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Detection of neutron induced reactions in silicon photodiodes at the HISPANoS facility

Introduction

1. About the new HISPANOS neutron beam now open for experiments at the National Center of Accelerators, Sevilla,
Spain

2. On afirst experiment about detection of neutron induced nuclear reactions in silicon photodiodes and its intrincacies
3. Neutron induced Single Event Effects in an Intel MAX10 FPGA (55 nm)

Preparation of the NeuFron Beam Line for the SEU FPGA experiment
experiment
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Detection of neutron induced reactions in silicon photodiodes at the HISPANoS facility

Motivation: Laser pulse on a Neutron collision on
1. Neutron irradiation of semiconductors generates ions photodiode a photodiode
(28Si elastic scattering, 28Si(n,a)>>Mg, 28Si(n,p)?’Al mainly) in the = 5 08

semiconductor bulk. Those secondary ions have a short flight

range in the device, generating internal localized ionization = it - 1.5e-6 !

volumes. S 3e4 = i\

2. Solid State Detectors give a signal proportional to the E 2e4 § 10e6 K

amount of electron-holes generated in the ionization volume. G ;.4 © & Tt } .

3. ltis p.05|.ble to ger.werate phot0|on|zat|on.Iocallzed | —_— T \V-M

volumes inside a semiconductor detector using lasers with — 0.0e+0 T T

wavelength A>1200 nm (Two Photon Absorption). Ultrashort s 1%?,?.,9{2;3 - Time (s)

laser pulses (<<1 ps) mimic the secondary ion flight lapse. Two Photon n-Si interaction
. g

_ o , Absorption [ A /

We want to record a signal dataset from neutrdn interaction ) /

inside a photodiode. We generated a second signal dataset ; . ;.

illuminating the photodiode with a femtosecond pulsed laser . . condary § +—S—1is neutron

Si rticles /Q/ j

with a wavelength A>1200 nm (Two Photon Absorption regime)

(Intel Labs). The purpose is to cross calibrate neutron signals ——_ \

Incident

&

with laser signals. Ultrashort pulsed lasers are a simplest tool R
,g p . P M.Wiehe; M.Fernandez Garcia; M.Moll; R.Montero; Silicon volume
to analyze Single Event Effect in electronics. F.R.Palomo, 1.Vila, H.Mufioz Marco, V.Otgon, P.Pérez- H. Chabane; J. R. Vaillé; T. Mérelle; F. Saigné; L. Dusseau;
. . . . . . Millan; Development of a Tabletop Setup for the M. Dumas; J. M. Palau; B. Barelaud; J. L. Decossas; F.

The photodiode experiment (small active region) in this  Transient Current Technique Using Two-Photon Wrobel; N. Buard; M. C. Palau; Determination of the

. . . . Absorption in Silicon Particle Detectors; IEEE deposited energy in a silicon volume by n-Si interaction
presentation is related to the neutron reactions signal Transactions on Nuclear Science 68 (2), (2021) Journal of Applied Physics 99, 124916 (2006)
data set. Related approaches: Y.Chiang et al.;Investigate the equivalence of neutrons and protons in single event effects testing: A Geant4 Study, Applied Science,10, 3234 (2020),

M.A.Clemens et al.: The effects of neutron energy and high-Z materials on single event upsets and multiple cell upsets, IEEE Trans.Nucl.Sci., 58(6),(2011)
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Detection of neutron induced reactions in silicon photodiodes at the HISPANoS facility

Neutron Time-Of-Flight line
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HiSPANOS is the first Accelerator-based neutron source in Spain and it is installed at the 3 MV Tandem Accelerator.
Operates since 2013 in continuous mode and since 2018 in pulsed mode.

more info at: https://indico.cern.ch/event/1132520/ ,Carlos Guerrero's presentation https://indico.ijclab.in2p3.fr/event/9751/ ARIEL H2020 Final Workshop, 17-19 Janvier 2024, Lab Joliot-Curie, Orsay



Detection of neutron induced reactions in silicon photodiodes at the HISPANoS facility

Monoenergetic and Broad Energy Neutron Beams available at HISPANoS
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Detection of neutron induced reactions in silicon photodiodes at the HISPANoS facility

Neutron production targets/mechanisms
For our experiments we choose Fast

Monoenergetic and broad energy neutron beams

9Be(d,n)1B . .
(°Be(d,n)™B) 2H(d,n)?He 3,27 0,0 D/Ti 546 pg/cm? 30 mm Q”azs"z”_'oencl’e:ﬂe;\g/et'c
Al + Ti dummy target i
ML 9Be(p,n)°B 1,85 2,06 ucp°t";'2‘|‘\:2"v
Be 500 pm 25 mm -
Be target + 9 10 Continuum
Cu backing EClEhn) e 4,36 0,0 up to10 MeV
lpniee |t ] Oy
Li 500 pm 25 mm :
7Li(d,n)Be 15,03 0,0 uiotgtlzr:)u:/ln;v

Projectiles

® 1H4,2H up to 6 MeV
® “He up to 6 MeV
Continuous mode

® Upto 10 uA
Pulsed mode

® 1-2 ns pulse width
® 32,5kHz-2 MHz

® 1-4 m flight path

i
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Detection of neutron induced reactions in silicon photodiodes at the HISPANoS facility

