best-fit polynomials to these data (f1 and f2 in

Fig. 1(a)) provide solar-minimum and solar-maximum
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‘‘boundaries’’ for expected at-altitude ambient dose

equivalent rates (Lewis et al., 2004). Using Lagrange

polynomials to interpolate between f1 and f2 for other

points in the solar cycle, it is then possible to predict

the dose equivalent rate at any geographical position

at any time in the solar cycle. These mathematical corre-
lations, along with those in Eqs. (5) and (6) which ac-

count for variations in altitude, form the basis for the

Predictive Code for Aircrew Radiation Exposure

(PCAIRE), the development and validation of which

has been described by Lewis et al. (2004).

With the PCAIRE software code in place to predict

the ambient dose equivalent on any flight route, periodic

validation of the code with in-flight measurements is
necessary. The small size, easy operation, relatively

low cost and large data storage capacity of the LIULIN

make it an ideal candidate for these periodic measure-

ments. The LIULIN provides output in terms of ab-

sorbed dose, DLIULIN, which can be compared directly

to the absorbed dose measured by the HAWK TEPC,

DHAWK. (For example, the in-flight absorbed dose mea-

surements for typical flights over various regions of the
globe are shown in Table 1). For each of the 42 flights

on which the LIULIN was compared to the HAWK

TEPC, the integrated (route) absorbed dose from the

LIULIN was in excellent agreement with the integrated

TEPC absorbed dose, with a ratio of DHAWK/DLIULIN

of 1.01 ± 0.04 (Kitching, 2004). Furthermore, DLIULIN

changes in the same manner as DHAWK throughout a gi-

ven individual flight. For example, the data recorded by
Table 1

Comparison of TEPC and LIULIN measurements onboard selected passeng

Flight route Date Enroute

altitude (feet)

Time at

altitude

Zagreb (Croatia) – Trenton,

ON (Canada)

02-Aug-03 34,000 146

36,000 230

38,000 36

39,000 94

Ottawa, ON (Canada) –

Moscow (Russia)

22-Sep-03 33,000 334

35,000 59

33,000 54

Singapore – Sydney

(Australia)

08-Dec-03 33,000 19

35,000 206

37,000 133

Sydney (Australia) –

Johannesburg (South Africa)

03-Jan-04 30,000 72

31,000 218

33,000 40

35,000 84

37,000 271

39,000 68

Johannesburg (South Africa)

– Sydney (Australia)

05-Jan-04 29,000 20

33,000 285

37,000 317
both instruments on a flight from Singapore to London

(Fig. 2) show the same increase in dose rate as both the

latitude and altitude increase throughout the flight. This

excellent agreement between the absorbed dose mea-

surements of the two instruments supports the applica-

bility of the scale factor (a = 9.33 · 10�5 in Eq. (4)),
which was developed in ground-based calibrations, to
er flights

(min)

Absorbed dose, D

(lGy)

Ambient dose equivalent, H*(10)

(lSv)

HAWK LIULIN HAWK LIULIN

(Q vs. Rc)

LIULIN

(Spectral)

12.0 11.8 28.5 26.5 26.6

11.8 11.3 28.0 25.8 26.3

6.95 6.63 10.6 11.2 12.4

20.7 19.9 45.9 41.4 46.5

17.4 17.3 38.1 37.0 41.6
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at-altitude measurements. Furthermore, these data sug-

gest that the LIULIN may be viable as a routine-moni-

toring device; however, this will only be possible after

the development of a method to determine H*(10), the

operational quantity recommended for monitoring air-

crew radiation exposure, from the LIULIN data. Two
such methods were investigated and are described

below.

In the first method, the ambient dose equivalent is

calculated from the absorbed dose with a knowledge

of the average quality factor, �Q, according to the

relationship:

H �ð10ÞLIULIN ¼ �Q � DLIULIN: ð7Þ

Published theoretical transport code calculations

(O�Brien et al., 1996; Schraube et al., 2000) indicate that

the relative contribution of neutrons to the dose equiva-

lent at jet altitudes remains essentially constant for alti-

tudes between 30,000 and 40,000 feet (9.1–12.2 km).

