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Radiation Monitoring in Mixed Environments

at CERN: From the IRRAD®6 Facility
to the LHC Experiments

F. Ravotti, Member, IEEE, M. Glaser, A. B. Rosenfeld, Senior Member, IEEE, M. L. F. Lerch,
A. G. Holmes-Siedle, Senior Member, IEEE, and G. Sarrabayrouse, Member, IEEE

Abstract—RadFET and p-i-n diode semiconductor dosimeters
from different manufacturers will be used for radiation mon-
itoring at the Experiments of the CERN LHC accelerator. In
this work these sensors were exposed over three months in the
CERN-IRRADG facility that provides mixed high-energy particles
at low rates. The aim was to validate the operation of such sensors
in a radiation field where the conditions are close to the ones
expected inside full working LHC particle detectors. The results
of this long-term irradiation campaign are presented, discussed
and compared with measurements by other dosimetric means as
well as Monte Carlo simulations. Finally, the integration of several
dosimetric devices in one sensor carrier is also presented.

Index Terms—Accelerators, dosimetry, MOSFET, particle
beams, p-i-n diodes, proton, RadFET, radiation damage.

1. INTRODUCTION

HE measurement of the radiation environment generated

by proton-proton collisions at the High Energy Physics
(HEP) Experiments of the CERN Large Hadron Collider (LHC)
accelerator [1], has become an important issue over the last few
years.

For the survey of the cumulative radiation damage in detec-
tors and electronic devices [2] at the LHC, the mixed environ-
ment constituted of electromagnetic and hadronic radiation, will
be constantly monitored with dosimetry of absorbed dose and
fast particle fluence.

It has been already shown that semiconductor sensors can
be successfully employed to characterize mixed radiation fields
in terms of Ionizing Energy Loss (IEL) measured in SiO» and
Non-Ionizing Energy Loss (NIEL) causing atom displacement
within the silicon lattice. This can be achieved by combining
two type of devices: RadFET transistors and p-i-n silicon diodes
respectively [3].
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The RadFET dosimeter operates by the build-up of “oxide-
trapped charge,” positive charge in the gate silicon oxide layer
of the transistor [4]. This charge, responsible for the shift of
the transistor threshold voltage, is stored internally, allowing
the measurement of the deposited Total Ionizing Dose (TID)
over several years. The p-i-n diodes are junction devices with a
base of high-resistivity n-type silicon [5]. Hadron irradiation of
such diodes produces displacement damage in the silicon base
leading to an increase of the diode’s forward voltage which is
proportional to particle fluence [6].

In the HEP Experiments of the LHC, the use of these semi-
conductor technologies, as well as their integration on a sensor
Printed Circuit Board (PCB), has already been proposed [7] and
is now described. Semiconductor sensors suitable for the LHC
must work over a very long time (10-years) and in challenging
conditions including:

 particle runs of variable intensity with monthly shutdown

periods;

* radiation compositions varying with the distance and the

angle with respect to the interaction point;

 differing operating temperature in different measurement

sites.

It is thus clear that the sensors for the LHC have to cover dif-
ferent sensitivities and a broad dynamic range in terms of TID
and particle fluence as well as to comply with specific stability
[8], [9] and response [10] requirements. For all these reasons,
after intensive test campaigns, a series of four devices (two Rad-
FETs and two p-i-n diodes) has been proved to fulfill LHC Ex-
periments needs [11].

In this work the performances of the above four semicon-
ductor sensors were validated by placing them in a low-rate,
mixed-particle accelerator environment that simulated the
working conditions at the LHC.

In the CERN facility IRRADG of the PS accelerator this was
achieved by working off-axis in the 23 GeV proton beam-line
directed to the IRRADI irradiation area [14]. Placing the sen-
sors at different distances from the beam axis, various rates of
high-energy photons, neutrons and charged particles in the GeV
energy range were simultaneously available. Moreover, changes
of beam conditions and the alternation of operation and shut-
down periods, made this facility an ideal test-bench to validate
stability over time.

Finally, this article will also present the integration of the em-
ployed sensors in a general-purpose chip carrier and PCB suit-
able for the LHC needs in terms of dimensions and material
budget.

0018-9499/$25.00 © 2007 IEEE
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Fig. 1. Layout of the IRRAD facilities at the CERN-PS Accelerator.

