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Irradiation Measurements of the ATLAS ELMB

Abstract:  Two ELMBs were exposed to ionising radiation. They were successfully operated up to a total dose of 35
Gy. After this dose the current of three CMOS components increased by up to a factor of 10. But the devices were still
working correctly after having received a dose of 80 Gy, when the measurements were stopped. However the
microcontrollers had lost their capability to be reprogrammed.

1.0 Introduction
Two prototypes of the ATLAS Front-end electronics for controls, called ELMB [1], were operated
during irradiation by a Co60 source (1 MeV γ) at the PAGURE facility of CIS-bio International,
Saclay, France. Three types of irradiation need to be made in order to qualify electronics for a
radiation environment: Total Ionisation Dose (TID), Non Ionising Energy Loss (NIEL) and Single
Event Effects (SEE). The TID measurements presented in this note were intended to be a
preliminary test in order to verify the hardware components and to gain experience for future tests.
On-line measurements were made of the ADC, the digital I/O and supply currents.  The test set-up
is shown in Figure 1. The ELMB including its motherboard was placed inside the PAGURE
radiation facility. A 30m long CANbus cable connected it to a distribution box, which also supplied
the power to the CAN nodes. A PVSS SCADA [2] application, running on a portable computer,
was used as the data acquisition system. This system was connected via CANbus to the ELMB,
which was irradiated. To the same CANbus an LMB – the predecessor of the ELMB - was
connected to measure some temperatures and currents consumed by the ELMB. The computer with
the PVSS application was responsible for issuing commands on the CANbus to trigger the
measurements receive the data and store it them in a database.  A second computer was used to
monitor the traffic on the CANbus.
The ELMB is organised in 3 functional blocks, the CAN transceiver, the ‘digital’ part with the two
controllers, and the ‘analogue part’ with the ADC, which can all be powered separately. In these
measurements, the digital and analogue parts were powered together. This current and the current of
the CAN block were measured by the LMB. Two Pt-100 temperature sensors were used to measure
the temperature inside and outside of the distribution box. One was located inside the box, while the
other was located outside. Due limitations of cabling the temperature of the ELMB under test could
not be measured. In one minute intervals the ADC values and test results of the digital ports were
read into the PC, displayed and stored in the database.

Figure 1 On-line measurement set-up at the PAGURE.
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2.0 The ELMB1

The ELMB1 is one of the first prototypes of the ELMB. It differs from later ELMBs in the
following way. The printed circuit board contained several errors, which had been corrected by
wires. The digital and analog power supplies were internally connected together. It has not the ADC
voltage reference available for external adapters, hence the supply voltage was used instead.
Finally, the two optocouplers used to isolate the ELMB from the CANbus had been on purpose
replaced by ADuM1100 high-speed magnetic isolators [3] in order to assess the radiation tolerance
of this component and possibly reduce the overall power consumption of the ELMB. The power
consumption is hence different from the ELMB from the pre-series production.

2.1 Radiation test

The ELMB1 was placed at a distance of 114 cm from the source. The dose rate was about 1.3
Gy/min. After 43 min (55 Gy) the communication on the CANbus was interrupted and the contact
was lost with the ELMB1.

2.1.1 Analogue part

Constant DC bias voltages were applied to each channel of the ADC by a resistor network. The
analogue part of the ELMB1 was functional during the whole test. The ADC channels showed an
average drift of about 0.8 mV see Figure 2.

Figure 2   ELMB1 ADC readout of 64 channels showing the initial values, the values
     at the start of the irradiation, at the end of the readout and 48h later.
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2.1.2 Digital part
Measurements were done on 17 digital input and 17 output lines. Each output was connected to an
input and loaded with a 4.7 kohm resistor. A dedicated test program was incorporated in the ELMB,
which wrote patterns to the output ports and read them back from the input ports. The results were
sent as a CAN message once per minute. No errors were observed during irradiation.

2.1.3 Current Consumption

Figure 3 The current of the ELMB1 measured during the irradiation.

Figure 3 shows the on-line measurements of the sum of the current of the digital and analogue
supply. It shows a considerable increase after about 35 Gy. The current had increased to 93 mA at
55 Gy when the communication stopped. No other readings could be made because the ELMB1
from this moment on blocked the CANbus.  After 66 min the source was stopped (85 Gy) and the
ELMB1 was removed. Table 1 shows how the current consumption changed during the test and
after 48 h.

Table 1 Total power consumption of ELMB1

Power supplies Before  test After 55 Gy End of test 85 Gy After 48 h
CAN supply 14 mA N/A. 28 mA 32 mA

Digital, Analogue 27 mA 93 mA 130 mA 126 mA

2.1.4 CAN interface
The increased current consumption of the CAN supply and the blockage of the CANbus is most
likely due to the magnetic coupler Adum1100. This device stopped working at total dose of about
55 Gy.

ELMB1 -  current during Co60 irradiation (rate 77 Gy/h ± 6 % ) 
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2.2 Analysis of the ELMB1 after the TID test

2.2.1 The Analog part
The ADC continued to work after the test without any current increase. There is a shift of 0.5%
common to all the ADC readings. This drift is due to the fact that no voltage reference was
available in the ELMB1. The ADC voltage reference was measured to be well within the
specification of 2.500 ± 0.010 V.

