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These slides have been prepared solely for the purpose of supporting an oral presentation 
and are not suitable to convey a clear message outside this context.


A full report as well as an executive report are available at the following link:


http://project-dcdc.web.cern.ch/project-DCDC/public/Reports.html

http://project-dcdc.web.cern.ch/project-DCDC/public/Reports.html
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Inves&ga&on	=	the	act	or	process	of	examining	a	crime,	problem,	
statement,	etc.	carefully,	especially	to	discover	the	truth
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The truth about the FEAST2 affair

The crime scene 
Witnesses 
The autopsy 
The motive 
The crime reconstruction 
The perpetrator 
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The crime scene



Niocla	Bacchetta

IP Bpix DC-DC: radius 240mm, z range 2067- 2430mm from i/p. 
Fpix  DC-DC: radius 140mm, z range 1315-1530mm from i/p

FPIX

BPIX

832	in	total

384	in	total

06.02.18
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Cooling	at	-20oC

FEAST2	in	the	CMS	pixel	detector
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Foreword

We	are	the	FEAST2	ASIC	designers	only	
➡	this	is	not	our	DCDC	module	
➡	we	do	not	know	the	system	where	the	module	is	used

There	is	a	limit	to	the	reach	of	our	inves=ga=on

Aachen	module CERN	module	(FEASTMP)

Module	in	the	CMS	pixels Module	everywhere	else

This	fuse	prevents	
the	lowering	of	Vin

FEAST2 module
Vin 12V Vout 2.5-3.3V
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Witnesses
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Lumi section------> 

Bpix	Layer	1	

1st DCDC lost 
OCT 5th Automatic 

power cycles 
during fills 

Manual power cycles in inter fills 

Number of inactive 
ROCs is reset at 

power cycle 

Slope is proportional to 
luminosity (SEU on TBM) 

Accumulate 
permanently lost ROCs, 

due to broken DCDC 
converters 

Power cycle 

First	failures	in	the	detector	on	October	5th	aVer	several	months	of	smooth	opera=on.	
Almost	all	failures	happen	during	a	disable/enable	cycle	of	the	converter	module	required	
to	reset	a	controller	chip	(TBM	ASIC,	affected	by	SEUs).

Increase	in	luminosity,	change	in	beam	structure

No	correla<on	with:	
- output	voltage	
- output	current	
- posi9on	in	the	detector	
- anything	other	than	the	beam

Failure	of	FEAST	DCDCs	in	the	CMS	pixel	detector

DCDCs	fail	during	disable/enable	cycles
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YETS	17-18

LS2

Request	longer	Year-End	Stop	
Open	the	detector	
Extract	all	DCDC	modules	
Replace	(all?)	modules	(fuse	changed)

Rest	of	2017	Physics	Run

2018	Physics	Run

Plan	around	November	2017

Nothing	can	be	done.	
Accept	loss	of	modules

Find	a	patch	ensuring	
data	taking

Solve	the	problem	
for	the	long	term

“At	this	pace,	game	over	
for	CMS	around	May	2018”
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The autopsy
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YETS	17-18:	Merry	Christmas!

Photo	memories	from	the	2017	Christmas	Break
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Tally	of	the	damaged	modules	in	the	full	system

Perfectly	working	in	the	system	but	found	
to	have	anomalous	current	when	testedFEAST2	modules	in	the	CMS	experiment	were	

found	to	present	2	dis<nct	types	of	damage

- “Broken”	samples	failed	to	provide	any	
output	voltage	

- “High-current”	samples	were	perfectly	
func<onal,	but	were	found	to	have	an	
excessive	current	below	UVLO

9

Symptoms	of	damaged	converters:	current	consump=on	below	UVLO	thresholds

Vin	(V)

Iin	(mA)

4.2 4.6

1

3

Vin	(V)

Iin	(mA)

4.2 4.6

1

3

UVLOTh1:	Regulators	on

UVLOTh2:	DCDC	enabled

4.5	to	>20	mA

Vin	(V)

Iin	(mA)

4.2 4.6

1

3

UVLOTh1:	Regulators	on

UVLOTh2:	DCDC	enabled

“Good” “Broken” “High	current”

Perfectly	working	in	the	
experiment

Failed	in	the	experiment Perfectly	working	in	the	
experiment
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control lo
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Vin

Vout
= Duty cycle

Opera<on	of	a	switching	converter

“high-voltage”	LDMOS
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FEAST2

DCDC Module

V33Dr

gnd

phase

BootS Vin
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FEAST2

DCDC Module

V33Dr

gnd

phase

BootS Vin

Typically stuck 
at 0.9-1.4V

Insufficient 
BootS-phase

No turn-on of 
HS transistor
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UVLO_regs	

C33_driver		
external	

Gnd_PCB	

Amplifier	
Level	shifter	

Vin	<12V	

High	Voltage		
PMOS	Pass		
transistor	

Voltage	
divider	

Vdd_D(3.3V)	

Gnd_control	

Gate_PMOS	

Not_VddD_OK	

Not_VddD_OK	UVLO_regs	

Gate_PMOS	

Vin	<12V	

Clamp	transistors	for	soX-start	procedure	
(transistors	rated	to	3.3V)

On-chip	V33Dr	regulator	with	clamps

Green	elements	are	only	used	under	UVLO	Thresholds	
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UVLO_regs	

C33_driver		
external	

Gnd_PCB	

Amplifier	
Level	shifter	

Vin	<12V	

High	Voltage		
PMOS	Pass		
transistor	

Voltage	
divider	

Vdd_D(3.3V)	

Gnd_control	

Gate_PMOS	

Not_VddD_OK	

Not_VddD_OK	UVLO_regs	

Gate_PMOS	

Vin	<12V	

Gate current: uA levels can 
already create problems, but mA 
lead to definite stuck condition
This also disrupts the correct 

value of the UVLO_regs voltage, 
hence preventing the UVLO from 

working correctly

What	happens	if	the	clamp	transistors	are	damaged?



Failure	Analysis	(FA)	with	emission	microscopy	and	Op<cal	Beam	Induced	Resistance	Change	
(OBIRCH)	at	MASER	(NL)

During	OBIRCH	a	laser	beam	
selec5vely	illuminates	the	metal	
lines,	altering	their	resistance.	The	
consequent	input	current	change	is	
measured,	allowing	the	mapping	
of	current	paths.	In	broken	FEAST2	
samples,	current	flows	to	the	
clamp	transistors.

Emission	images	are	based	on	the	detec5on	of	photons	generated	from	hot	
carriers	(therefore	only	conduc5ng	NMOS	transistors	are	well	visible).	
“Broken”	or	“High-current”	FEAST2	samples	showed	different	current	paths.
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The motive
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Radia<on	in	ASIC?

Flawed	ASICs?

Flawed	PCBs?

EM	noise?

Radia<on	in	package?

Environmental	condi<ons?

