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Can	
  we	
  use	
  commercial	
  components?

Photo C. Marcelloni 3



The	
  Yin	
  and	
  Yang	
  of	
  COTS

Large	
  number	
  of	
  design	
  
options.	
  

Do	
  they	
  really	
  Dit	
  my	
  
needs?	
  

Small	
  feature	
  size	
  
components	
  are	
  more	
  
radiation	
  tolerant	
  

Are	
  they	
  really	
  radiation	
  
tolerant?	
  

Parts	
  become	
  obsoleteI	
  can	
  purchase	
  a	
  production	
  lot

I	
  can	
  perform	
  tests	
  
and	
  qualify	
  them	
  for	
  

radiation

I	
  worry	
  about	
  production	
  
variabilities
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COTS

ioniza5on	
  dose

displacement
damage	
  or	
  NIEL

single	
  event
effects
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The	
  Background	
  in	
  the	
  Barrel	
  LAr	
  Crates
The	
  radiation	
  background	
  in	
  the	
  ATLAS	
  Barrel	
  electronics	
  
crates	
  is	
  composed	
  of	
  hadrons,	
  electrons	
  and	
  photons	
  
produced	
  in	
  the	
  last	
  stages	
  of	
  the	
  particle	
  shower	
  in	
  the	
  
calorimeters	
  itself.	
  

Simula5on	
  (O-­‐1) Safety	
  
Factor Test	
  Target	
  (3000	
  O)

Ionizing	
  Dose 3.0	
  rad 10 90	
  krad	
  *

1	
  Mev	
  eq.	
  
neutron	
  ** 2.0x109 2 1.2x1013	
  (1	
  Mev	
  n)

Hadrons	
  	
  
(>20	
  MeV) 2.84x108 2 2x1012	
  (	
  >20	
  MeV)

*	
  Enhanced	
  Low	
  Dose	
  Rate	
  Sensitivity	
  (ELDRS)
**	
  NIEL	
  is	
  not	
  a	
  concern	
  for	
  CMOS	
  technology
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Irradiation	
  Facilities
Ionizing	
  dose

1.	
  Solid	
  State	
  Gamma	
  Irradiation	
  Facility	
  (BNL)

Single	
  Event	
  Effects

1.	
  LANSCE	
  	
  WNR	
  (Los	
  Alamos,	
  NM)	
  -­‐	
  neutrons	
  (high	
  energy)
2.	
  Mass	
  General	
  Hospital	
  (Boston,	
  MA)	
  -­‐	
  protons	
  (216	
  MeV)
3.	
  IUCF	
  (Bloomington,IN)	
  -­‐	
  protons	
  (200	
  MeV)
4.	
  H4IRRAD	
  (CERN)	
  -­‐	
  not	
  available
5.	
  TSL	
  at	
  Uppsala,	
  high	
  energy	
  neutrons	
  and	
  protons	
  
6.	
  14	
  MeV	
  neutron	
  source	
  @BNL

Displacement	
  Damage

1.	
  Reactor,	
  UMASS	
  at	
  Lowell	
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Ionization	
  Dose	
  Effects
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Experimental	
  Setup

Setup	
  used	
  for	
  TID	
  and	
  SEE	
  studies
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The boards were placed at a yyy cm distance from the source (collimator??) The dose rates80

at the facility were measured with optically stimulated luminescence (OSL) dosimetry service pro-81

vided by Landauer Inc [2]. The results are reported in rad(Si) with an error of ±6%. For most of82

the ADC irradiations at the facility the dose rate measured was 14 krad/hr.83

The list of seventeen ADC and total ionizing dose test results are shown in Table 1. All ADCs84

are manufactured in CMOS, 180 nm technology, except for one that is manufactured in 350 nm. In85

general all candidates withstand doses that are equal or larger than 100 kRad, with six performing86

satisfactorily at doses larger than 1 Mrad. The first 11 components cease to work at the doses87

reported.88

The six remaining devices withstand doses above 1 Mrad. All six devices continue to operate89

satisfactorily except that the operating current in all cases is doubled. However they don’t exhibit90

any gain changes. For some devices irradiations were extended to higher doses to verify if at some91

point they would cease to operate.92

One component, ADS5272 was exposed to a total dose of 8.8 Mrad. A second sample was93

irradiated to 2.7 Mrad at what point the test was aborted. The current increase on both devices are94

shown in Fig X, and are similar for the irradiation conditions. The signal to noise ratio (SNR) of95

both samples during the TID test is shown in Figure XX, in which sample 2 has a gap that is due96

to the loss of DAQ communication. One might notice there is an increase of power consumption97

around 300kRad(Si).98

ADC Dynamic F Analog Channels Ptotal per Feature Vendor TID
Range Input Span per Chip Channel Size
[bit] [MHz] [Vp�p] [mW ] (nm) [kRad(Si)]

