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Abstract — The measurement of high and very
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high doses of ionizing radiation is crucial for the 18] Graphite ]
monitoring of the existing Nuclear Power Plants Ta (i 1
(NPP) and high energy physics facilities as Large ' / Ay
Hadron Collider (LHC). All of the structural mate- e S 1
rials exposed to such high gamma doses are continu- &= of ] 1
ously damaged and their mechanical properties are s 10 g \) ]
strongly affected. The constant monitoring of the %0-8- / \ T
absorbed dose is then crucial in order to assure 8 06 .
safety operation of these facilities. In this paper we 0.4 / \ 1
present the new technique of such a measurement 0.2 reaclor b i
using smple MEM S transducer and phenomenon of ool FENCET
polymer radiolysis. 01 2 3 4 5 6 7 8 9 10 11 12 13
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Figure T Gamma radiation dose inside the vessel of the
research nuclear reactor in Belgium. Courtesy of SCK-CEN

Keywords: Radiation dosimeter, polymer radiol-
ysis, MEMS

What we can clearly see is that radiation doses at the
walls of the reactor is estimated to be about 0,2
) _ kGy/hour what is a very high value. One Gray [Gy] is a

As there is more than 400 operating NucleardRea, it of ahsorbed dose which corresponds to 1J of energy
tors in the world and about 50 under construction, Wgpsorbed by the 1 kg of the matter. By doing a simple
are all concern about the safety operation of thesgcyation, we can compute the annual cumulated dose
facilities. One of the major problem that has to be takeg, \which the reactor walls will be exposed which is
into account during the reactor design is the materigktimated to be 1.75 MGy. In order to compare, the
aspect of the structural design. It has to be said that %ical dose used in photon radiotherapy varies from 40

operating environment is extremely harsh due to thg gg Gy for the whole therapy which lasts 1 to 2
high temperature (about 300°C in today’s reactors and  onths.

about 800°C in the future ones) and high radiation dose. aAnother interesting example of high dose occurrence

If we consider, that the average time of exploitation i§ the | HC. On figure 2, we can see the cross section of

estimated to be 40 years and very often is increased ) coliider with cumulated gamma doses in Grays in
additional 20 years, we can easily imagine how robugtterent regions of the tunnel.

the design of the nuclear reactor should be. It is obviot
that most of the issues concern materials as theinpara
eters change due to the cumulative absorbed do

| - Introduction

Needless to say that the typical NPP &f generation
(relatively modern design) is equipped with abou
10000 sensing units including temperature monitor:
pressure transducers, humidity sensors and , of cour
radiation detectors and dosimeters.

On the other hand, we are building new reseateh i
frastructure for high energy physics as a LHC at CERD
As we want to achieve greater energies, the greal
radiation doses occurs at the facility what causes mos
similar problems that occurs at NPP. Moreover, newl
designed future facilities will operate at much highe
energy levels and thus, higher radiation doses that w
occur during normal operatio

At the figure 1 we can see the doses of gammaradi
tion that occurs inside reactor vessel of the resear
reactor at SCK-CEN in Belgium.
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Figure 2 Cumulated(1976-1986) gamma dose in the LHC

tunnel. Courtesy of CERN.




It has to be emphasized, that the dose value at LHBamber is huge in comparison to the amount of drydr
was cumulated over 10 years what shows us, that tgen. Thus, the effective dynamic range of the measur
dose intensity is much lower than in nuclear reactorsment of the HPD starts at 10kGy.

Nevertheless the reason for that is the operation mode of What we present in this paper is a way to introduce
the LHC where the experiments are performed a felwdrogen pressure dosimeter into micromechanics in
times a month, so the actual intensity of the dose durirggder to have a small passive sensor with easy readout
the experiments may be actually higher than in the NPRnd bigger dynamic range starting at lower doses.

It is then clear that the need of the measurement of the The main idea is to build a microchamber that will
radiation dose at the levels of 1MGy exist. The currerite filled with polyethylene and closed from one side
methods of the measurement of such high doses useswhth a thin membrane. Due to the outgassing of material
different types of passive dosimeters such as thermadnside the chamber, if the chamber is hermetically
radio- and photoluminescence indicators or hydrogesealed, the evolving gas will increase the pressure inside
pressure dosimeters. Each of them has drawbacks ahd cavity what will results in membrane deflection and
advantages depending on the application but the major extreme case in membrane fracture. The figure 3
problem in all types of these dosimeters is complicateshows the basic structure of the sensor.

readout (spectrometry, electron-spin-resonance, etc.)

that has to be performed AFTER irradiation andTOU
SIDE of the radiation zone using specialized equipme H, H:
It is caused by the impossible use of electronic circuit T

as they fail above 10-20 kGy range. Thus, for low o A Il A i A

medium doses, the solid-state MOS based sensors pe /7 7 o 4 RPN

used. Figure 3 Basic principle of hydrogen pressure MEMS
In this paper, the MEMS based solution using welliosimeter.

known principle of hydrogen pressure dosimetry is

presented.