Why	the	clamp	transistor(s)	is(are)	damaged?

Electrical	stress?

Combina<on	of	any	of	the	above??
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Test	in	a	3T	magne<c	field	revealed	no	problem

FEASTMP	and	CMS	modules	inside	the	M1	facility	in	the	H2	
beam	line	in	Prévessin	(Building	887)	

Environmental	condi<ons?
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~9.1V	
~7.3V	

Cap	removed	

Faulty	capacitor,	or	intermibent	contacts	of	the	capacitor	in	the	PCB	generated	a	stress	that	
produced	somewhat	similar	damage

3D	X-ray	imaging	of	the	module	to	inspect	the	quality	of	the	
soldering	of	the	capacitor	to	the	PCB	

Waveform	of	the	V33Dr	node	when	the	capacitance	
has	intermi[ent	contacts	to	the	PCB	

Flawed	PCBs?
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Long-term	ageing	tests	on	124	converters	did	not	reveal	problems	with	FEAST2	ASICs

3 drawers with 
8x4 modules

view of an 
open drawer

“Crate96” system with 
32x3 modules

Electrical	stress?

	

	

	

	
	

	

	

the parasitic inductance 
along the current path 
induces over-voltages 
during the commutations



Capaci5ve	high-frequency	coupler	used	on	the	
input	bus	line

AC-observa5on	of	the	effect	of	a	3kV	(!)	pulse	with	50ns	dura5on	
on	Vin	and	V33Dr.	The	peak	is	several	V	above	the	DC	(V33Dr	
reaches	8V)!

Injec<on	of	EM	noise	by	capaci<ve	coupling	to	the	input/output	and	signal	lines.	The	converter	
appears	to	be	very	resilient
Led	by	F.	Szoncso	and	D.	Valuch
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EM	noise? Environmental	condi<ons?



High-frequency,	large	power	RF	noise	injec<on	could	produce	damage	with	different	signature
Led	by	F.	Szoncso	and	D.	Valuch

High	frequency	(GHz)	and	high	power	transient	pulses	are	injected	via	an	antenna	in	a	special	
chamber	in	CERN	Prévessin.	At	very	large	power,	the	ASIC	can	be	damaged	but	the	signature	
is	different	than	in	samples	failing	in	CMS.	Coupling	is	through	the	long	enable	line.
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EM	noise? Environmental	condi<ons?



Stress	tests	with	an	ESD	gun	(1.2kV	pulses)	could	produce	somewhat	similar	damage	-	but	the	
energy	injected	needs	to	be	really	large

An	ESD	gun	is	used	to	inject	a	discharge	to	the	different	pins	of	the	FEAST2	package.		
To	produce	any	damage,	a	visible	spark	has	to	be	produced.

!27

EM	noise? Environmental	condi<ons?
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SEE	Heavy	Ion	irradia<on	on	samples	pre-exposed	to	X-rays,	Protons	and	Neutrons		
did	not	show	any	sign	of	damage

4	modules	prepared	on	a	motherboard	are	placed	inside	the	irradia5on	chamber	where	
they	will	be	exposed	to	a	Heavy	Ion	beam.	The	FEAST2	chips	were	previously	irradiated	with	
X-rays,	230MeV	protons	or	neutrons	from	a	reactor.

Radia<on	in	ASIC?
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Exposure	of	32	FEAST2	in	the	CMS	Castor	Table	was	meant	to	reproduce	some	of	the	
environmental	condi<ons	(proximity	to	the	beam	line,	EM	environment,	radia<on	environment)

32	sample	DCDC	modules,	both	FEASTMP	and	CMS	
modules,	are	exposed	and	constantly	monitored	in	
the	CMS	Castor	Table	during	the	2018	run.	

Radia<on	in	ASIC? Environmental	condi<ons?
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Radia<on	in	ASIC? EM	noise?Environmental	condi<ons?

Two	irradia<on	runs	at	the	CERN	IRRAD	facility	were	instrumental	
in	understanding	the	origin	of	the	damage
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PS Proton 
beam

CU	target	
(1cm)

Cold	box

Exposure	of	32	FEAST2	at	-25C	at	the	CERN	IRRAD	facility	
The	facility	run	in	a	purposely	modified	configura9on	to	expose	the	converters	in	a	mixed	field:	
MANY	THANKS	to	the	IRRAD	TEAM!

32	samples,	both	FEASTMP	and	CMS	modules,	are	
exposed	and	constantly	monitored	in	a	cold	box	
(-25C)	in	the	CERN	IRRAD	facility	(May	2018).

32	modules	inside	the	cold	box
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but this can also be done by comparing the input current of the disabled module at 12V of input 
voltage. Therefore, the full exploitation of the results is possible even during the frequent 
occasions when the supply voltage was steady at 12V.


Always concerning the conditions of the samples during the irradiation, two more important points 
have to be specified. First, the modules were exposed with a very small load of 100 Ohm because 
this does not require any specific provision for cooling and because the failures in CMS were 
independent on the load. Second, there was a relevant voltage drop across the long cables and 
the actual supply voltage at the motherboard was normally around 11-11.2V when the converters 
were functional. This actual voltage at the end of the line was measured with a dedicated 
monitoring cable without current flow (remote sensing).


� 


Figure 6: Graphical representation of the sequence applied to the modules during the irradiation. 
Note how the disables in the middle and at the end of the sequence happened with an input 
voltage of 12V (nominal, in reality the voltage was closer to 11V during operation because of the 
drop along the cables). 

B. Experimental results 
Irradiation started on May 2 at around 6pm, while detectors inside the box measured -27C and a 
10% humidity. During the first hours the on-line monitors were used to estimate the irradiation 
rate (neutrons/cm2 and TID), and the box was moved increasingly closer to the beam in several 
steps. Our target was to reach and preferably exceed the radiation levels for the 2017 CMS run in 
the location where the DCDC converters are installed, namely 2.7e13 n/cm2 for FPIX and 1.7e13 
n/cm2 for BPIX (these are expressed in 1 MeV equivalent neutrons). When the estimated flux from 
the active dosimeters was compatible with reaching such a target in the allocated 2-3weeks time, 
we left the box in that position for the rest of the test.


The irradiation continued for about 2 and a half weeks, and was interrupted on May 21 at midday 
by removing the Cu target from the beam. The cooling box was left in the same position and at 
the same temperature for several days, still always running the same acquisition sequence. On 
June 5 the temperature was increased and the next day the full system was removed from the 
IRRAD experimental area. Samples were placed in a storage room without bias.


