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Abstract

Sngle Event Effect (SEE) tests of the MDT-ASD, the ATLAS MDT front-end chip [9][10] have been
performed at the Harvard Cyclotron Lab. The MDT-ASD is an 8-channel drift tube read-out ASC
fabricated in a commercial 0.54m CMOS process (AMOS14TB). The chip contains a 53 bit register which
holds the setup information and an associated shift register of the same length plus some additional control
logic. 10 test devices were exposed to a 160 MeV proton beam with a fluence of 1.05-10° p-cm?s™ up to
>4.4-10" p-cm® per device. After a total fluence of 4.46-10™ p -cm?, 7 soft SEEs (non-permanent bit flipsin
the registers) and 0 hard/destructive SEE (e.g. latch-ups, SEL) had occurred. The simulated fluence for 10
years of LHC operation at nominal luminosity for worst case location MDT componentsis 2.67-10™ h-cm™

The rate of SEUs in the ASD setup register for all of ATLAS, derived from these numbers, is 2.4 per day.
It is foreseen to update the active registers of the on-detector electronics at regular intervals. Depending on
the length of the update intervals, the SEU rate is very manageable and will not cause any significant
degradation in performance of the ATLAS muon detector. The worst case impact of one SEU is the loss of
eight channels out of 360.000 for the time of one update interval and occurs with a rate of ~ 1 per month.

1. Radiation environment

The MDT-ASD will reside and work in the Muon Spectrometer part of the ATLAS detector and thus will
be exposed to the LHC radiation environment. The worst case location for the ATLAS MDT read-out
electronicsin terms of radiation levelsis the inner end-cap (End-cap 1) close to the beam pipe. The expected
fluence at this location for 10 years of ATLAS operation at nominal LHC luminosity (Simulated Radiation
Level SRLg) is 2.67-10" hadrons/cm?. According to ATLAS RHA guidelines [2][3], this number has to be
multiplied by several safety factors in order to calculate the total test exposure. The resulting fluence is
1.33-10" hadrong/cn?.

2. ASIC fabrication process

The MDT-ASD is a full-custom mixed signal ASIC which has been designed for and fabricated in a
commercial 0.5 um N-well triple-metal CMOS process hamed AMOS14TB. The foundry is HP-Agilent.
The process has a linear capacitor option consisting of polysilicon over an active N+ diffusion in an N-well
(2250 aF/um?). The process is silicided yielding very low polysilicon and diffusion resistivities. There is a
“silicide” block layer available which allows exclusion of silicide over polysilicon but not over diffusion.
Thisfeature is used for polysilicon resistors. The nominal operating voltage for this processis3.3 V.

The MDT-ASD is composed of full-custom analog blocks as well as library standard cells and pads. The
design is based on MOSIS scaable CMOS (SCMOS) design rules [8]. These rules are generally more
conservative than the process-specific vendor design rules. The minimum well-to-active spacing in MDT-
ASD is 3 um, which results in an increased latchup threshold (see Appendix). No further special radiation
hardness improving layout techniques have been employed in the design.

3. Irradiation facility

The radiation test was done at the Harvard Cyclotron Laboratory at Harvard University, Cambridge, MA.
The synchrocyclotron produces a max. 160 MeV proton beam with variable fluence of up to 3-10%
protons/sec. The beam diameter can be adjusted from 0.1 cm to 30 cm. The calibration system uses a
"Faraday cup" and a Keithley electrometer.

For this irradiation, the beam was set up to deliver 158 MeV proton at a fluence of 1.05-10° p-cm™ -s*
with abeam diameter of 1.7 cm completely covering the die. The beam setup was verified by radiographs.

Each of 10 devices received a fluence of = 4.4-10" p-cm resulting in a total of 4.46-10" p-cm®. Details
of the beam calibration can be inquired from [1].



4. Test setup and online monitoring

For Single Event Upset (SEU) monitoring the test system periodically reads all on-chip register contents,
compares them to an initia state and re-writes the registers. Every bit flip is recorded and time stamped. The
period of this read-write cycle is approximately 3 seconds. The power consumption of the DUT is monitored
to catch Single Event Latchups (SEL).

During irradiation the DUT is biased and run under its nominal operating conditions, however there are
no signal's passed through the analog amplifier chain.

5. Results

The detailed results of the test are given in Table 1. The table contains for each tested component the
number of SEEs observed (column 2), the position in the registers (columns 3, 4), the fluence at which the
SEE occurred (column 4) and the total received fluence. The bits in the registers are ssimply numbered
sequentially from O - 52 for the shift register and from 53 - 105 for the setup register. Only bit flips in the
setup register affect the operation of the device. Note that three of four bit flipsin the shift register provoke a
flip in the corresponding setup register cell.

After a fluence of 4.46-10" p-cm?, a total of 7 soft SEEs (Single Event Upsets, SEUS) occurred. No
hard/destructive SEEs (stuck bits, latch-ups) were observed™.