II. EXPERIMENTAL DETAILS

A. Irradiation Facility

In the T7 beam-line of the East-Hall Experimental Area of the
CERN-PS Complex, the primary 23 GeV proton beam of the PS
accelerator can be directed through the area where the irradia-
tion facilities are located. In this area, primary-proton bursts of
2 x 10! particles each are delivered toward a marble absorber
placed in front of a cast iron beam-dump as shown in Fig. 1. In
that location, protons produce a uniform irradiation spot over a
surface of about 2 x 2 cm? [14]. Typically from 2 to 4 proton
bursts per machine cycle of 16.8s are extracted from the PS ac-
celerator and delivered toward T7. This irradiation layout will
be referred as “Primary Beam conditions” in the following.

The above conditions are used to perform irradiation of sam-
ples moved inside the T7 beam by means of a remote controlled
shuttle (IRRAD1 facility). However, during the operation of
IRRADI, the 23 GeV proton interactions produce in the sur-
rounding area a radiation field manly composed by neutrons,
photons, pions and protons. This setup is known as the IRRAD6
facility.

Moving downstream along the T7 beam-line, another test-
beam facility can run in order to provide the users with a non-
separated lower-energy secondary particle beam composed by
pT,m%, and e* [15]. This secondary beam is produced by in-
serting a thick target toward the 23 GeV proton beam and mod-
ifying the magnetic field of the BHZO01 element (see Fig. 1). In
these conditions, particles from the target with a selected mo-
mentum are bent over the T7a beam-pipe located in the right-
hand side with respect the IRRAD]1 position. While the sec-
ondary beam is thus delivered to users, the IRRADI facility,
and consequently the IRRADG6 environment, is reached by a de-
graded primary proton beam. This irradiation set-up will be re-
ferred as “Secondary Beam conditions” in the following.

access door IRRADS
% 7»7/4 Irrodiation
/}_/

areaoa

The instrumentation available in the T7 area consist of a Sec-
ondary Emission Chamber (SEC) labeled MSCOL1 in Fig. 1 that
provides a measurement of the intensity for the primary pro-
tons delivered to IRRADI1 [16]. An Ionization Chamber (labeled
PMI in Fig. 1) is also installed on the roof of the irradiation area
for measuring the dose-rate due to induced activity during main-
tenance operations.

B. Devices Tested

The RadFET dosimeters used in this work are those recom-
mended for the LHC Experiments in the Sensor Catalogue doc-
ument [11]. The supplier were the laboratory CNRS-LAAS,
France [17] and REM in England [18]. These devices were all
encapsulated in sealed TO-5 metal packages. The LAAS de-
vices have been chosen for their sensitivity in the mGy dose
range, while the REM devices have been selected because of
their broad dynamic range. The recorded signal from RadFETs
is the shift of the transistor threshold voltage V;y, that is con-
verted to dose D (Gy) following a power-low calibration curve
AVi, = a - D°, where a and b are experimental parameters.

As showed in many works [8], [9] and in references therein,
annealing phenomena [2] that affect the RadFETs selected in
[11] are of the order of a few percent over years time-scale. For
this reason the data presented in this work were not corrected
for such a effect.

To measure the 1-MeV neutron equivalent particle fluence
oy (cm™2), p-i-n diodes were supplied by CMRP, Australia
[19]. Because of the very high sensitivity, these devices work in
a limited fluence range up to about 2 x 1012 cm~2. After that
exposure level the signal loses its linearity with ®q.

To extend the measurement range of ®., at higher values
as required for the LHC, commercial BPW34 diodes from
OSRAM, Germany [20] were also investigated and adopted
as ®., sensors. Complementary to CMRP devices, the
BPW34 show sensitivity to fast particles once ®., exceeds
2 x 102 em—2 [7].
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TABLE I
SEMICONDUCTOR SENSORS CHARACTERISTICS IN THE MEASUREMENT
RANGE OF INTEREST FOR THIS WORK