During the irradiation, a large number of samples showed the “high current” type of damage while 
one sample failed to provide the output voltage. The map of Fig.7 illustrates the position of the 
damaged converters, their chronological order of damage, the position of the motherboards in the 
radiation field and the most reasonable dosimetry during the run (details in the caption). The 
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A	specific	bias	and	control	sequence	was	used	during	the	exposure

1	hour,	Vout	monitored	
every	10min

1	hour,	Vout	monitored	
every	10min

Check	I-V	to	find	High-Current	condi9on

The	full	sequence	lasts	about	2	hours,	with	97%	of	the	9me	in	“monitoring”
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correlation with the proximity of the beam is evident, proving that the damage is indeed 
associated to the integrated flux of particles: a threshold flux is needed for the damage to be 
produced. Another fundamental observation concerns the moment in the functional sequence 
when the damage appeared. Although the DCDCs are in the on state for 97% of the time, the 
damage never happens in this state, but always during or immediately after a disable. More 
details of the failures are listed in Fig.8.


� 


Figure 7: Geographical summary of the results of the first irradiation run in IRRAD. The four 
motherboards are positioned inside the cold box, whose borders are visible in the image. In red 
are the samples that showed the “high current” type of damage during the irradiation, in black the 
single sample that failed and in blue those that showed “high current” after the end of the 
irradiation, when the samples were still in the box at -25C. The number indicates the chronological 
sequence of the damages. A magnification of the modules is shown below this caption. The pink 
squares inside the box and in-between the motherboards report the reading from the passive 
dosimeters in that location (they were exposed for the full irradiation). The black squares at the 
edge of the motherboards indicate the total accumulated fluence, in 1MeV equivalent neutrons, 
from the active dosimeters in that location. Just below those numbers, the red squares are the 
estimated levels of dose in the same location (from comparison with data from the second run). 
Finally, the red squares around the box represent the readings from passive dosimeters installed in 
those location. 

� 
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The	results	powerfully	revealed	some	important	correla<on:

so 16 FEASTMP and 16 Aachen modules were part of the test - each family in fact made use of 2 
dedicated motherboards (this can be seen in Fig.4, where the different module design is clearly 
observable). Also, samples included parts with different output voltage settings (1.5 and 2.5V) - 
also the Vout was found not to be discriminant in the CMS failures.


� 

Figure 3: All the instrumentation required for the test is positioned on a laboratory cart, here in the 
control room of IRRAD. The flat cables are the only connection to the motherboards in the beam, 
one flat cable per motherboard. 

� 

Figure 4: The 4 motherboards are installed on the cold box cover, ready for the exposure. 
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No	damage

- Between	the	damage	and	the	integrated	flux	
‣ The	first	damage	occurs	ager	9	days,	then	several	samples	per	day	
‣ Only	samples	closer	to	the	beam	are	damaged	
‣ Samples	are	damaged	also	ager	the	end	of	the	exposure	

- Between	the	occurrence	of	the	damage	and	the	disable-enable	sequence	
‣ Also	true	for	the	“High-Current”	

Red = High-Current damage occurred during exposure

Blue = High-Current damage occurred after exposure

Black = failure
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X-ray	irradia<on	using	the	same	enable/disable	cycle	as	in	IRRAD,	and	monitoring	the	current	
under	UVLO	thresholds,	it	was	eventually	possible	to	produce	the	same	damage!	

Now	we	had	a	tool	to	study	the	mechanism	in	detail!

X-ray	machine	of	the	EP-ESE	group
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The crime reconstruction
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Radia<on	tests	on	the	I3T80	nLDMOS	transistor	in	2008	revealed	the	impossibility	to	use	
Enclosed	Layout	Transistors	(ELT):	TID-induced	leakage	could	not	be	avoided!

states at the interface between the thick lateral oxide and the channel trap negative charge 
in the case of NMOS transistors, and tend therefore to reduce the leakage current. Due to 
their latent formation, their effect only gets visible after some time in our irradiation test, 
and determines a small decrease of the leakage at TID levels above some Mrd. This has 
been observed, more evidently, also for other technologies (130nm CMOS logic). 
The evolution of the leakage current (drain to source current for Vgs=0V and Vds=14V) 
as a function of the TID for different test chips is shown in Figure 1. Chips labeled with 
the letter A are those for which the transistor array did not contain any protection diode to 
protect the gate of transistors against ESD events. Chips labeled with the letter C instead 
had protection diodes at the gate of every transistor. 
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Figure 1: Evolution of the leakage current for LNNDM14 transistors with linear layout, 
for 4 different chips. Chip A3 has been irradiated with a smaller bias on the gate (2V) 
and a current flowing in the transistor. The points at 100rad are in reality measured 
before irradiation. 
 
The measured evolution of the Vth with irradiation is shown in Figure 2, where the Vth 
has been extracted in the linear region (Vds=50mV) by linearly fitting the curve around 
the maximum of the transconductance. Over the full irradiation cycle of the 4 chips, the 
maximum Vth variation is +/- 100mV. The evolution with TID is somewhat different that 
what typically observed for low-voltage transistors, in particular the initial increase with 
dose followed by a decrease at larger doses (this decrease can be attributed to trapping of 
holes in the gate oxide, and is a normal behavior).  
For what concerns the mobility and the on-resistance of the transistor, they vary of a 
maximum of respectively 20% and 10% over the full range of TID explored. 
Overall, due to the large leakage induced by radiation, this transistor is not suitable for 
our application. 
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Figure 2: Evolution of the threshold voltage for LNNDM14 transistors with linear layout. 
Same conditions as described in Figure 1. 
 
“Enclosed” layout 
The layout of the transistor has been modified to eliminate the source of radiation-
induced source-drain leakage current, in a way similar to what is usually done with low-
voltage logic transistors. As shown in Figure 3, this modified layout is very effective in 
eliminating the source of failure. The small increase of leakage is due to the decrease of 
Vth and increase of the subthreshold swing. 
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Figure 3: Evolution of the leakage current for LNNDM14 transistors with “enclosed” 
layout. Same conditions as described in Figure 1. 
 
The enclosed layout has also the effect to eliminate the influence of the lateral parasitic 
transistors on the threshold voltage of the main transistor, and therefore the Vth shift over 
the full TID range explored is limited to +/- 50mV. Subthreshold swing changes 
gradually from 86mV/dec (pre-rad) to a maximum of 95mV/dec, whilst transconductance 
and on-resistance variations are below 16% and 10% respectively. 

Other than a shift in the threshold voltage by about 300mV (max), we can observe an 
increase of the leakage current very similar for the two irradiations where an identical 
TID was accumulated. We can therefore deduce that this leakage is due to TID effects. 
Also the output characteristics shown in Figure 9 are reasonably unaltered after 
irradiation (the observed shift is due to the change in the threshold voltage). 
The on-resistance of the transistor increases with irradiation up to a maximum of about 
45% after the largest fluence (5.2x1015 p/cm2 or 166Mrd). 
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Figure 8: Id=f(Vg) curves for the LNNDM14 transistor with standard layout. 
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Figure 9: Output characteristics for the LNNDM14 transistor with standard layout. 
 