2.2.2 The Digital part
The current has increased by a factor of 5 (Table 1). It remained essentially the same after 48 h. By
removing the power connections to the components, it could be shown that the cause of the
increased current consumption is the three most complex integrated circuits: the microcontrollers
IC34, IC35 and the CAN controller IC27.

A functional test using the in system programming function of the IC34 (Atmega103 main
processor) showed that it was still possible to read the flash memory and its content was unchanged.
The erase function however did not work any more. The flash memory of the IC35 (AT90S2313
slave processor) could also be read and verified and the erase function did work with this processor.
It could however not be reprogrammed after the erasure.  The conclusion is that the flash memory
programming function in both processors has been damaged by the TID.

 Table 2 Current consumption of the different components of the ELMB1
 before and after the TID test.

Device Typical current consumption After 85 Gy
IC34 Atmega103L 7 mA 70 mA1

IC35 AT90S2313 4 mA 22 mA1

IC27 SAE81C91 5 mA 24 mA1

Other devices 5 mA  5 mA
Analogue part 7 mA 7 mA
Total current 28 mA 128 mA1

The +5V voltage regulators MIC5203 IC36 and IC38 showed an output voltage which was within
±0.2% of the nominal value and thus well within the specifications (±3%). The third voltage
regulator (IC37) could not be measured due to a damaged pin.

2.2.3 The CAN interface
The CAN part of the ELMB failed and blocked the CANbus during the test. The current
consumption was about a factor two higher after the test. When the ADuM1100 high-speed
magnetic isolator was replaced by the optocouplers HCPL-0601 normally used in the ELMB, the
ELMB1 become functional again.

2.2.4 Summary of ELMB1
The ELMB1 working normally was after this repair, if the on-board regulator was by-passed,
despite an increased current consumption on the digital supply of about 200 mA instead of 30 mA
and despite a damage in the flash
                                                
1 It should be noted that the on-board regulator limits the currents.
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3.0 ELMB2 test

The ELMB2 is a standard module from the pre-series production of 20 modules. The ADC voltage
reference is connected to an operational amplifier on the motherboard and is also used to create the
input voltages to the 64 ADC channels. As for ELMB1 the sum of the analogue and the digital
current was measured.

Figure 4  ELMB2 ADC readout before, during and after the TID test

3.1 Radiation tests

The ELMB2 was placed at the same distance from the source as the ELMB1. The on-line
measurements showed that the ELMB stopped to send messages after 47 min or about 60 Gy. The
irradiation still continued for a total time of 73 minutes or 94 Gy. During this time the current of the
combined digital and analogue power supply could still be (Figure 5).

3.1.1 The analogue part

The readings of the ADC test patterns showed an average drift less than ± 100 µV during test as
shown in Figure 4. The reason for the improved stability compared to ELMB1 is that the internal
ADC reference together with an operational amplifier on the motherboard was used as voltage
source. The irregularities in the pattern of Figure 4 are due to tolerances of the resistor network
used.

3.1.2 The digital part
The I/O test showed no problems or malfunction.

3.1.3 Current Consumption
As Figure 5 shows there was also a large increase in the current consumption. This caused the on-
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board voltage regulator to reduce the power by decreasing the voltage on the digital part of the
ELMB2. The regulator has both current and thermal protections in order to avoid latch-up due to
radiation. Table 3 shows the current consumption before and after the test.

Figure 5 ELMB2 current consumption during the test

Table 3 Overall current consumption of ELMB2

Power supply Before test After 94 Gy After 48 h
CAN 19 mA 19 mA 19 mA
Digital 35 mA 130 mA 118 mA
Analog 9-10 mA 10 mA 9 mA

3.1.4 The CAN interface
The CANbus was still working after the ELMB2 had stopped sending data was off and no blocking
of the bus occurred. Table 3 shows that the current consumption is the same before and after the
test.

3.2 Analysis of the ELMB2 after the TID test

3.2.1 Analogue part
The ADC is still working without fault. The voltage reference was measured to be well within the
specifications. Figure 4 shows that the ADC response has not changed significantly after 94 Gy of
irradiation.

ELMB2  Digital + Analog current  Dose rate (77 Gy/h ± 6%) 

30

40

50

60

70

80

90

100

0 5 10 15 20 25 30 35 40 45 50 55 60

Total ionisation dose (Gy)

C
u

rr
en

t 
(m

A
) 

 



CERN ATLAS Internal Working Note  DCS- IWN9
  9 March, 2001

H.Burckhart, B. Hallgren and H. Kvedalen

7

3.2.1 The Digital part
In order to be able to test the digital part of ELMB2 the internal power supply regulator was
bypassed. The 5V voltage was supplied directly to the digital circuits. The current consumption was
under this conditions measured to be 230 mA. The ELMB2 (externally powered) was connected to
the SCADA system and was found to be working as before the test with the exception of the high
current consumption. The memory of the main processor could not be erased. This was possible for
the slave processor, but it could not be re-programmed any more. The CMOS circuits IC34, IC35
Atmel and IC27 SAE81C91 were later replaced on the printed circuit board. This reduced the
current consumption of the digital supply from 230 mA to 27 mA. The other power supply
regulators on ELMB2 were all still within 0.8% of the nominal 5V.