REM LAAS CMRP  BPW34
RadFET p-i-n
oxide/base thick. pm 0.25 1.6 1000 ~100
WI/L ratio pm  440/10  9500/37 - -
Readout i mA 0.16 0.10 1.0 1.0
Readout At S 5.0 1.0 0.7 0.7
Initial Vyp,/p \Y% 29 2.6 3.1 0.5
Initial T, mV/°C  -0.6 -0.05 214 -2.6
Max. Dose Gy 530 10 - -
Max. @eq cm™2 - - 2x1012 31013
Max. Vi \Y% 12.1 5.5 123 53
post-irrad. T mV/°C -2.3 ~ -0.05 -0.8 -6.0
Calibration Data
D < 20 Gy
a V/Gy 0.018 0.515 - -
b 0.911 0.481 - -
D > 20 Gy
a V/Gy 0.029 - - -
b 0.708 - - -
c1 em~2/mvV - - 1.7x10%  9.1x10°
Calib. Error +% 10 10 13 20

For both p-i-n diodes the recorded dosimetric parameter is
the shift of the forward voltage V ¢ that increases proportionally
with the fluence following the equation:

AVp=c-k-®=c- (1)

where k is the hardness factor allowing to compare the damage
efficiency in silicon of different radiation sources [21], ¢ is the
total particle fluence and c is an experimental parameter.

Both RadFETs and p-i-n diodes were exposed in “zero bias”
mode and the dosimetric parameters (voltages) were read-out by
forcing different pulsed currents through them. The main char-
acteristics of the sensors, together with their readout and calibra-
tion parameters a, b and c are listed in Table I. The data used as
REM and BPW34 calibration curves come from different irra-
diation sources [11]. For CMRP and LAAS devices the existing
data[11] were complemented with [12] and with recent data sets
from the authors measured at the TRIGA nuclear reactor of the
Jozef Stefan Institute in Ljubljana, Slovenia [13].

Before converting the voltages to dosimetric quantities, the
recorded signals from the sensors were corrected against tem-
perature variations using the set of T, reported in Table I.

C. Irradiation Setup

RadFET and p-i-n diode sensors were placed at five measure-
ment points in the IRRADG area facing the cast iron beam-dump
as indicated in Fig. 1. Table II details the measurement positions
as well as their labeling used in the discussion of the results.
The coordinate Z is the distance from the beam-dump calcu-
lated along the beam-line, while 7 is the radial distance from the
beam-axis.

Three measurement positions were chosen, at different radii
(r = 60,7 = 90 and » = 100), close to the marble absorber

IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 54, NO. 4, AUGUST 2007

TABLE II
LOCATION OF TESTED DEVICES IN IRRAD6
Label r=60 r=90 r=100 PMILoc. Mag. QF003
Z (cm) 15 15 15 130 60
r (cm) 60 90 100 30 140
FIRST RUN SECOND RUN
4 T T — 40

High IntensityiPrimary Beam 38

36
34
32
30
28
26

- SEC 124
Temperature 122

1 1 Il i 1 20
300 600 900 1200 1500 1800
Time (hours)

Low Intensity Primary Beam

Secondary:Beam

SEC x10° (cts.)
Temperature (°C)

Fig. 2. Intensity of the 23 GeV proton beam delivered to T7.

while the other two were in proximity of the beam-line element
named QF003 (Mag. QF003) and the PMI Ionization Chamber
(PMI Loc.) represented as black dot in Fig. 1.

Each sensor was then connected to the readout system via
25-m coaxial cable. LAAS RadFETs and both CMRP and
BPW34 p-i-n diodes were installed in their array positions
from the beginning of the irradiation test. REM RadFETs were
instead added to the setup during an accelerator shut-down
period 1000 hours after the beginning of the experiments.

All measurements employed an automated DAQ system con-
sisted of a Keithley Source Meter 2410 and an Agilent Switch
Matrix WHICH commutes the sensors terminals between expo-
sure and readout mode. The Source Meter was used as current
generator and also to record the sensor voltages. Both units were
under PC control by means of a LabVIEW program that period-
ically runs the sensors readout cycle.

III. RESULTS AND DISCUSSION

The irradiation period lasted about three months (1900
hours). The intensity of the primary 23 GeV proton beam
delivered to the irradiation area in this period (in term of counts
from the SEC) is shown in Fig. 2. During the test, the beam
conditions in the T7 area were switched several times from Pri-
mary to Secondary beam and back, according to a pre-defined
schedule. Therefore, to simplify the discussion of the results
data have been grouped in two separate runs:

e First Irradiation Run from 0 to 1000 hours: After about
50 hours in which the PS beam was normally extracted
and directed to the irradiation area (Low Intensity Primary
Beam), a severe beam-line failure occurred and the T7
beam-line was shut down for about 500 hours (Beam OFF).
Then, after about 100 hours from the recovery of the beam
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Fig. 3. Radiation measurements during the first irradiation run. (a) Radiation
dose. (b) Equivalent fluence.