Enclosed layout 
The enclosed layout version of the LNNDM14 that worked so effectively in reducing 
TID effects gives instead much less promising results with proton irradiation. Several 
transistors are just unable to stand high voltage after irradiation, as shown in the output 
characteristics in Figure 10. The drain current flows to the substrate rather than the source 
at high voltages. Nonetheless, there is one transistor that could survive to the highest 

fluence with only small modifications in the overall performance (comparable to the 
results observed on standard layout transistors). This was the only transistor that could 
maintain “normal” performance amongst the full lot of transistors irradiated (which 
included 8 transistors), therefore the relatively good result can not be taken as “general”, 
but rather as an exception. What is noticeable for this transistor is that the leakage current 
after irradiation is comparable to the one observed in the standard layout. This is shown 
in Figure 11. 
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Figure 10: Enclosed LNNDM14 transistors do not generally stand high voltage after 
proton irradiation (with one exception, one transistors was still working correctly). The 
drain current flows to the substrate. 
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Figure 11: Id=f(Vgs) for enclosed LNNDM14 transistors (the only transistor still 
working normally after irradiation is represented by the purple dashed line). 
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 5 

used in the power train. The leakage first increases because of 
the radiation-induced trapped charge in the Shallow Trench 
Isolation (STI) oxide at the edge of the transistors, then 
decreases when interface state activation in the same region 
sets in [5]: the electrons trapped in the interface states 
compensates the holes trapped in the oxide. At much larger 
doses (above 200 Mrd), efficiency drops because the power 
transistors have degraded on-resistance performance. At the 
maximum TID level reached in our test, 700 Mrad for one 
sample, the converter was still fully operational. It is also 
important to point out that the initial decrease due to the 
leakage current will very likely not appear in the real 
application at a much lower dose rate because in the 
technology used the oxide trapped charge anneals very 
quickly even at low temperature. In one of our tests we 
quickly irradiated a sample up to 1.66 Mrd at -30oC, then left 
it at this temperature for 20 hours. During this short time, 
annealing led to almost complete efficiency recovery.  

The evolution of the output voltage with TID, for the same 
two samples, is shown in Fig.5. The radiation-induced shift is 
larger than 50 mV only above 100 Mrd and on the sample 
irradiated at 25oC. This was observed in several samples, but 
was not investigated in depth since it happens at TID levels 
exceeding the target application. 
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Fig. 4.  Efficiency evolution with TID for samples irradiated at -25oC 

(top) and +25oC (bottom). Vin = 10 V, Vout = 2.5 V, freq. = 1.8 MHz. The 
inductor was an air-core toroid of 400 nH. 

B. Displacement Damage 
Irradiations were performed in this case on unpackaged 

samples, without any applied bias at the Triga reactor of the 
Jozef Stefan Institute (JSI) in Ljubljana, Slovenia. Irradiated 
samples were kept at room temperature for several weeks 
after irradiation to allow for radioactivity levels to be 
compatible with their transport back to CERN for 
measurements. Results on the 23 FEAST2 samples exposed 
in this irradiation run were in agreement with previous results 
obtained on very similar prototype versions of the DC/DC 
converter ASIC. Two effects impact the performance and 
functionality of the converter. The on-chip bandgap reference 
voltage generator circuit is sensitive to displacement damage, 
the reference voltage increasing sensibly with integrated flux 
as shown in Fig.6. However, the most relevant effect is the 
failure of the converter at integrated fluxes above 

5x1014 n/cm2 (all fluxes are expressed in 1 MeV-equivalent 
neutrons). The failure is due to the excessive degradation of 
the p-channel LDMOS transistors used in the on-chip 
regulators that provide, from the unique input voltage of 5 – 
12 V, the 3.3 V needed for the control circuitry. Because of 
displacement damage these transistors cannot provide 
anymore the current required by the control functions. In all 
tests run at either JSI or at the CERN IRRAD1 facility with 
24 GeV/c protons, both on unpackaged or packaged chips (in 
some cases on full DC/DC modules with all components but 
without bias), failure was observed at fluxes exceeding 
5x1014 n/cm2, which is hence considered with some safety 
margin the limit functional point. 
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Fig. 5.  Output voltage evolution with TID for samples irradiated for the 

same samples as in Fig.4. The nominal output voltage is different since it is 
determined by 2 resistors off-chip that were not carefully chosen to produce 
an identical voltage. 
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Fig. 6.  Shift of the bandgap reference voltage from the on-chip generator 
with integrated flux of 1 MeV-equivalent neutrons (displacement damage). 

C. Single Event Effects 
The SEE test was performed at the Heavy Ion irradiation 

Facility (HIF) of the Cyclotron Resource Centre (CRC) of 
Louvain-la-Neuve, Belgium, using the available high 
penetration ion cocktail. Two samples were exposed at room 
temperature, with the available water cooling system to allow 
heat dissipation in the vacuum chamber, while providing 1 or 
2 A to a load at 1.2 and 2.5 V. A bank of fast comparators 
with programmable threshold, as well as an oscilloscope, 
constantly monitored the output voltage of the exposed 
converter during the test. Every time the voltage was above 
(or below) the threshold, the comparator tripped and provided 

The	leakage	current	in	the	nLDMOS	transistors,	used	for	the	power	train,	
induces	an	acceptable	decrease	in	efficiency.	

Vin

Ileak

 3 

The design techniques needed to eventually reach our goals 
were multiple. Triplication and voting was used for all digital 
circuits, in particular a state machine determining the need for 
restarting the converter, but also for some analog blocks – in 
this case the voting was made by current summing. Great 
care was needed in the circuitry that could have the largest 
impact on the continuous operation of the converter: the 
generation of the reset signal, the protection features that are 
meant to stop and restart the converter (but only in case of 
need, they should not be triggered by SEEs!). In these cases 
redundancy was again used for full analog blocks. The 
change of state of some crucial nodes, always storing the 
same logic state during correct functionality, was unbalanced 
to keep the node preferentially in this state: only very long 
transients at the input of the block could trigger a change of 
state (filtering). Additional effective filtering was achieved by 
the increase of bias currents or transistor sizes, and by the 
addition of load capacitances. 

III. DESCRIPTION OF THE ASIC 

A. Main properties, protections and controls 
The production-ready ASIC is called FEAST2 and is the 

fruit of several years of development. The specifications and 
safety features are summarized in Table I, while Fig.1 shows 
a block diagram of the circuit. 