AD9265-80 16 80 2 1 210 180 ADI ⇠220
AD9268-80 16 80 2 2 190 180 ADI ⇠160
AD9269-40 16 40 2 2 61 180 ADI ⇠120
AD9650-65 16 65 2.7 2 175 180 ADI ⇠170
AD9253-125 14 125 2 4 110 180 ADI ⇠105

LTC2204 16 40 2.25 1 480 350 Linear ⇠180
LTC2173-14 14 80 2 4 94 180 Linear ⇠105

LTC2193 16 80 2 2 125 180 Linear ⇠100
ADS4245 14 125 2 2 140 180 TI ⇠235
ADS6445 14 125 2 4 320 180 TI ⇠210
ADS5282 12 65 2 8 77 180 TI ⇠460
ADS5263 16 100 4 4 280 180 TI ⇠2100
ADS5294 14 80 2 8 77 180 TI ⇠1070
ADS5292 12 80 2 8 66 180 TI ⇠1060
ADS5272 12 65 2.03 8 125 180 TI ⇠8800

HMCAD1520 14 105 2 4 133 180 Hittite ⇠2300
HMCAD1102 12 80 2 8 59 180 Hittite ⇠1730

Table 1. COTS ADC total ionizing dose test results. Seventeen commercial parts were tested. F is the
maximum sampling frequency, and Ptotal is the total power required to operate the component. The ADCs
are from four vendors, ADI - Analog Devices, Linear - Linear Technologies, TI - Texas Instruments and
Hittite. The total dose is defined as when the ADC current reaches XXX.

– 4 –

Total	
  Ionizing	
  Dose 10



Total Ionizing Dose ( kRad )

HMCAD1102

HMCAD1520

ADS5272

ADS5292

ADS5294

ADS5263

ADS5282

ADS6445

ADS4245

LTC2193

LTC2173-14

LTC2204 (*)

AD9265-80

AD9268-80

AD9269-40

AD9650-65

AD9253-125

16 (80)
16 (80)

16 (40)

16 (65)

14 (125)
16 (40)

14 (80)

16 (80)

14 (125)
14 (125)

12 (65)

16 (100)

14 (80)
12 (80)

12 (65)

14 (105)

12 (80)

Texas Instruments

Hittite

Linear Devices

Analog Devices

0 500 1000 1500 2000 2500 3000

8800

3500

Total	
  Ionizing	
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Performance	
  and	
  Annealing

20	
  ADS5272	
  samples	
  are	
  now	
  being	
  tested	
  following	
  ATLAS	
  
guidelines.	
  The	
  Dirst	
  two	
  samples	
  show	
  room	
  temperature	
  annealing.	
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Performance	
  and	
  Annealing

Signal	
  to	
  noise	
  ratio	
  as	
  function	
  of	
  total	
  ionizing	
  dose	
  for	
  ADS5272	
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Single	
  Event	
  Effects

14

Latch	
  Up?
SEFI?



The	
  Appropriateness	
  of	
  Test	
  Facilities
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Irradiation	
  of	
  ADC	
  at	
  IUCF
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Irradiation	
  of	
  ADC	
  and	
  FPGA	
  at	
  LANSCE	
  WNR
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SEFI	
  -­‐	
  Single	
  Event	
  Functional	
  
Interrupt.	
  

SEFI-­‐A:	
  Can	
  be	
  reset	
  by	
  an	
  
external	
  signal.	
  Device	
  
recovers	
  in	
  200	
  ns.	
  

SEFI-­‐B:	
  Requires	
  a	
  Power	
  
Cycle.	
  

SEE	
  cross	
  sections
for	
  ADS5272

Quoted	
  values	
  are	
  per	
  device.	
  
Each	
  ADC	
  digitizes	
  8	
  channels.	
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increases follows the same functional form regardless of the ionization mechanism. In spite of141

current increase the ADC gain remains unchanged.142

SEE Measurement ADS5272 ADS5272 ADS5294
(<100 kRad) ( >100 kRad)

SEFI A (cm�2) (0.7±0.4)⇥10�12 (0.6±0.3)⇥10�12 (7.4±1.2)⇥10�12

SEFI B (cm�2) (0.2±0.2)⇥10�12 (1.5±0.4)⇥10�12 –
SEU (cm�2bit�1) (1.4±0.1)⇥10�12 (1.6±0.1)⇥10�12 (1.8±0.2)⇥10�11

Table 3. Measured SEE cross sections for ADS5272 and ADS5294.