(i.e., 600 hours in Fig. 2) the T7 beam-line was setup for
the delivery of the Secondary Beam.

* Second Irradiation Run from 1000 to 1900 hours: The
setup for the Secondary Beam was maintained for the first
200 hours before changing back to the Primary Beam
conditions until the end of the experimental run. In this
last part, starting from 1200 hours, the proton intensity
was about twice the previous one (High Intensity Primary
Beam).

The average temperature recorded in the test area was of 28°

C £1.5° C as shown in the secondary y-axis of Fig. 2.

A. First Irradiation Run

1) Measurements: Fig. 3 shows all measurements recorded
during the first irradiation run. In Fig. 3(a) the doses measured
with the LAAS devices have been plotted with different lines for
the various locations. The dose recorded with a LAAS device at
the PMI Location is compared with the one directly measured
with the PMI Ionization Chamber (circular markers in Fig. 3(a)).
The agreement of the two measurements is very good for ab-
sorbed doses <10 Gy.

It has to be noted that, even if the operation with protons was
suspended during the period from 50 to 500 hours, the sensors
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were exposed at the PMI location to a residual dose-rate of about
2 mGy/h due to scattered particles from the neighboring sec-
ondary beam-lines running in the PS East-Hall. During this pe-
riod the signal of the LAAS devices continued to increase even
at this very low dose-rate, demonstrating the high sensitivity
of such devices. Once the operation with protons restarted, the
dose-rate in the area increases to a level that saturates the PMI
readout electronics (>400 mGy/h), making a further use of this
signal as a reference for the devices under test impossible [22].

In Fig. 3(b) the @ recorded by the CMRP devices have been
plotted with open markers. To verify the linearity in the response
of these devices, the experimental data were linearly fitted by
scaling the proton beam intensity of Fig. 2 with a series of con-
version factors m; (SEC counts — ®.) for any given measure-
ment locations. The results of these calculations are plotted with
different lines in Fig. 3(b). For all CMRP devices, the measure-
ments fit well the data over the entire run when @ is lower
than the sensor’s dynamic range (i.e., <2 x 102 cm~2). Even
for the location in which the particle flux was the less intense
(Mag. QF003 plotted with diamond markers) the sensor behaves
linearly with the calculation, proving that annealing phenomena
that could affect such devices are lower than the measurement
error.

For the measurement position 7 = 60 on Fig. 3(b), in which
the flux of particle was the highest recorded, the signal of the
BPW34 diode has been plotted with filled circular markers. This
signal has been normalized to the last measurement point of the
CMRP device at @, = 2 x 10*? cm~2. The BPW34 signal is in
agreement with the calculation (dotted line) within the calibra-
tion error (20%) if, already for this relative high particle inten-
sity, the raw data are corrected against both short- and long-term
annealing phenomena. For the present work, the annealing cor-
rections have been based on annealing data recorded after ir-
radiation [23] and from some independent results [12]. A more
detailed characterization of the annealing of the BPW34 devices
in presently underway at CERN.

2) Comparison With Monte Carlo Simulations: To validate
the absolute @, presented in Fig. 3(b), the CMRP results have
been compared with two sets of Monte Carlo simulations per-
formed for IRRADG6 [24]. The two simulations, labeled Sim 50k
and Sim 100k, differ in the number of generated primary events
(5 x 10* and 1 x 10° primary 23 GeV protons respectively) and
slightly in the layout and materials used to model the T7 area.
Moreover, while the Sim 50k has been run for different pairs of
coordinates r and Z, the Sim 100k predicts only the variation of
the radiation field along the radius from the beam axis at a fixed
Z of 15 cm.

To compare particle fluence measurements and simula-
tions, the set of scale parameters m,; previously calculated
in Section III-A.1 (1-MeV, part./(cm?x counts)) were nor-
malized to the intensity of a single primary proton burst
(1-MeVq part./(cm?x spill)). Knowing the hardness factor
for the IRRADG area it is then possible, via (1), to express the
experimental data in terms of part./(cm?x spill) and proceed
with the comparison.