TABLE I 
MAIN SPECIFICATIONS AND FEATURES OF FEAST2 

Main electrical parameters 
Input voltage 5 – 12 V 
Output voltage 0.6 – 5 V 
Output current 0 – 4 A 
Maximum output power 10 W 
Programmable switching frequency 1 – 3 MHz 
Inductor value 0.15 – 1.5 µH 
Protection features 
Over-Current protection peak level 6 A 
Over-Temperature protection threshold 103 oC 
Under-Voltage Lockout threshold 4.5 V 
Soft-Start duration 470 µs 
Control features 
Enable (input) threshold 815 mV 
Power Good flag (output) Open Drain 

 
The maximum input voltage of 12 V is determined by the 

Vds rating of the LDMOS used in the design, while the 
minimum is set to ensure enough headroom for the control 
electronics (powered at 3.3V) to work correctly. For this 
reason, an Under-Voltage Lock-Out (UVLO) protection 
circuit is integrated: FEAST2 can only turn on when the input 
voltage exceeds about 4.5 V. Two external resistors 
determine the output voltage, the possible range being 0.6 to 
5 V where the 0.6 V is the voltage provided by the on-chip 
reference voltage generator. Current rating, as well as 
maximum output power, are determined by the cooling 
properties of the system, but it is important to consider that 
the power transistor sizing has been optimized for 2-3 A of 
output current. For LHC applications, packaging in a plastic 

QFN32 5 x 5 mm package is adequate. The chosen package 
has an exposed pad dedicated to cooling. When properly 
attached to a thermal pad, this can provide efficient cooling 
up to an output current of 4 A. The switching frequency is set 
by an internal oscillator whose input current is determined by 
an external resistor: in this configuration the frequency can be 
chosen at the board level. FEAST2 can work in the 1-3 MHz 
range, but the recommended range is 1.5-2 MHz: here the 
efficiency is larger and at the same time conducted noise can 
be minimized. The inductor storing the energy during 
switching is an external component. While the circuit can 
work with inductors in a very large range (we measured it 
with 110 nH and up to 1.5 µH), it has been designed for 400-
500 nH inductors: inductors of very different values affect the 
threshold for Over-Current Protection (OCP). This protection 
circuit measures the instantaneous current in the High-Side 
transistor and interrupts it (it opens the transistor) when the 
current exceeds a pre-determined peak value of about 6A. 
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Fig. 1.  Block diagram of the FEAST2 ASIC. 
 
Other than UVLO and OCP, the circuit integrates an Over-

Temperature protection system (OTP) that monitors the 
junction temperature and interrupts functionality in case of 
excessive heating. This happens at around 103oC: the 
converter is stopped and it can only resume operation after 
the T drops by about 30oC. To prevent large in-rush currents 
at start-up, when the large output capacitances are discharged 
and need to be replenished of charge to reach the target 
output voltage, it is customary for DC/DCs to start operation 
with a Soft-Start procedure. FEAST2 is no exception: the 
reference voltage is increased gradually to the nominal 0.6 V 
so that the output voltage follows gently the pre-determined 
voltage slope and reaches nominal in about 470 µs. 

In terms of control, converters normally feature only a pair 
of dedicated signals: an enable input to turn it on/off, and a 

Elsewhere	in	the	circuit,	the	leakage	path	is	“cut”	by	adding	core	ELT	transistors	in	series

Linear layout nLDMOS

ELT core nMOS
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The	qualifica<on	tes<ng	strategy	of	FEAST	was	based	on:	
- the	irradia<on	of	the	device	to	the	maximum	radia<on	levels	
- the	verifica<on	on-line	that	the	device	was	always	func<onal	(except	for	neutron	tests,	

when	the	verifica<on	was	done	aXer	irradia<on)	
- periodic	and/or	final	full	characterisa<on	of	the	main	electrical	parameters:	efficiency,	

line	and	load	regula<on,	thresholds	(UVLO,	enable,	OCP,	OTP)

✓	X-rays	for	TID	up	to	700Mrad	

✓	Heavy	Ions	for	SEEs	

✓	Pulsed	laser	test	for	SEEs	

✓	Neutrons	from	a	reactor	for	displacement	damage	

✓	230MeV	protons	for	SEEs	(+	TID	+	DD)
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Somewhere	else,	in	another	con<nent,	the	TBM	chip	
for	the	CMS	pixel	system	was	being	designed

During	a	late	and	quick	addi<on	of	func<onality,		
logic	unprotected	from	SEUs	was	integrated	in	the	final	chip

A	reset	command	was	not	implemented

In	a	severe	radia<on	environment	the	correct	func<onality	is	frequently	corrupted,	
and	a	power	cycle	is	needed	to	re-ini<alise	the	chip
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Poten<ally	“leaking”	nLDMOS	in	FEAST Unprotected	logic	and	no	reset	in	TBM

Failure	of	FEAST2	in	the	CMS	pixel	
system	during	the	2017	run
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UVLO_regs	

C33_driver		
external	

Gnd_PCB	

Amplifier	
Level	shifter	

Vin	<12V	

High	Voltage		
PMOS	Pass		
transistor	

Voltage	
divider	

Vdd_D(3.3V)	

Gnd_control	

Gate_PMOS	

Not_VddD_OK	

Not_VddD_OK	UVLO_regs	

Gate_PMOS	

Vin	<12V	

VddD_OK

Not_UVLO_regs

1 : 507

nLDMOS

core	ELT	nMOS

The	problem	is	localised	in	the	linear	regulator	(V33Dr)	that	provides	the	required	current	
to	the	drivers	of	the	power	transistors	(HS	and	LS)
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These	are	the	condi<ons	when	FEAST2	is	“enabled”	or	“disabled”

“enabled” “disabled”

Load	(drivers):	>	10mA

>	20uA >	10mA

≈400KOhm

≈200KOhm

3.3V
3.3V

≈	5uA
≈	10nA
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In	the	presence	of	a	large	TID-induced	leakage	in	the	nLDMOS,	consequences	appear	
ONLY	when	FEAST2	is	disabled	(no	load	for	the	V33Dr	regulator)

“enabled” “disabled”

Load	(drivers):	>	10mA

>	20uA >	10mA

3.3V
3.3V

≈	500uA

≈	1uA

Current	integra<on	on	
the	220nF	capacitor:	
V33Dr	increases	!!

≈	5uA
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The	integra<on	of	the	current	on	the	two	220nF	capacitors	has	eventually	been	observed	
experimentally	in	June	2018	on	samples	exposed	to	TID	at	our	X-ray	facility

“disabled”

3.3V

≈	500uA

≈	1uA

≈	5uA

Driver	LS Driver	HS

phase

bootstrap

220nF220nF

bPOL12V
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We	observed	a	“voltage	peak”	on	the	V33Dr	node	when	FEAST2	is	disabled	during	X-ray	exposures.	
The	voltage	peak	increases	with	TID

Enable

Example	waveforms	at	the	V33Dr	node

TID

Peaks	of	up	to	
8.5V	observed	
during	X-ray	
exposure
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UVLO_regs	

C33_driver		
external	

Gnd_PCB	

Amplifier	
Level	shifter	

Vin	<12V	

High	Voltage		
PMOS	Pass		
transistor	

Voltage	
divider	

Vdd_D(3.3V)	