Table 1. Results of the SEE test for each DUT. Columns 3 and 4 contain the register position, column 5 the fluence where
the SEU occurred

ChipID | #SEU | Shift Regbit | Setup Reg bit atplcm® | tota plcm®
1 2 39 92 2.64E+012 | 4.40E+012

2 1 52 - 1.76E+011 | 4.61E+012

3 0 - - - 4.40E+012

4 0 - - - 4.76E+012

5 2 46 99 1.76E+012 4.41E+012

6 0 - - - 4.41E+012

7 0 - - - 4.41E+012

8 0 - - - 4.41E+012

9 2 29 82 353E+012 | 4.41E+012

10 0 - - - 4.41E+012
Total SEU | 7 | Total fluence | 4.46E+013

The total fluence of 4.46-10" p-cm™ divided by the number of occurred SEUs yields 6.38-10% p-cm™
average fluence per SEU. With the ssmulated fluence for 10 years of LHC operation (including the
simulation safety factor 5) SRL . Of 1.33-10" h.cm?, this results in a average number of 0.2 SEUs per
device in 10 years. ATLAS MDT will contain 46'000 ASD devices, yielding a total of 9595 SEUs in 10
years or 4.8 SEUs per day, assuming 200 calendar days per year of operation. As only bit flips in the setup
register affect the functionality of the devices, this number can be divided by a factor of 2. This leads to a
final result of 2.4 SEUs per day for all MDT-ASDsin ATLAS.

It is foreseen to update the active registers of the on-detector electronics at regular intervals. Depending
on the length of the update intervals, this SEU rate is very manageable and will not cause any significant
degradation in performance of the MDT detector. The worst case impact of one SEU is the loss of eight
channels out of 360'000 for the time of one update interval. The length of the update interval has not been
determined yet, however preliminary estimates claim that updates could happen every few minutes.

Depending on the position of the bit flip in the setup register, the impact on the device ranges from no
effect to inaccurate/wrong data to a temporary shut-off of one channel [10]. A bit flip in the most-
significant-bit of the Threshold DAC could set the threshold for all 8 channels to a value that caused the chip
to produce useless data (worst case). All other parts of the setup register are less delicate and would only
cause minor effects like changing setup parameters of the charge ADC. The chips main function, drift time
measurement, would not be affected significantly. Thus the probability of the worst case impact is 1 out of
53 SEUs.

! See appendix for data of Single Event Latch-up (SEL) tests on the AMOSI14TB process.



6. Conclusion

Proton irradiation of 10 devices up to atotal fluence of 4.46-10" p-cm yielded enough statistics to make
a solid prediction on average fluence per SEE per device for the MDT-ASD. The relevant numbers are 0.2
SEUSs per device in 10 years and 2.4 SEUs per day for al of ATLAS. No hard/destructive SEE (e.g. latch-
ups) occurred.

The SEU rate is very manageable and will not cause any considerable degradation in performance of the
ATLAS MDT detector. The worst case impact of one SEU is the loss of eight channels out of 360'000 for
the time of one update interval and happens with a probability of 1 out of 53 SEUs or approximately once
per month. Table 2 contains a summary of the relevant numbers.

Table 2. SEE results summary

4.46-10" p-cm” | Total test fluence
6.38-10™ p-cm? | Average fluence per SEU (7)
1.33-10 h-cm” | Fluence for 10 years ATLAS (SRL &)
0.2086 | Average SEU per device (10 years)
46'000 | Number of devices
9'595 | Total SEU - all devices (10 years)
959.5 | SEU / year
4.80 | SEU / day (assuming 200 days running)
2.40 | SEU / day (only setup register)
~1 | Worst case SEU / month

With the fluence reached in this test and the good statistics, we believe to obtain a high level of
confidence on the prediction of the SEE behavior of the device. Asthe fabrication processis well established
and runs since 1996 with closely monitored, very stable process parameters [6], we are convinced that this
test also qualifies the MDT-ASD volume production lot in terms of SEE hardness.

7. Appendix

Aerospace Corp. Single Event Latchup (SEL) testson commercial CMOS processes [7]

Single event latchup testing was performed with both a single shot laser system and with accelerated
heavy ions ranging in effective LET from 5.6 MeV/mg/cm2 to greater than 120 MeV/mg/cm?2. Figure 1
indicates that the HP 0.5um devices range in latchup threshold from 63 LET for a 1.5 um well-to-active
spacing to greater 100 LET for a 4.5 um well-to-active spacing device. HP 0.5um latchup thresholds
improve at the rate of ~12 LET per micron of increased well-to-active spacing. Bias of the HP devices was
3.3V during both ion and laser testing [7].
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Figure 1. Latchup threshold in LET versus distance between biased N-well and grounded Active regions

The MDT-ASD is designed using SCMOS scalable design rules, which are generally more conservative
than the process-specific vendor design rules. The minimum well-to-active spacing in MDT-ASDs is 3 um,
resultingina 81 LET latchup threshold.



A recent simulation study has shown that the maximum energy deposition occurring with non-negligible
probability in the LHC radiation environment will correspond locally to a LET lower than 50 MeV -cm®*mg™.
This will happen only in the very rare case of a nuclear interaction in tungsten, which is used in certain ICs
for connection purposes between metal layers [4][5].
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