As we can see, the structure of the sensor seems to
be simple, but in reality there is a lot of problems that
should be taken into consideration during the design and
fabrication stage.

. . _ First, from the designer point of view, a proper
One of the method of measuring high rad|at|oe_;—d_o membrane design has to be chosen depending on the

es is so-called hydrogen pressure dosimetry. The'p”n%roposed readout technique and operating mode. The

ple of the method is based on the radiolysis phmomﬁferating mode may be both: incremental one ore the

Il - Experimental Details

non. It was shown that polymers releases gases due Peshold one. In first, when the cumulated dose will

the fonizing irradiation. ‘The amount and composition 0mcrementally increase the pressure inside the cavity, the

the gases depends on the ponm.er an_d by an_alyzmg Y5se will be measured by the corresponding membrane
can see that the polyethylene is quite an InteresurE)Qeflection. In the second mode, the membrane will

ma?éllatth lene. by its simolicity contains onl Carbonfracture at some pressure level that generates critical
yethy » 0y plicity y stress inside the membrane.

and Hydrogen atoms. As the hydrogen binds are weaker The incremental modes should be used in order to

than the carbon binds, the radiation energy breaks tpl ve the direct measurement over the time and during

binds and releases free hydrogen atoms. Of course, arlgf%rmal operation. The threshold mode may be used

gf)rggl);ggiiisvehsa\éit 20(1'2%?]”'{ tgolitme?gtsﬂgr:jatigcal;feet%hen we want a fast indication of certain level of the
9 » POYE 5 hsorbed dose i.e. for incidents monitoring. According

- 0 1
ylene releases mostly hydrogen (85-95%). It is als the literature, the incident monitoring should allow us

shown that depending on the experiment conditions a%’ measure as high dose intensities as 50kGy per hour

material the radiation yield (so—calle_d G _factor) MaYyhat is an extreme dose and the exact dose value is not
differ from 2 to 7. The G(b factor is defined as a so important

number of hydrogen molecules released by 1g of-pol
ethylene after absorbing of 1eV of the energy. As theA
absorbance/exposure factor for polyethylene is very”
close to 1 we can say that the 1eV of the absorbed

The amount of hydrogen released by polyethylene
energy equals to about 1,6e-17 J per 1 g, so about 1,Ge- oo L .
14J per kg which means 1,6e-14 Gy. gue to its irradiation may by calculated by using he

This principle is used in hydrogen pressure desim radiation yield_ factor and by assumption that all_qf the

ter where the LDPE (Low density Polyethylene) foil iScaIcuIatlon will be performed for normal conditions

put inside the vacuum glass chamber and then pumpgal om temperature and atmospheric pressure). Le.t us
e the most common G factor value for HDPE (high

out and sealed. After radiation exposure, the Chamberd%nsity polyethylene) which is equal to 6. Let us assume

open in controlled atmosphere and the gas analyzglr :
o that the absorbed dose of the polyethylene is equal
calculate the amount of hydrogen and thus, the absorbt élokey. By definition, it means that for 1kg of HDPE,

gg;g'.t' Tthetomt?:g lgrav(\;tc)gzl; gfs tt?fe sg;st?nn; ésf tI:]Se ST:{ e absorbed energy is equal to 10kJ or 6,24e+22eV.
ity w volu 985Hen (from definition the radiation yield) for each 100

Design considerations



eV HDPE releases 6 molecules of hydrogen. For oliDPE with good control of the free space of thé-vo

case it gives us about 3,74e+21 of Holecules. If we ume. Therefore, one cavity is filled almost full with the

consider that 1 moll consists of 6e+23 of molecules, WwdDPE and the thin channel and design of the second

will generate about 0,0062 moll of,Hn normal cond cavity decides about the free space volume and thus on

tions, rt]tfme volume of such amount of gas will be equal tihe sensitivity of the sensor.

139 cm. All above mentioned calculations were raad

for 1 kg of HDPE, (apart from G factor) so we need to m\mm

divide the result by 1000 in order to find that the

amount of hydrogen released form 1g of HDPE due to T

gamma irradiation of 1kGy is equal to 0,14 % we / I\

consider the density of HDPE which may be estimatedww o

to 0,95 g/c, we can easily see that the volume of

evolved gas for 10kGy of radiation equals to 14% of the

HDPE volume. Taking into account the fact, that the [ KN Glass [ HDPE

re_sultlng increase in pressure inside the sealed Cavl'%ure 8 The cross section of the designed structure with one

will depends not only on the volume of the released 9@Smprane and one HDPE cavity.

but rather on the ration between evolved gas and free

space inside the cavity, we can easily imagine that the The sensor is a multistack glass silicon bonded

dynamic range of the dosimeter and its sensitivity fogtructure. Such a type of bonding were chosen as it

medium doses may be increased by using the omicrassures hermeticity at low bonding temperature which is

technology and small cavity sizes. crucial for polymer inside the cayit The membrane
Let us see how this quantities may transduce into ti@d cavities are made of n-type (100) silicon that was

mechanical behavior of the membrane. We designedwgt etched by KOH solution. Such a structure were

structure where a square membrane witch was 4,9 nfjodically bonded to Schott 33 glass and then the

wide and 30 pm thick. The HDPE cavity size was &IDPE was put inside in inert atmosphere in order to

square shaped cavity which was 5 mm wide and th@VOid oxidation of HDPE that limits the rate of evolved