Fig. 4(a) show the particle spectra predicted with the Sim 100k
for the measurement position » = 60. In this location the neu-
tron component appears already to dominate with respect to the
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Fig. 4. Monte Carlo simulations for IRRADG6 operated with Primary Beam.
(a) Particle Spectra from Sim 100 k at Z = 15 cm and r = 60 cm, (b) Compar-
ison between simulations and the CMRP measurements.

charge particles that represent only a few percent of the total
number of particles. The hardness factor was calculated to be
k = 1.21 £ 0.11 folding the neutron spectra of Fig. 4(a) with
known neutron NIEL Kerma factors [21]. The error calculated
for k takes into account the contribution of the charged parti-
cles to NIEL and the energy variation in the simulated neutron
spectra moving in IRRAD6 from 60 cm to 140 cm in radius from
the beam axis.

Fig. 4(b) shows the comparison between the measurements
carried out using the diodes (open markers) with the two simu-
lations (filled markers). The error associated to the measurement
(£16.2%) takes into account the uncertainties in the CMRP
diodes calibration (see Table I) as well as the one in the evalua-
tion of the & factor. The data of the Sim 100k (triangle markers in
Fig. 4(b)) are only available for Z = 15 while the Sim 50k has
been run for different Z values (round markers). At positions
closest to the beam axis, the Monte Carlo simulations overesti-
mate the experimental measurements. This finding is in agree-
ment with [25] where similar results where found by means of
experimental measurements using activation foils [26]. The Sim

IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 54, NO. 4, AUGUST 2007

500 b - PAD scaling r = 90 .
- PAD scaling r = 100 7 2
400 1. ~ PAD scaling PMI Loc. 7*
- PAD scaling Mag. QF003 L
= o REMr =90
© 300} 4 REMr=100 Y
2 + REM PMI Loc. PRI
S 00l © REMMag. QF003 e ]
100 E

1000 1200 1400 1600 1800

Time (hours)

(a)

<

CMRP Mag. QF003

3.0 e BPW34r=60
*» BPW34r=90
— v BPW34 PMI Loc.
N
e + BPW34 Mag. QF003
L 20
Laed
‘_O
*
g
S
10|
“.-"‘." il A 0 AN . s
vvvvv"'v,.v --gd"‘ oot -.-.0"‘6'5‘8"0-“.’
DOOOABMRTLLE S S PPETE 2 24
00 reresessvessddidie
1000 1200 1400 1600 1800

Time (hours)

(b)

Fig. 5. Radiation measurements during the second irradiation run. (a) Radia-
tion dose. (b) Equivalent fluence.

50k are shown to be overestimated with respect to the experi-
mental measurement up to more than 20% for the closest po-
sition to beam-axis where the higher particle gradient may en-
hance the errors of both measurements and simulations. The Sim
100k shows instead an agreement better than 10% with the ex-
periments. These two results confirm thus the validity of CMRP
diode measurements.

B. Second Irradiation Run

Fig. 5 shows all measurements recorded during the second ir-
radiation run. In Fig. 5(a) the results from REM devices have
been compared with the TID measurements carried out with
Polymer-Alanine dosimeters (PAD) [27]. In the figure, the PAD
measurements are the filled markers at 1900 hours, while the
lines are the scaling of the dose from PADs using the proton
intensity plotted in Fig. 2. The TID values measured from Rad-
FETs agree for all positions with PAD measurements within an
experimental error of £10%. The choice of PAD dosimeters to
validate the measurement from REM RadFETs become clear if
the contribution to the TID of photons (vy), neutrons (n) and
charged hadrons (Ch.H) in the mixed radiation field are consid-
ered separately as shown in (2) and (3). In the formulas, K are
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the IEL Kerma factors [28]-[30] where ¢« = v, n or Ch.H and
7 = P for PAD or R for REM devices. @ are instead the different
particle fluences, while the numerical factors take into account
the relative neutrons sensitivity of the two dosimeters with re-
spect to the gamma rays.

Dpap = KI x @, + (0.2) x K x @, + K&y, ip X ®onm
()

DREM = K,}} X (E,Y + (06) X Kg X (I)n + th.H X (I)CIL.H-
(3)

From the tabulated K7 factors it is easy to verify that, in the
energy range from 4 MeV to several GeV, even if from Fig. 4(a)
itis that &cp. g ~ 0.1 X &, ~ 0.1 x &, the charged particle
component delivers to both PAD and REM about the same TID
two order of magnitude higher than the one deposed by neutrons
and photons. In such conditions PAD dosimeters are expected to
be a good benchmark for the REM dosimeters.