Given the low statistics we quote the numbers for two distinct regions divided at 100 kRad143

where the component current starts to deviate from its original value. This choice is somewhat144

arbitrary as it varies from sample to sample by about 10%. The bit flip cross section remains145

constant throughout the test at sSEU = (1± 0.1)⇥ 10�11 cm�2 per device. We also performed146

a measurement where only one channel was read, and the cross section is sSEU = (3± 0.5)⇥147

10�12 cm�2, which does not scale with the device cross section. Hence we conclude that most of148

the SEU is induce a posteriori to the digitization stage. The SEFI-A cross section remains constant149

throughout the measurement. This type of SEFI can be mitigated by issuing a reset signal to the150

ADC. The recovery time is ⇠ 100 ns. The SEFI-B cross section increases by a factor of nearly 10151

in the two regions analyzed. The point below 100 kRad represents one event that we observed for152

a total of six components.153

The ADS5272 ADC was tested with high energy neutrons at the WNR-LANSCE facility154

where parts were exposed to a background radiation that is similar to expected in ATLAS. Dis-155

crepant results would flag the possibility of different reactions that would induce SEU. During the156

exposure at LANSCE we have identified that most of the detected events by our system were elec-157

tromagnetically induced noise. To help recognize these vents we have recorded the corresponding158

waveforms using a dipole antenna placed in the experimental hall and a digital oscilloscope. As159

they have a characteristic waveform it was simple rejecting these events during analysis. Two160

events remained and both were tracked to the faulty operations of the FPGA, probably due to SEU161

induced in them during exposure. This allow us only to calculate an upper limit for the SEU cross162

section. Since the total fluence was 1.98⇥ 1011 n · cm�2, we estimate the bit flip probability as163

 5⇥ 10�12 cm�2. This is compatible to the higher statistics measurement performed with pro-164

tons. At LANSCE no SEFI were observed.165

6. Discussions and Conclusions166

Seventeen commercial off the shelf analog to digital converters were tested for ionizing dose sus-167

ceptibility. We find that all parts survive at least 100 krad of total dose. Seven ADCs can tolerate168

ionizing doses between 100 and 200 krad, four between 200 and 1000 krad and six above 1000 krad.169

These ADCs were chosen for their digitization speed and number of bits. They are all COTS com-170

ponents and we can expect lot to lot variations. However, the fact that in general they can withstand171

– 7 –

ADS5272	
  -­‐	
  IdentiDied	
  SEU,	
  and	
  two	
  types	
  of	
  SEFI.	
  One	
  that	
  is	
  recoverable	
  
via	
  external	
  reset	
  and	
  a	
  second	
  that	
  requires	
  a	
  power	
  cycle.

ADS5294	
  -­‐	
  There	
  is	
  no	
  dependence	
  on	
  total	
  dose	
  for	
  SEFI.	
  SEFI	
  requires	
  
reprogramming	
  of	
  three	
  registers,	
  that	
  takes	
  less	
  than	
  5	
  ds.	
  	
  

In	
  both	
  devices	
  the	
  probability	
  of	
  bit	
  Dlip	
  is	
  independent	
  of	
  the	
  bit	
  position.

Summary	
  for	
  ADS	
  5272	
  and	
  ADS	
  5294

Quoted	
  values	
  are	
  per	
  device.	
  Each	
  ADC	
  digitizes	
  8	
  channels.	
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z [m]
2.9 3 3.1 3.2 3.3 3.4 3.5

R
 [m

]

2.9

3

3.1

3.2

3.3

3.4

  4.38   4.95   4.93    5.3   5.26    5.2   5.66   5.69   5.52   5.47   5.19   5.08   5.27   6.03   6.05   5.35   4.27   2.84

  4.21   4.48   4.51   4.92   4.89   4.91   5.21   5.33   5.09   4.88   4.92   4.88   5.01   5.72   5.59   5.13   4.09   2.67

  3.92   4.14   4.27   4.42   4.62   4.67   4.79   4.86   4.66    4.5   4.62   4.61   4.68   5.45   5.29    4.9   3.92   2.34

  3.64   3.96   3.93   4.13   4.31   4.53   4.39   4.57   4.23   4.23   4.27   4.39    4.4   5.04    4.9    4.4   3.56   2.31