Expected Nuclear T
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Detection of neutron induced reactions in silicon photodiodes at the HISPANoS facility

Kinematics analysis of typical nuclear reactions 28Si(n,x)X up to neutron 10 MeV to get an input to SRIM sims, for example:
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Detection of neutron induced reactions in silicon photodiodes at the HISPANoS facility

Expected Nuclear reactions in silicon SRIM simulations for a, Si, Mg and Al ions at different possible kinetic energies
from a nuclear reaction gives a hint about LET (minimum) and range in the
IONIZATION Silicon Detector Bulk: the ions give all their energy to the bulk and get trapped.
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Detection of neutron induced reactions in silicon photodiodes at the HISPANoS facility

Photodiode Experiment {209 30046 e
. -2 5646 d = —

* Direct Measurement with Trans Impedance ' -2.0e+6 & ¢

Amplifiers to get raw signals. T %10 | Bose CE) At bias=-1.5 V we
S 6e-10- (1060 '

e Key to successful result is to achieve a very low noise, T | | 0ess & Calculate depletion
high speed pre-amplifier. Battery-powered pre-amp de-10 depth from the
board (remove AC noise). 2e-107 00643 Capacitance

* Single trans-impedance amplifier, 500MHz BW,  0.0e+0r = o 0.0e+0 Formula, d=20 um
femtoA input bias, femtoF input cap (from Analog o Bias Voltage (V) '
Devices Inc.).

 VREF-filtered voltage regulators for low noise
(uV) high ripple rejection (68dB).

e Custom board layout to minimize parasitic
capacitances

e Multiple diodes to maximize exposed cross
section/oscilloscope channel usage.

* Hamamatsu S1336 series PIN detectors, 20 pum
depletion depth to mimic Single Event Effect (SEE)
experiments
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Detection of neutron induced reactions in silicon photodiodes at the HISPANoS facility

The Photodiode Set is ' 18cm Signal Conditioning «

separated enough from the Fis _ e .
Power and Signal o Detail of the Photodiode 8 T oo\

Conditioning Electronics to ' Circuit Board
avoid unnecesary neutron RErw o
exposure of electronics.

~ : : non-inv
The design was optimized L. e =" _amps
and tested in a previous ' " _ s s -
experiment* at n_TOF T = & b,
(CERN) with a very good e k1 o Photodiodes

behaviour at the n_TOF et | Signal Lines TIA's
EAR1 dump area radio (Conductor Backed \_ J

frecuency interference Coplanar WaveguideS,UHF band)

(EMI) environment

Non Inverting Amplifier

A small photodiode active Photodiode
region (20 pm) is the best sl
to mimics active regions in >
electronics for Single Event Vour =

Effects

photo RF

Trans Impedance Amplifier omuss
= * https://indico.cern.ch/event/1132520/contributions/5140044/ Bias line

Trans Impédance Amplifier




Detection of neutron induced reactions in silicon photodiodes at the HISPANoS facility

Photodiode Experiment Direct measurement (Trans Impedance Amplifiers) is useful to get signals

' ] directly but it is very sensitive to Electro Magnetic Interference. There is

- plenty of EMI when Hispanos is on (observed in the UHF band) , with no less

_: than 30 mV amplitude. The EMI signal is the same in both detectors but the
ionization signal, at an instant, happens in only one.

Rg

AA
yyy

E_[ L

(®) Absolute
wes | Measurement

i Deuteron arrivail to production target

o

R 9 r"fﬂ'\'&"\.U"\wM'ﬂ.-n'4"""J|r.-"u’V\-‘u‘b,ﬂ'-0""\-Mﬂ"JH\WHf A AP A PVt A st U g g P e A g T I T

g,

W 4ns delay Ilne |
ET[ | Shielded Difference ;
@ - — SIS i Level trigger positive |
Differential
Measurement

| Signal Inversion:
& The N625 takes 4 ns
= to invert the signal

The synchronous difference signal shows only the ionization pulse
when a neutron arrives at one detector. Changing Level Trigger Sign

selects pulses from one or the other detector. The difference signal in "HJ;

S SoTE ; ;
Us oo _A the analog domaln enables the use Of da trlgger' https://indico.ijclab.in2p3.fr/event/9751/ ARIEL H2020 Final Workshop, 17-19 Janvier 2024, Lab Joliot-Curie, Orsay




Detection of neutron induced reactions in silicon photodiodes at the HISPANoS facility

Photodiode Experiment

Just for calibration we put the same setup under gamma radiation
from a Co60 source (accelerator shut off). We detect no spike from
gamma photons so we concluded the dataset from the experiment
with the accelerator on was due to neutron induced nuclear

reactions in the photodetectors silicon bulk.