With different filled markers, Fig. 5(b) shows the ®., mea-
surements recorded by the BPW34 diodes. The scaling of the
primary beam intensity for any measurement location, as cal-
culated in Section III-A.1, has been again plotted with lines for
comparison with the experimental data. As previously pointed
out, with the opportune annealing correction, the signal of such
a devices match, in all cases, the predicted ®., within the un-
certainty of about £20% that affects the calibration data.

C. Discussion of the Ratio “REM Response/LAAS Response”
or “R/L Ratio”

In the second irradiation run, the responses from the LAAS
devices, already exposed to a TID exceeding some tens of Gy
during the first run, are of interest. For doses exceeding 10 Gy
their response curve becomes strongly sub-linear, i.e., begins to
saturate. Although the responses of all MOSFETSs under “zero
bias” are always strongly sub-linear [10], the REM devices at
the same total dose are not saturating in this way. The satura-
tion mechanism is not well understood but it is clear that further
electron escape might be retarded by built-in oxide fields due to
oxide-trapped positive charge [31]. At a TID of 500 Gy, satu-
ration of LAAS devices is nearly complete. The REM devices
have been instead proven to have smoothly rising radiation re-
sponse curves over a range of several tens of kGy under expo-
sure to many different types of radiation [11].

In Fig. 6, we show the “R/L ratio,” i.e., the sensitivity of the
REM devices with respect the LAAS ones during the second
irradiation run. Primary Beam registers a ratio of 3, while the
Secondary Beam registers a factor of 2. In GeV proton experi-
ments, it may be of practical benefit to monitor the “R/L ratio,”
as will be explained later.

As with the saturation effects in zero-bias cases, the exact
mechanism of the clear-cut change in “R/L ratio” is not clear.
The explanation is likely to arise from the plentiful creation of
secondary (scattered) protons and other charged particles in the
second case. This is because the Secondary Beam has been scat-
tered from a thick target placed in the primary beam.

The number of secondaries in the IRRADG6 area is known to
scale with the number of particles directed to the beam-dump,
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Fig. 6. Sensitivity “R/L ratio” for RadFETs REM and LAAS during the second
irradiation run. Plot relative to the couple of sensors installed at r = 90.

and these are duly counted by the SEC. However, many as-
pects of beam focusing are altered so that the beam-spot geom-
etry changes. Many new possibilities of generating neutrons and
photons at the measurement locations in IRRAD6 are created.
In addition, the proton energies have degraded to just the region
where previous workers [31], [32] have discovered severe de-
pendence of the MOSFET response on particle LET.

Further work is needed to decide whether the ratio changes
more due to average proton LET (we could call this “softening”
of the proton beam) or to the addition of photons and neutrons
to the beam which, given their high LETs [2], we could describe
as “dilution” of the beam.

This finding suggests, using these RadFETs at the LHC,
to monitor the REM/LAAS signal ratio to uncover important
variations in the composition of the beam. Furthermore, during
full LHC particle experiments, monitoring it may be able to
give useful warnings of partial beam loss or bad beam tuning
conditions.

IV. SENSOR CARRIER FOR THE LHC EXPERIMENTS

Section III can be said to validate the proposal to employ a
set of the four sensors to guarantee the complete monitoring of
a mixed environment as expected inside the LHC Experiment
areas [7].

To allow easy handling and to provide a standard connectivity
for all proposed sensors, an integrated PCB carrier was designed
and produced at CERN as shown in Fig. 7. This carrier is made
of a thin (200 pm) double-sided PCB. It can host up to 5 p-i-n
diodes in the places labeled from D1 to D5 in Fig. 7. In the
middle of Fig. 7(a), the sensor mounted at the top is a CMRP
diode, while the bottom one is a BPW34 diode sealed in a DIL
package.

The PCB carrier can also allow the readout of five other de-
vices hosted inside a proper package. At the moment, a series
of packages containing four RadFETs have been designed and
produced for the LHC Experiments. One of these can be seen,
mounted on the sensor PCB, on the right-hand side of Fig. 7(a).
A temperature probe (see S1 in Fig. 7(b)) is also provided. The
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(b)

Fig. 7. Integrated sensor carrier for the LHC Experiments. (a) PCB Front-side
with 2 p-i-n diodes and 3 RadFET dies on board, (b) PCB Back-side with ex-
ternal cabling.