  3.37   3.67    3.7   3.92   4.03   4.22   3.99   4.31   3.89   3.98   3.89   4.07   4.32   4.72   4.62    3.5   2.87   2.03

  3.26   3.38   3.57   3.59   3.74   3.85   3.72   3.88   3.52   3.72   3.64   3.68   4.19   4.55   4.19   3.03   2.34    1.8

  3.14   3.31   3.29   3.29    3.5   3.54   3.61   3.64   3.36   3.37   3.42   3.42   4.03   4.24   3.89   2.51   2.03   1.57

  2.99   3.07   3.17   3.13   3.21   3.22   3.27   3.48    3.2   3.16   3.22   3.23   3.73   4.04   3.59   2.09   1.76   1.26

  2.84   2.83   2.92      3   2.91   3.15   2.97   3.17   2.99   3.02   3.05   3.04   3.57   3.84   3.32   1.89   1.42   1.16

  2.71   2.64   2.81    2.7   2.79   2.89   2.82   2.93   2.86   2.83    2.9   2.91   3.38   3.56   3.06   1.73   1.27  0.963

  2.49   2.54   2.62   2.53   2.62   2.58   2.67   2.72    2.7   2.69   2.81   2.74   3.16   3.34   2.85   1.52   1.18  0.836

  2.29   2.39   2.48   2.41   2.43   2.42   2.49   2.55   2.53   2.57   2.63   2.62   2.98   3.15   2.63   1.32   1.01  0.783

  2.25   2.17    2.4   2.23   2.36    2.4   2.26   2.44   2.46   2.41   2.62   2.52   2.87   2.96   2.48    1.2  0.913  0.645

  2.17   2.09   2.28   2.16   2.26   2.25   2.14   2.39   2.31   2.33   2.48   2.47   2.84   2.83   2.18   1.14  0.843  0.595

  2.13   1.97   2.13   2.03   2.15    2.2   2.01   2.31   2.24   2.18    2.2    2.3   2.62   2.61   1.93   1.05  0.726  0.595

=  4.24 - SF=2
MAX

Φ   0.59 / ±> =   2.84 ΦDigital Section: <
LAr EMB Front-End Crates: SEE fluence @ 14 TeV [x10 ]-1/fb-2 hadrons cm8

Rates	
  and	
  Mitigation
21



Rates	
  and	
  Mitigation
For	
  LAr	
  barrel	
  trigger	
  boards	
  in	
  phase	
  2,	
  the	
  SEFI-­‐B	
  rate	
  is:

	
  2	
  .	
  2.84x108	
  .	
  2	
  .	
  2x10-­‐13	
  .	
  2500

10	
  h
SEFI-­‐B/h	
  =	
   ~	
  0.5	
  /Dill

Lluence
Lb-­‐1

safety
factor

integrated
luminosity	
  (Lb)

cross
section

number	
  of	
  
devices

one	
  Lill

SEFI	
  type	
  A	
  can	
  be	
  cleared	
  issuing	
  resets	
  periodically	
  during,	
  
e.g.	
  gaps	
  in	
  the	
  accelerator	
  cycles	
  (	
  f	
  =	
  11	
  kHz).	
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Summary

• QualiDication	
  procedure	
  for	
  COTS	
  ADC	
  was	
  established.	
  

• Seventeen	
  COTS	
  ADCs	
  were	
  tested	
  for	
  their	
  tolerance	
  to	
  
ionizing	
  dose.	
  They	
  all	
  perform	
  up	
  to	
  100	
  krad,	
  with	
  six	
  
withstanding	
  doses	
  larger	
  than	
  1	
  Mrad.	
  

• Annealing	
  tests	
  reveal	
  recovering	
  to	
  baseline	
  even	
  for	
  larger	
  
doses.	
  Controlled	
  annealing	
  tests	
  is	
  underway	
  for	
  20	
  
ADS5272	
  samples	
  for	
  ELDRS	
  studies.	
  

• ADS5272	
  and	
  ADS5294	
  were	
  selected	
  for	
  SEU	
  tests.	
  Bit	
  Flips	
  
and	
  SEFIs	
  were	
  observed	
  and	
  their	
  cross	
  sections	
  measured.

• The	
  ADS5272	
  has	
  two	
  types	
  of	
  SEFI.	
  One	
  type	
  can	
  be	
  cleared	
  
by	
  an	
  external	
  reset,	
  and	
  the	
  second	
  needs	
  a	
  power	
  cycle.	
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