3.2.2 The CAN interface
The CAN interface works normally after the test without any current increase.

3.2.3 The Motherboard
The output voltage of the quad amplifier LMC6084IM used for the voltage references on the
motherboard is within the tolerances.

4.0 Summary of the measurements

The radiation measurements described in this note had been done in order to identify and possibly
replace weak components in the design of the ELMB before starting the process of radiation
qualification. As only two boards were irradiated the statistics are very limited. The results coincide
within about 10%.

The ADuM1100 high-speed magnetic isolator was destroyed during the test for ELMB1 and caused
the CANbus to stop working. This component was not foreseen to be used in the ELMB anyway.

Figure 6  The current increase as function of total ionising dose for both ELMBs
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Instead the opto-couplers as used in ELMB2 will be used. The re-programming of the
microcontrollers is not possible any more after the test. This would not allow to reload the programs
in case of a Single Event Upset. However, the memory can be read and the microcontrollers are still
functional after the test.

Apart from these problems the two ELMBs work without any other faults after TID doses of 74 and
94 Gy respectively despite a large increase in the current consumption (up to a factor of 10) of the
three CMOS components ATmega103, AT90S2313 and SAE81C91. The current had already
increased by 10% at about 35 Gy for both ELMBs, see Figure 6. Possible reasons for the small
difference in the behaviour of the ELMBs (Figure 6) at low doses could be the fact that the ELMB2
did not have time to reach a stable temperature before the measurements were started or differences
in component parameters.

5.0 Comparison to previous measurements

In previous measurements [4] two of the most critical components SAE81C91 and AT90S2313
sustained a TID of more than 300 Gy without any problem. However this test was performed with a
factor of 1000 lower dose rate over a time period of 4 months, see Figure 7. There were also long
periods without radiation, which is typical for the operation of ATLAS. The TID was achieved not
only by gamma rays, but by a mix of higher energetic particles, which is much more representative
for the LHC conditions. The different behaviour may also be due to dose rate effects or to
inaccuracies in the dosimetry and further measurements are needed.

Figure 7 TID measurements at the CERN TCC2 radiation test area.
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6.0 Radiation tolerance assessment
All electronics to be used in the underground cavern UX15 have to fulfil the ATLAS radiation
requirements as laid down in [5]. In order to give a practical example, the following calculation is
carried out for a TID of 5 Gy over 10 years. This corresponds roughly to layer 3 of the Muon MDT
Barrel. The safety factors are taken from [5].

RTCTID = 5 Gy x 3.5 x 5 x 4 = 350 Gy (1)

In (1) the factor 3.5 is added for the simulation uncertainty. The factor 5 is added due to low-dose
rate effects and can be reduced to 1 if accelerated aging is done after the test. The factor 4 is added
for non-homogenous COTS. It can be reduced to two when pre-selecting the components from
homogenous batches and to one when qualifying homogeneous batches.

If homogenous lots are used and accelerated ageing tests are performed (i.e. operation for 168 h at
100 °C are done after the TID test) the following condition has to be met for pre-selection tests:

RTCTID = 5 Gy x 3.5 x 1 x 2 = 35 Gy  (2)

7.0 Summary and further work

The two ELMBs worked without any problem up to a TID of 30Gy. They then degraded
“gracefully” (i.e. the current of CMOS components increased up to a factor of 10), but were still
basically working at about 80Gy, when the measurements were stopped.

The aim is to qualify the ELMB for usage by the Muon subdetector MDT following the rules
defined in [5]. This includes that the ELMB should be usable at all places in the ATLAS cavern,
which are shielded by the calorimeters. However, it has to be pointed out that it is the responsibility
of each prospective user, to make sure, that the radiation level at the place of usage foreseen for the
ELMB does not exceed the figure it is qualified for. If measurements at places of higher radiation
levels need to be made, signals from the sensors can be transmitted via cables to the ELMB. Cables
of lengths up to 30 metres have been used without experiencing any loss of performance.

The TID measurements described in this note do not qualify the ELMB for the MDT yet and more
work is needed. Previously made NIEL measurements [6] look promising. No quantitative SEE
investigations have been carried out so far. All three types of measurements will be made with a
statistical sample as prescribed by [5].

In order to meet the goal for the TID, measurements at a lower dose rate should be performed,
possibly at the Gamma Irradiation Facility (GIF) at CERN. Also radiation qualification methods,
which avoid the uncertainty introduced due to missing knowledge of low dose rate effects, should
be studied (i.e. accelerated ageing). The possibility to use components from homogenous lots for
the production of the ELMB should be explored.

And finally, if the measurements described above would not yield the radiation qualification
figures required for the whole lifetime of ATLAS, the ELMBs could be replaced after a certain
time. This seems to be possible, as there is an early warning of possible problems due to radiation
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because of the substantial increase of the supply current. However, it would require positioning the
ELMBs at places accessible in a long shutdown, for example.
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