11 devices mounted on the integrated sensor PCB can be read
out via a 12-way flat cable (11 for sensor signals and a common
GND connection) as shown in the left-hand side of Fig. 7(b).
The overall dimensions of the assembled PCB, including the
connector plug, are of about 34 x 15 x 4 mm?.

It has been shown [10], [32] that the distribution and com-
position of the materials around RadFETSs can strongly inter-
fere with TID measurements, especially in radiation fields con-
taining neutrons and/or low energy photons. Dose enhancement
effects are thus an issue. Moreover, the space available for the
installation of such kind of sensors is another important con-
straint in the case of the LHC. For this reason, many of the chip
packages used for RadFETs in other applications may well be
unsuitable for a direct application at the LHC, therefore the spe-
cial ceramic carrier for the REM and LAAS sensors was de-
signed to face these issues [33].

Itis a 36-pin, ceramic SM carrier of less than 10 mm? surface
and of about 1.3 mm thickness. A thin membrane, usually made
of aluminum or polyimide, is used as carrier lid (not shown in
Fig. 7(a)). This supplies protection from dust and mechanical
damage keeping low its mass. The carrier hosts 4 die for a total
of 10 different RadFETs dosimeters. However, mounting it on
the PCB carrier, wiring can be supplied to four MOSFET ele-
ments at one time. During assembly, a selection of the elements
to be read out is made via the sets of connection pads visible in
the right-hand side of Fig. 7(b). By soldering together or floating
two adjacent pads it is possible to enable or disable respectively
the readout of a specific element.

IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 54, NO. 4, AUGUST 2007

The sensor signals are read via the flat cable and the connector
plug. However, a less cumbersome method is to directly solder
the flat cable to the PCB using the pads located under the con-
nector plug shown in Fig. 7(b).

V. CONCLUSION

The rate and the particle mix described for the irradiation test
at the CERN IRRADG facility, gave integrated doses of several
hundred Gy and particle fluences exceeding 10'® cm~2 over
1900 hours. These irradiation levels, together with some vari-
ations of the particle beam in time and in its tuning, were very
effective as simulation of the LHC working conditions. The four
semiconductor sensors tested in IRRADG6 are recommended for
internal radiation monitoring throughout the 10 years of LHC
experiments. These sensors would be placed within the detec-
tors grouped around the interaction points. The set of four de-
vices are: RadFETs manufactured by REM and CNRS-LAAS
and p-i-n diodes from CMRP and OSRAM. These worked suc-
cessfully in the simulated mixed-particle environment.

The accuracy achieved in the measurement of dose (TID) and
1-MeV neutron equivalent fluence, falls within the experimental
calibration errors (10% to 15%) for REM, LAAS and CMRP de-
vices. Previous calibrations of these devices were tests in rela-
tively “high-rate” irradiation where annealing phenomena have
been not explicitly considered. In the case of the BPW34 diodes
the measurements have been found to be in agreement within
20% only if opportune annealing corrections are used. With fur-
ther annealing studies, the accuracy of such a devices could be
probably brought down at the level of the other sensors.

A new concept of using two RadFET sensors with very dif-
ferent oxide thicknesses has been discovered. Their signals at
TID>10 Gy can be fruitfully used as complementary informa-
tion to detect changes in the radiation field composition. This
feature is thought to be a valuable indication of (intentional or
accidental) changes in the LHC beam conditions induced by dif-
fering or faulty tuning of the primary beams.

The set of the four recommended sensors covers well
the needs of the LHC Experiments in terms of sensitivity
(3.5 mGy/mV,1.7 x 10® cm~2/mV) and dynamic range
(>20 kGy, 4 x 10'* cm~2). The above studies justified the
production of an integrated sensor PCB which is expected to
simplify the handling of the radiation sensor set.

The signals from the integrated carrier can be remotely
readout up to very long distances using cabled connections.
However, as all mounted sensors keep stored the dosimetric
information over time, the integrated PCB can be also used in
a “passive” mode by exposing it to radiations with all connec-
tions grounded. For this latter application, the integrated sensor
must be removed from the measurement field and plugged on a
laboratory test-bench to perform the readout cycle.

While the present carrier was optimized for the LHC, the
above features makes its utilization easily extendible to any ap-
plication in which monitoring of cumulative dose and particle
fluence is needed.
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