Since the composition of the radiation field remains rel-
atively constant within this altitude range (typical of

commercial flights), the average quality factor is also ex-

pected to be relatively independent of altitude within

this range. It will, however, vary with geographical posi-

tion (quantified by the Rc value), much in the same way

that the ambient dose equivalent rate depends upon Rc

(see Fig. 1). As such, a correlation of �Q as a function

of Rc was developed from the HAWK TEPC data re-
corded on 12 flights between 22 September 2003 and 9

January 2004. Using these data, �QHAWK values were ob-

tained over 60-min periods by taking the ratio of the

summed minute-by-minute H values to the summed D

values, i.e.,

�QHAWK ¼
P60

t¼1HtP60

t¼1Dt

: ð8Þ

These values are plotted as a function of Rc (also aver-

aged over the same one-hour periods) in Fig. 3. Plot-

ting the linear relationship of Fig. 3 as a function of

geographical coordinates (Fig. 4) clearly demonstrates

the effect of aircraft location on the �Q value. An esti-

mate of H*(10) for a given flight can then be obtained

by the summation of the individual DLIULIN measure-
ments, each multiplied by the appropriate �QHAWK va-

lue (corresponding to the aircraft�s geographical

location during the 20-min LIULIN measurement per-

iod). Note, that this methodology can only be applied

to measurements obtained over the stated altitude

range and cannot be applied to the takeoff or landing

portions of the flight.

Alternatively, in a manner similar to that utilized in
the TEPC analysis, the ambient dose equivalent can be

obtained by direct analysis of the LIULIN spectrum.

As mentioned in Section 2.2, the LIULIN partitions

data into 256 channels, each with a constant DLET
bin width. By applying an appropriate quality factor,

Q(LET), to each channel, the ambient dose equivalent

can be calculated using an equation analogous to Eq.

(2):

H �ð10ÞLIULIN ¼ a
X255
i¼0

QðLETÞi � i � nðiÞ: ð9Þ

In order to use this method, it is essential to determine

the appropriate channel width (DLET) so that the

correct value of LET can be assigned to the channel.

A value of DLET = 0.5 keV lm�1 for the channel width

was determined experimentally by comparing the

LIULIN data to the HAWK data from a flight from

Sydney to Johannesburg on November 8, 2003 (Kit-
ching, 2004). Using this channel width to determine

the LET for each channel, the value of Q associated

with each channel was determined using the Q(LET)

relationship recommended in ICRP-60 (ICRP, 1991),

which in turn allows for a calculation of H*(10) from

any LIULIN spectrum.
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The two different methods of determining H*(10)

from the LIULIN data (i.e., methods based on Eq. (7)

or Eq. (9)) are compared to integral values of H*(10)

from the TEPC for five different flights in Table 1. (Note

that the data from these flights were not used in any

of the model development.) Both methods are well with-
in the 20% error inherent within both the HAWK and

the LIULIN, with the Q(Rc) methodology giving

slightly lower estimates than the spectral analysis meth-

od. Given that both methods work equally well, the pre-

ferred method involves the direct analysis of the

LIULIN spectrum since this method has the advantages

of not requiring knowledge of the aircraft position and

having no restrictions on the altitude range. Thus, this
spectral method was used to estimate the route H*(10)

for all of the flights (excluding the flight used for the

LIULIN bin width determination). As shown in

Fig. 5, the H*(10) values obtained from the LIULIN

agree extremely well with those obtained by the TEPC,

indicating that the LIULIN could be used as a more

convenient alternative to the TEPC for the purposes of

periodic validation of aircrew exposure estimates.
Flight
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LIULIN means that it can take measurements continu-

ously for an extended period of time (Spurny and Da-

chev, 2003). (For example, with the 20-min sampling

period used in the current study, the LIULIN recorded

data continuously for approximately ten weeks before
the batteries died.) While this continuous operation is

not necessary for code validation, it allows for the detec-

tion of sporadic changes in the jet-altitude radiation

field, such as those which may occur immediately before

and during intense solar energetic particle events (SEP).