Gnd_control	

Gate_PMOS	

Not_VddD_OK	

Not_VddD_OK	UVLO_regs	

Gate_PMOS	

Vin	<12V	

Driver	LS Driver	HS

phase

bootstrap

220nF220nF

Peak	voltage	up	to	>	8V

If	a	clamp	transistor	is	damaged	=>	linear	regulator	stuck	=>	FEAST2	failure

If	a	device	along	this	path	is	damaged	=>	increase	in	regulator	current	=>	
FEAST2	con<nues	to	operate

The	voltage	at	the	V33Dr	node	goes	well	beyond	the	nominal	maximum	of	3.3V+10%.	
This	voltage	stress	might	end	up	damaging	a	device.	We	have	observed	2	damage	mechanisms,	
and	Failure	Analysis	with	emission	microscopy	and	OBIRCH	have	confirmed	the	current	paths.
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A	graphical	representa<on	of	the	narra<ve

Time	(in	2017)October

Luminosity

TID

TBM	power	cycle	=	
disable	of	FEAST2

nLDMOS	
Leakage	
current

TBM	requires	a	power	cycle		
=>	FEAST2	is	disabled	while	the	leakage	is	large		
=>	peak	voltage	at	V33Dr		
=>	damage
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This	model	for	the	damage	explains	why	the	problem	was	not	observed	during	
the	radia<on	qualifica<on	of	the	FEAST2	ASIC	

1. To	produce	the	damage,	it	is	necessary	to	perform	disable/enable	cycles	at	the	<me	
when	the	TID-induced	leakage	is	large	

2. To	observe	the	signature	of	the	damage,	in	the	vast	majority	of	the	cases	(High-current),	
it	is	necessary	to	measure	the	current	consump<on	below	UVLO	thresholds

 5 

used in the power train. The leakage first increases because of 
the radiation-induced trapped charge in the Shallow Trench 
Isolation (STI) oxide at the edge of the transistors, then 
decreases when interface state activation in the same region 
sets in [5]: the electrons trapped in the interface states 
compensates the holes trapped in the oxide. At much larger 
doses (above 200 Mrd), efficiency drops because the power 
transistors have degraded on-resistance performance. At the 
maximum TID level reached in our test, 700 Mrad for one 
sample, the converter was still fully operational. It is also 
important to point out that the initial decrease due to the 
leakage current will very likely not appear in the real 
application at a much lower dose rate because in the 
technology used the oxide trapped charge anneals very 
quickly even at low temperature. In one of our tests we 
quickly irradiated a sample up to 1.66 Mrd at -30oC, then left 
it at this temperature for 20 hours. During this short time, 
annealing led to almost complete efficiency recovery.  

The evolution of the output voltage with TID, for the same 
two samples, is shown in Fig.5. The radiation-induced shift is 
larger than 50 mV only above 100 Mrd and on the sample 
irradiated at 25oC. This was observed in several samples, but 
was not investigated in depth since it happens at TID levels 
exceeding the target application. 
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Fig. 4.  Efficiency evolution with TID for samples irradiated at -25oC 

(top) and +25oC (bottom). Vin = 10 V, Vout = 2.5 V, freq. = 1.8 MHz. The 
inductor was an air-core toroid of 400 nH. 

B. Displacement Damage 
Irradiations were performed in this case on unpackaged 

samples, without any applied bias at the Triga reactor of the 
Jozef Stefan Institute (JSI) in Ljubljana, Slovenia. Irradiated 
samples were kept at room temperature for several weeks 
after irradiation to allow for radioactivity levels to be 
compatible with their transport back to CERN for 
measurements. Results on the 23 FEAST2 samples exposed 
in this irradiation run were in agreement with previous results 
obtained on very similar prototype versions of the DC/DC 
converter ASIC. Two effects impact the performance and 
functionality of the converter. The on-chip bandgap reference 
voltage generator circuit is sensitive to displacement damage, 
the reference voltage increasing sensibly with integrated flux 
as shown in Fig.6. However, the most relevant effect is the 
failure of the converter at integrated fluxes above 

5x1014 n/cm2 (all fluxes are expressed in 1 MeV-equivalent 
neutrons). The failure is due to the excessive degradation of 
the p-channel LDMOS transistors used in the on-chip 
regulators that provide, from the unique input voltage of 5 – 
12 V, the 3.3 V needed for the control circuitry. Because of 
displacement damage these transistors cannot provide 
anymore the current required by the control functions. In all 
tests run at either JSI or at the CERN IRRAD1 facility with 
24 GeV/c protons, both on unpackaged or packaged chips (in 
some cases on full DC/DC modules with all components but 
without bias), failure was observed at fluxes exceeding 
5x1014 n/cm2, which is hence considered with some safety 
margin the limit functional point. 
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Fig. 5.  Output voltage evolution with TID for samples irradiated for the 

same samples as in Fig.4. The nominal output voltage is different since it is 
determined by 2 resistors off-chip that were not carefully chosen to produce 
an identical voltage. 
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Fig. 6.  Shift of the bandgap reference voltage from the on-chip generator 
with integrated flux of 1 MeV-equivalent neutrons (displacement damage). 

C. Single Event Effects 
The SEE test was performed at the Heavy Ion irradiation 

Facility (HIF) of the Cyclotron Resource Centre (CRC) of 
Louvain-la-Neuve, Belgium, using the available high 
penetration ion cocktail. Two samples were exposed at room 
temperature, with the available water cooling system to allow 
heat dissipation in the vacuum chamber, while providing 1 or 
2 A to a load at 1.2 and 2.5 V. A bank of fast comparators 
with programmable threshold, as well as an oscilloscope, 
constantly monitored the output voltage of the exposed 
converter during the test. Every time the voltage was above 
(or below) the threshold, the comparator tripped and provided 

Leakage	current

“Danger	zone”		
for	disable/enable	cycle
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The	perpetrator



Patches	and	long-term	solu<ons
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“disabled”

3.3V

≈	500uA

≈	1uA

≈	5uA
Driver	LS Driver	HS

phase

bootstrap

220nF220nF

Patch	1	for	FEAST2.1	(only	for	environments	with	TID	>	500krad):

The	voltage	peak	can	get	close	to	Vin,	
but	not	higher Disable	the	converter	at	lower	Vin

Vin=5V

V33Dr	<5V

In	case	of	a	power	cycle	(Vin	down	to	0V),	the	converter	is	disabled	by	the	UVLO	at	about	4.4V
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This	strategy	was	successfully	used	during	the	full	2018	run	of	the	CMS	pixel	detector,	and	its	
efficiency	was	demonstrated	in	the	second	IRRAD	run	and	in	X-ray	tes<ng



“disabled”

3.3V

≈	1mA

≈	2uA

≈	5uA

Driver	LS Driver	HS

phase

bootstrap

220nF220nF

Provide	a	path	for	the	mirrored	leakage	
current

A	sufficiently	small	external	resistor	
will	do	the	job	
In	our	tests,	a	3	KOhm	resistor	is	OK

3	kOhm

!52
The	efficiency	of	this	strategy	was	demonstrated	in	the	second	IRRAD	run	and	in	X-ray	tes<ng