HDPE layer was about 350 pm thick. The free spad®ydrogen. After the HDPE filling, the whole structure

over the cavity was 12 mm x 5 mm x 30 pm as wwas closed by second anodic bonding at lower teaper

designed the three membrane threshold detector (figutge (@bout 300°C) in order to prevent polymer from its

Silicon

X). decomposition. Everything was done in inert atmo
surface of the sensor  Phere and a pressure slightly lower than the atmospheric
K pressure.
Al llcontainer | |membrane| | 2 | | 3 |l _|a 11 - Results and Discussion
for HDPE 1
¥~channel A test samples of the dosimeter were fabricated a

cording to the design presented in previous paragraph.
Two sensors were irradiated with using the particle
accelerator at National Centre for Nuclear Research.
After the fast calculations usinTimoschenko’s Two main types of radiation were used: direct electron
plates and shells theory (what we can do as the wieam with the energy of 6MeV and spot size of about 3
over thickness ration for our membrane is high), we canm, the gamma beam produced via conversion target
easily calculate, that for 10 kGy of absorbed dose, theounted at the end of the accelerator. The gamma beam
increase in pressure inside the cavity should be equaldoe to its conversion had a peak energy of 4 MeV and
about 0,65 bar which will result in membrane deflectiowvas a dispersed beam. It means that electron beam was
of about 384 um which is not really true as we aré®cused only on the HDPE cavity whereas gamma beam
above the regime of small deflections but it gives us th@vered whole sensor die.
idea about the possible sensitivity of the sensor. The
resulting maximal stress is estimated to be abow& 0,4
GPa so if we consider the minimal reported vyield
strength if silicon, our membrane may brake at about 1
GPa so above 21kGy.

Figure 5 The top view of the designed structure.

B. Technology considerations

The basic layout of the structure is presented on the
figure below (figure 6). For the reason of process
simplicity, we decided to put the HDPE in a one cavity,

readout. Both cavities are connected by the thin channel. =\

and have the other cavity with the membrane for
It is caused by the difficulty to fill the exact amount of” |gure 7 Test set-up for irradiation of dosimeter with the
particle accelerata




The irradiation test bench (figure 7) was calibrated In the future work, the measurement of themme
using the ionization chamber. As the high intensity doderane deformation will be measured in order to verify
may seriously heat the sample, in order to avoid thatpw the incremental operation mode works. Needless to
adequate repetition rate was applied. The irradiatiorssy that for perspective use of the device, the stability of
were performed for the dose range from 10 kGy to 12Be measurement will be crucial. One of the factor that
kGy. As our sensor was built with 3 different me may limit the operational use of the sensor is hermet
branes, we could see the consequent membrane rupturigg of the cavity. We then took one sample and irrad
starting from the biggest membrane. Thus, we observeted it with a dose of 10kGy in order to observe the
the threshold mode of sensor’s operation. Table below deformation of the membrane in time. It was not poss
shows the measured doses which causes the destructitsto measure the exact membrane deflection, but it has
of the first two membranes. to be said that after a few months the membrane is still
Table 1:Value of doses at which two first membranes fracturéje‘cormEd SO We may assume .that there is no blg. Iea.kage
occurred at the bonding interface but without future investigation

it is not possible to tell more about this issue.

Membrane 1 Membrane 2 )

fracture [kGy] | fracture [kGy] IV - Conclusion
Sample 1 26,4 81,9 _ ) o
Sample 2 25,6 102,4 We presented the potential method of high radiation

dose measurement using relatively simple technique. It

As we can see, the first membrane fractured at simil#fas presented that the fast and simple method of-mon
dose for both samples whereas the second one brokd@4tng of high doses is necessary in order to improve the
different doses. The figure 8 shows the sensor after filgdfety procedures in NPPs and high energy physics

membrane rupture. infrastructure. We presented the design and techiolog
. cal considerations that have to be taken into account
HDPE cavity Broken membrane during the design phase. The experiments that were

s g 4
N ———————————————————" /i ir—

performed showed that such an approach may be used
to monitoring a high radiation doses. It is clear that a lot
of work has to be done in order to characterized the
system, especially the membrane deformation in a
function of the absorbed dose thus, the future invastig
tion are ongoing. Another major issue that has to be
addressed is the technology that has to be checked for
its long term stability in terms of hydrogen leakage from

D — the structure.
Figure 8 A sensor structure after irradiation and first me This work was financed by the EU via Foundation
brane rupture. for Polish Science in the frame of HOMING PLUS

It has to be said that the rupture mechanics of thH¥oject.

membranes, especially those made of crystalline silicon

is not an easy process and there are a lot factorstwontiReferences
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