In fact, the long-term (approximately. two months) use

of a LUILIN on board a Czech Airlines A310-300 Air-
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ation levels during ground level event 60 (GLE 60) on 15
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however, additional data is required for further valida-

tion of the model. As such, the measurement campaign

with both the TEPC and LIULIN will be continued on

as many flights as possible.
4. Conclusions

1. TEPC data obtained during 1999 and 2002 have been

used to develop mathematical correlations between

the at-altitude dose equivalent rate and the vertical

cutoff rigidity. These correlations have been encapsu-

lated into an empirically based computer code for the

prediction of aircrew exposure to galactic cosmic
radiation (PCAIRE).

2. The response of a LIULIN-4 spectrometer was com-

pared to that of the HAWK TEPC on 42 flights in

2003–2004 covering the full range of cutoff rigidity

values. On all flights, the absorbed dose measured

by both instruments agreed to within 5%. These data

provide an in-flight validation of the calibration fac-

tor determined by the manufacturer in ground-based
studies.

3. Two different methods of determining the route

H*(10) value from the LIULIN data were examined.

Although both methods are valid, the most conve-

nient method involves a direct analysis of the LIU-

LIN spectrum using a DLET value of 0.5 keV lm�1.

This method producesH*(10) values which agree very

well the H*(10) values measured by the TEPC (within
the 20% error inherent within both instruments).

With this mathematical correlation in place, the LIU-

LIN offers a viable option for the periodic evaluation

of PCAIRE predictions.

4. As a supplement to the PCAIRE code, a simple

empirical model has been developed for the predic-

tion of the enhanced exposure that may result during

an SEP. Measurements with the LIULIN will be con-
tinued in an effort to record data during an SEP,

which could then be used for further validation of

the SEP model.
Acknowledgements

Theauthors express their gratitude toCapt. I.Getley for

his assistance inperformingmeasurements on severalQan-

tas flights. The authors also thank 1CanadianAirDivision

of the Canadian Forces andmembers of the 437 Transport

Squadron for their assistance on the military flights. In

addition, the authors thank Dr. W. Friedberg of the Fed-

eral Aviation Administration�s Civil Aerospace Medical

Institute for arranging the loan of two TEPC units to the
Royal Military College. Finally, the authors acknowledge

and thank U. Schrewe (PTB/Hanover University) for the
use of the IC + NMX data and F. Spurný (CAS) for the

use of the LIULIN data from GLE 60.

Financial support for this study was received from

Transport Canada, the Department of National Defence

and the Natural Science and Engineering Research

Council of Canada (NSERC).
References

Barth, J.L., Dyer, C.S., Stassinopoulos, E.G. Space, atmospheric, and

terrestrial radiation environments. IEEE Trans. Nucl. Sci. 50, 466–

482, 2003.

Dachev, T., Tomov, B., Matviichuk, Y., et al. Calibration results

obtained with LUILIN-4 type dosimeters. Adv. Space Res. 30,

917–925, 2002.

European Radiation Dosimetry Group (EURADOS). Radiation

Protection 140, Cosmic Radiation Exposure of Aircraft Crew:

Compilation of Measured and Calculated Data. Office for

Official Publications of the European Communities, Luxem-

bourg, 2004.

International Commission on Radiological Protection (ICRP). 1990

Recommendations of the International Commission on Radiolog-

ical Protection. ICRPPublication 60, PergamonPress,Oxford, 1991.

International Commission on Radiological Protection (ICRP). Gen-

eral principles for the radiation protection of workers. ICRP

Publication 75, in: Annals of the ICRP, 27(1), Pergamon Press,

Oxford, 1997.