Patch	2	for	FEAST2.1	(only	for	environments	with	TID	>	500krad):
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Long-term	solu<ons:

FEAST2.2
Used	in	FEASTMP	modules	produced	in	
the	first	half	of	2019.	
During	X-rays	tes9ng,	no	voltage	peak	on	
V33Dr	event	at	-30oC	if	the	dose	rate	is	
below	180krad/hour

FEAST2.3

Present	default	version	for	all	modules

3 kOhm
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Final	thoughts
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This	is	a	very	complex	system	
- Assembly	of	different	sub-systems	
- Unique	“prototype”	
- Tested	in	the	real	environment	only	
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List	of	expert	EMC	recommenda<ons	aXer	the	observa<on	of	the	system:	

- Improve	filters	for	incoming	transients	on	the	DC	supply	lines	
- Improve	capability	of	system	to	route	high	frequency	common	mode	(including	

connec<on	of	cable	screens)	
- Improve	system	equipoten<ality	(including	cable	screens,	glued	screens	of	detector	

and	metallic	parts	of	the	cooling	circuits)	
- Avoid	using	twisted	pairs	for	asymmetric	signal	or	power	connec<on	
- Avoid	separated	grounds	leading	to	severe	lack	of	immunity	against	E-fields	and	

transient	H-fields	
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How	about	qualifica<on	prac<ces?
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We	are	not	NASA	in	the	1970s…
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- The	designers	of	the	failing	component	were	s<ll	around,	and	at	CERN	

- The	problem	happened	to	a	detector	that	is	amongst	the	easier	to	open	

- Once	understood,	patches	and	fixes	were	easy	to	implement	

- The	problem	appeared	in	2017	and	not	in	HL-LHC	trackers

Some	reasons	to	be	grateful	for	our	luck
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Personally I'm always ready to learn,  
although I do not always like being taught

W. Churchill
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Experimental	confirma<on:		
Second	run	at	the	IRRAD	facility
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Figure 12: The 4 motherboards installed in the inner side of the box cover, ready for the installation 
in the experimental area. The dosimeters are visible. The third motherboard from the left was 
power cycled (sequence shown in Fig.10), while the others had the standard sequence used 
already in the first run. The actual position of the boards in the experiment is a vertical mirror of 
this image, where the inner side of the cover is visible. 
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Figure 13: The 4 motherboards installed in the outer side of the box cover, ready for the installation 
in the experimental area. The dosimeters are visible. All boards had the standard sequence of I-V 
sweep and disable-enable, but the last board to the right was powered by a separate supply 
steadily at 8V (not controlled by the PC). 
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Figure 14: The full box ready for the irradiation run, with the 4 motherboards are room temperature 
on top. 

�  
Figure 15: position of the passive dosimeters inside and outside the cold box. Active dosimeters 
were positioned in locations 6 and 8 (outside) as well as 1 and 3 (inside). 
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A	second	run	in	IRRAD	used	64	converters

Samples	inside	the	cold	box

Samples	at	room	T	on	top	of	the	cold	box
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cycle when the converters are disabled at high input voltage. This happened only in one occasion 
(in all other occasions, the supply got stuck at 0V which is harmless) and the system was 
reinitialised after 3 full sequences, so the event happened 3 times only and after a week (when no 
converter had yet shown any sign of damage, indicating that the leakage was not yet sufficient for 
that purpose). 


To answer a question from LHCb, where some modules at room temperature are powered at 8V 
only and are subject to a radiation field of several hundred krad, a motherboard at room 
temperature was powered by a separated voltage supply regulated at 8V (8.1V effective when the 
modules are disabled, decreasing to 7V when they are enabled). This supply was not controlled 
by the PC, so the 8V were present at all times (no I-V sweep for these modules).


In Figs. 12 and 13 we show an image of the motherboards installed on the top and bottom of the 
cover of the cold box, ready to be installed in the IRRAD beam line. In Fig.14, the cover is 
positioned on the box and all cables are connected to the pass-through system bringing the 
signals to the control room. In Figs. 12 and 13 it is possible to see the active and passive 
dosimeters that were enabling an improved spatial coverage with respect to run1. This should 
help knowing more precisely the doses to failure, and hence to determine a safe operating area 
for the modules using version 2.1 of FEASTMP. A detail of the position and type of the dosimeters 
is given in Fig. 15.


An important last point to mention is the presence of RC filters at the enable input of half of the 
modules, both inside and outside the box. This has been done to rule out the possible 
contribution of noise pick-up on the long enable line, an hypothesis considered in the past. In 
each motherboard, the RC filter has been installed with a checkerboard pattern so that identical 
modules were exposed with and without the filter.


� 

Figure 11: Graphical representation of the sequence used for a single motherboard in the cold box 
during the second run. The converter is only disabled for the I-V sweep, and remains enabled all 
the time otherwise. To turn it off, the supply voltage is interrupted. 
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- Samples	at	room	T	and	at	-25oC	
- New	samples	and	samples	survived	during	the	first	run	
- Samples	protected	with	the	addi<on	of	a	15kOhm	resistor	
- Samples	protected	with	the	addi<on	of	a	3kOhm	resistor	
- Samples	biased	with	a	Vin	of	8V	(versus	12V	for	all	others)	
- Samples	without	disable/enable	sequence	(turned	off	decreasing	Vin)	
- Half	of	the	samples	had	the	enable	input	protected	by	an	RC	filter

Sequence	avoiding	the	disable/enable	at	high	Vin	
Applied	ONLY	to	8	converters	during	the	second	run

but this can also be done by comparing the input current of the disabled module at 12V of input 
voltage. Therefore, the full exploitation of the results is possible even during the frequent 
occasions when the supply voltage was steady at 12V.


Always concerning the conditions of the samples during the irradiation, two more important points 
have to be specified. First, the modules were exposed with a very small load of 100 Ohm because 
this does not require any specific provision for cooling and because the failures in CMS were 
independent on the load. Second, there was a relevant voltage drop across the long cables and 
the actual supply voltage at the motherboard was normally around 11-11.2V when the converters 
were functional. This actual voltage at the end of the line was measured with a dedicated 
monitoring cable without current flow (remote sensing).
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Figure 6: Graphical representation of the sequence applied to the modules during the irradiation. 
Note how the disables in the middle and at the end of the sequence happened with an input 
voltage of 12V (nominal, in reality the voltage was closer to 11V during operation because of the 
drop along the cables). 

B. Experimental results 
Irradiation started on May 2 at around 6pm, while detectors inside the box measured -27C and a 
10% humidity. During the first hours the on-line monitors were used to estimate the irradiation 
rate (neutrons/cm2 and TID), and the box was moved increasingly closer to the beam in several 
steps. Our target was to reach and preferably exceed the radiation levels for the 2017 CMS run in 
the location where the DCDC converters are installed, namely 2.7e13 n/cm2 for FPIX and 1.7e13 
n/cm2 for BPIX (these are expressed in 1 MeV equivalent neutrons). When the estimated flux from 
the active dosimeters was compatible with reaching such a target in the allocated 2-3weeks time, 
we left the box in that position for the rest of the test.