Digital Signal Processing of the data set showed the same

conclusion:

0.032 4

0.030 - A typical signal
from a nuclear
reaction,

~100 ns long

0.028 1

0.026 4

Signal (V)
o
(=]
;%]
E=y

0.022 4

0.020 4

0.018

0.016 1

2 -1 0 1 2 3
Time (s) le-

Digital Data
Processing
(low pass
convolution
filter)

Data

-0.01-+
-0.02-

0.04-
0.03-
0.02-
0.01-

0-

Label
® fCos
Raw

-le-7 -4e-8

LI DL L L B L L L L B |

2e-8 6e-8 1e-7 1.6e-7
Time (s)

s(t) = k(t) = /s(’r)k(t — 7)dT
k(t) = wf/ﬁ e_z(t_TW)2 cos%

low pass filter kernel
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Photodiode Experiment

CDF :’lga EEdep(MeV)Close to Source , Day=07
| .  Coefotene - Summary Statistics Ro
075 800 Mean 35234581 W
; / 600 5 StdDev 1.1329032 ‘ED e
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captured events
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FPGA Experiment

The second experiment was oriented to evaluate the usefulness of HISPANoS for Single Event
Upset experiments. The target was a MAX10 FPGA card, with another MAX10 FPGA out of
beam as local controller. The MAX10 target had simple digital design: a memory controller
and a RAM matrix, made with the flip-flop pool of the FPGA. A simple word (fff...) was
recorded in the FPGA RAM memory. The memory controller readouts the RAM and send the
data stream to the controller FPGA, from there to the control computer on a safe place. We
used two uarts as a double check in the data transfer.

data_stream_oul[f] 11 wite_datal8] emply read_oufs] command(g]

a— —

1
read_out vabE| i chmmand vaha[8)

data_ack I reau_oaiaj3z) ¢/ read_dalajaz] i

MEMORY FSM

! i
! i
! i
! i
1 1
H H
1
1 H 1
i : !
1 1 1 1
i ata_swream_in[g] a3 en i1 | commang_ack !
T ..t T T T = B I = M i
! _0a1a_siream_in_Sttis] __j = ! ! !
| + | - B A i
i :I S ! H
H | I T
= I Lo | EE i
i vy i =l !
: | b R ERE i
i = [ " L H
! ! 1 i
i | o) ama_oute] = | i ] i
! = | 1 i
i l aa_atk ata_atk 5 b 1 i
i lk_50Mnz cIk_10Mhz =2 i i ' le i
i 1K _50M olk_ - vl i ! - ] !
I l [ ' c |z !
: [ 1Z |= = :
i — : H xh_h!lﬂ Ie 3 :L !
| s 13 1 L |
1 =
: 5 b A :
8 i
i g B N Target FPGA |
| |l arge |
! emot empt wite_datalg] 1) | dala_ouyg] g H
. Controller FPGA e _ 11| ceo.ou 7 ;
1

H aata_ings) read_aatags] wTiE_en ! Jre_en g ( 0 N b e a m ) !

————— 1
; (off beam) - & ,
. ... ... S L A

Finite slale machine — 1hitdata 00000 e e e memen 32 bit data

Memory _ = = 8 bit data

FPGA|(CONTROLLER

4

——=UARTE
*READ
L] ;
FPGA . TARGET
CONTROLLER| " paTa FPGA
w

In this experiment the difficult part is at the digital
design. Irradiation data analysis is very easy (just a
disagreement in the fff... word received).
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Detection of neutron induced reactions in silicon photodiodes at the HISPANoS facility

FPGA Experiment

With the Target FPGA close to the neutron source we detected SEUs at a  TONR |

rate of one every couple of minutes, sometimes even a total failure of the
readout (an indication of SEU in the memory controller). No stuck bits in R
any case were seen, with the Target FPGA in pristine condition after B 3
scrubbing (or reconfiguration). For future experiments we will design a B 8 e
Shift Register structure in the Target FPGA, without the internal memory ' AR
controller block, now possible because the MAX10 is insensitive to Single y ,
Event Effects Stuck Bits. oot M ANID.EPGA

9 X Controller
- MAX10 FPGA

https://indico.ijclab.in2p3.fr/event/9751/ ARIEL H2020 Final Workshop, 17-19 Janvier 2024, Lab Joliot-Curie, Orsay
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Conclusions

* The photodiode experiment opens the way to more sophisticated detector
experiments in the facility. The differential measurement scheme is resistant

to the ElectroMagnetic Interference from the facility (observed in the UHF

band, ¢secondary electron bremsstrahlung from the backing, SNICS Il 2H
source?). As a plus, we got straight signals from neutron (up to 10 MeV)

induced nuclear reactions in silicon.
e The MAX10 FPGA shows no stuck bits under neutron irradiation. New
Neutron Single Event Effects experiments are planned.

https://indico.ijclab.in2p3.fr/event/9751/ ARIEL H2020 Final Workshop, 17-19 Janvier 2024, Lab Joliot-Curie, Orsay

Coro Vi & oo




Detection of neutron induced reactions in silicon photodiodes at the HISPANoS facility

Thanks for your attention!
fpalomo@us.es

Thanks to the funding programme ARIEL H2020

Ue C_,-N_E@e https://indico.ijclab.in2p3.fr/event/9751/ ARIEL H2020 Final Workshop, 17-19 Janvier 2024, Lab Joliot-Curie, Orsay