Kitching, F. Use of a Liulin Detector for the Determination of Aircrew

Radiation Exposure. Masters Thesis, Royal Military College of

Canada, Kingston, Ont., Canada, November 2004.

Lewis, B.J., Tume, P., Bennett, L.G.I., et al. Cosmic radiation

exposure on Canadian-based commercial airline routes. Radiat.

Prot. Dosim. 86, 7–24, 1999.

Lewis, B.J., McCall, M.J., Green, A.R., et al. Aircrew exposure from

cosmic radiation on commercial airline flights. Radiat. Prot.

Dosim. 93, 293–314, 2001.

Lewis, B.J., Bennett, L.G.I., Green, A.R., et al. Galactic and solar

radiation exposure to aircrew during a solar cycle. Radiat. Prot.

Dosim. 102, 207–227, 2002.

Lewis, B.J., Desormeaux, M., Green, A.R., et al. Assessment of

aircrew radiation exposure by further measurements and model

development. Radiat. Prot. Dosim. 111, 151–171, 2004.

McDonald, F.B., Ptuskin, V.S. Galactic cosmic rays. In: Bleeker, J.,

Geiss, J., Huber, M. (Eds.), Dordrecht, The Netherlands. Kluwer

Academic Publishers, Dordrecht, The Netherlands, pp. 677–697,

2001.

National Geophysical Data Center (NGDC), NOAA, Boulder, Col-

orado. ftp://ftp.ngdc.noaa.gov/STP/SOLAR_DATA/COSMIC_

RAYS/climax.tab (accessed 5.11.04).

Nunes, J.C., Waker, A.J., Arneja, A. Neutron spectrometry and

dosimetry in specific locations at two CANDU� power plants.

Radiat. Prot. Dosim. 63, 87–104, 1996.

O�Brien, K., Friedberg, W., Sauer, H.H., et al. Atmospheric cosmic

rays and solar energetic particles at aircraft altitudes. Environ. Int.

22 (Suppl. 1), S9–S44, 1996.

Schraube, H., Heinrich, W. Leuthold, G., et al. Aviation route dose

and its numerical basis, in: Proceedings of the International

Radiation Protection Association, IPRA-10, Hiroshima, May (T-

4-4, P-1a-45) 2000.

Schrewe, U.J. Global measurements of the radiation exposure of civil

air crew from 1997 to 1999. Radiat. Prot. Dosim. 91, 347–364,

2000.

Spurny, F., Dachev, T.S. Intense solar flare measurements, April 15

2001. Letter to the Editor. Radiat. Prot. Dosim. 95, 273–275, 2001.



1626 A.R. Green et al. / Advances in Space Research 36 (2005) 1618–1626
Spurny, F., Dachev, T.S. Long-term monitoring of the onboard

aircraft exposure level with a Si-diode based spectrometer. Adv.

Space Res. 32, 53–58, 2003.

Taylor, G.C., Bentley, R.D., Conroy, T.J., et al. The evaluation

and use of a portable TEPC system for measuring in-flight

exposure to cosmic radiation. Radiat. Prot. Dosim. 99, 435–438,

2002.
Transport Canada. Measures for managing exposure to cosmic

radiation of employees working on board aircraft. Commercial

and Business Aviation Advisory Circular No. 0183, April 2001.

Available from: (<www.tc.gc.ca/CivilAviation/commerce/circulars/

AC0183.htm>).

van Dijk, J.W.E. Dose assessment of aircraft crew in the Netherlands.

Radiat. Prot. Dosim. 106, 25–32, 2003.

http://www.tc.gc.ca/CivilAviation/commerce/circulars/AC0183.htm
http://www.tc.gc.ca/CivilAviation/commerce/circulars/AC0183.htm

	An empirical approach to the measurement of the cosmic  radiation field at jet aircraft altitudes
	Introduction
	Materials and methods
	Tissue equivalent proportional counter
	LIULIN-4N LET spectrometer
	In-flight measurements

	Results and discussion
	Conclusions
	Acknowledgements
	References