The irradiation continued for about 2 and a half weeks, and was interrupted on May 21 at midday 
by removing the Cu target from the beam. The cooling box was left in the same position and at 
the same temperature for several days, still always running the same acquisition sequence. On 
June 5 the temperature was increased and the next day the full system was removed from the 
IRRAD experimental area. Samples were placed in a storage room without bias.


During the irradiation, a large number of samples showed the “high current” type of damage while 
one sample failed to provide the output voltage. The map of Fig.7 illustrates the position of the 
damaged converters, their chronological order of damage, the position of the motherboards in the 
radiation field and the most reasonable dosimetry during the run (details in the caption). The 
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Sequence	used	during	the	first	run
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Figure 17: Summary of the results in the cold box for run 2. Dark grey squares represent fresh 
modules with FEAST2.1 (Aachen or FEASTMP designs); clear grey represents modules with 
FEAST2.1 already exposed during run 1 (but unharmed); yellow squares represent bPOL12V.V3 
modules. If the modules were protected by a resistor on V33Dr, the value of the resistor in Ohm is 
indicated on the module. The temporal sequence of the observed damages is illustrated by the red 
numbers, and the values close to each damage indicate the estimated TID to failure. Results from 
the dosimetry are reported, in the appropriate location, in the blue and green squares.  
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Figure 18: Summary of the results for samples at room temperature during run 2. The 
representation is the same as for Fig. 17 above. The dosimeters report the same levels inside and 
outside the box: because of the geographical arrangement and of the actual readings we believe 
that the environment was very comparable in the two locations. 

As in the previous run, all damage appears during or after a disable sequence. The currents after 
the event are comprised between about 8 and 13mA. Also in this case the current increase in the 
off state is considerably larger than the one in the on state, which is limited to 1-2 mA. All damage 
characteristics are hence very comparable to those observed in the first run. This result is 
incompatible with the hypothesis where the damage is due to the noise pickup on the enable line 
because all modules in the board, regardless the presence of the RC filter, have been identically 
damaged.


In order to define a safe area of operation for the FEAST2.1 converters, it is important to 
summarise all results obtained in the two irradiation runs. This is done in Fig. 19, that reports the 
best estimate for the TID to failure for all modules. The image has to be taken with caution, since 
the dose levels are, as already pointed out twice before, given by a combination of passive 
dosimeter results and extrapolation. Also, the size of each data point is proportional to the 
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Inside	the	box,	T=-25oC

Outside	the	box,	room	T

The	results	were	well	in	agreement	with	our	expecta<ons

Color code: 
Dark grey = FEAST2.1 new

Light grey = FEAST2.1 from run1

Yellow = bPOL12V

Protection resistor if indicated
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- Samples	at	room	T	and	at	-25oC	

- New	samples	and	samples	survived	during	the	first	run	

- Samples	protected	with	the	addi9on	of	a	15kOhm	resistor	

- Samples	protected	with	the	addi9on	of	a	3kOhm	resistor	

- Samples	biased	with	a	Vin	of	8V	(versus	12V	for	all	others)	

- Samples	without	disable/enable	sequence	(turned	off	
decreasing	Vin)	

- Half	of	the	samples	had	the	enable	input	protected	(RC	filter)

- Worse	damage	when	cold	

- Damage	earlier	if	pre-exposed	

- No	damage	

- No	damage	

- No	damage	

- No	damage	

- No	damage

Summary	of	the	observa<ons	during	the	second	run
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uncertainty on the dose added by the physical distance of the device from a passive dosimeter - 
and only to that. The closest the module to a dosimeter, the smaller the uncertainty added by this 
parameter to the overall large error on the TID estimates. Some general conclusions can be drawn 
from these results:

- damage only appears in all cases at estimated TID levels above 1MRad

- samples at room temperature start to show damage at a dose larger than those kept at -25C

- samples already exposed in run 1 are damaged at lower doses when irradiated again at -25C, 

but this tendency is not observed at room temperature.

-

� 

Figure 19: Estimated dose to failure for all samples damaged during the two IRRAD runs. 
Estimates are based on all the available dosimetry results, and the size of each data point only 
represents additional uncertainty proportional to the physical distance of the module to the nearest 
dosimeter. Green data points refer to the first irradiation run, blue (for modules in the cold box) and 
red (for modules at room temperature) refer to the second irradiation run. Samples exposed in 
both runs are represented with darker colours. 

Since all input currents were monitored regularly during the irradiation, it is possible to analyse the 
available data and extract some additional information about the variation in the modules’ 
performance in the radiation environment. This analysis was done thoroughly for both the 
modules in the cold box and outside of it. The input current measured during the full irradiation 
run for one cold sample (B1C1) is shown in Fig. 20 as an example. Only the blue line has to be 
looked at, the purple represents the number of converters enabled at any time. The figure is 
difficult to read, especially for the points taken during the I-V sweep, but it is possible to see the 
trend of increased on-current with time. 


Other information can be extracted by the direct comparison of both off- and on-currents at the 
beginning and end of the irradiation for all converters. Given the relatively large variability in the 
converter characteristics (pre-irradiated in run1, fresh and unprotected, fresh and protected by a 3 
or 15 kOhm resistors, FEASTMP vs. Aachen vs. bPOL12V, different output voltages, cold and 
room temperature), the observation of the trends enables some interesting conclusions. These are 
the main ones, some of which can be seen in Fig. 21 that summarises average results:

- Similar converters always show very comparable current increases
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Summary	of	the	best	es<mate	for	the	dose	to	failure	for	the	two	IRRAD	runs

Damage	only	occurs	above	1Mrad	in	these	high-dose-rate	(and	low-T)	experiments
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In	February	2018	we	have	modified	the	design	of	the	ASIC	to	remove	the	“weak”	low-voltage	transistors	
from	the	V33Dr	node,	as	well	as	to	add	a	dedicated	ESD	protec<on	device	to	the	pad.	

- this	was	meant	to	eliminate	the	“broken”	type	of	damage	(only	“High-current”	possible)	
- addi<onally,	this	could	have	helped	the	node	to	resist	a	hypothe<cal	aggression	(discharge?)

UVLO_regs	

C33_driver		
external	

Gnd_PCB	

Amplifier	
Level	shifter	

Vin	<12V	

High	Voltage		
PMOS	Pass		
transistor	

Voltage	
divider	

Vdd_D(3.3V)	

Gnd_control	

Gate_PMOS	

Not_VddD_OK	

Not_VddD_OK	UVLO_regs	

Gate_PMOS	

Vin	<12V	

ESD

A	revised	version	of	the	ASIC	(FEAST2.2)	to	remove	the	damaged	transistors

15 kOhm


