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Objectives

* Determine the expected cross-sections for the Dark Matter
searches within CYGNO Collaboration.

* Estimate the energy released from NR to electron ion-pairs to
assess the detector performance.
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Tonization Yield

The determination of the primary charge produced
by an incident particle (neutral or charged) is not
a issue for high energies.

* Number of electron-ion pairs is quite high;
* Fluctuations tend to be less important;
* No significant variation between ER and NR

4

* Problem arises for low energies, where a
significant fraction of the energy of the NR is
lost through collisions with the nuclei.

2mM - .

AE = ——E;
(m + M)?

Usually no
distinction is made
between excitations

and ionizations.
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Table 5.1 Values of the Energy Dissipation per Ion Pair (the W-Value) for
Different Gases”

. i W-Value (eV/ion pair)
First Ionization

Gas Potential (eV) Fast Electrons Alpha Particles
Ar 15.7 26,4 26.3
He 245 413 42.7
H, 15.6 36.5 36.4
N2 15.5 348 36.4
Air 338 35.1
0, 12.5 30.8 32.2
CH, 14.5 213 29.1

“Values for W from ICRU Report 31, “Average Energy Required to Produce an lon Pair,”
International Commission on Radiation Units and Measurements, Washington, DC, 1979,

W-value depends:
*  Particle

*  Energy

*  Medium

(Knoll, 2000)

Fano w-value
factor (eV)
Mixture . . . Previous . .
_Prevlous Slmulatton This work experimental Simulation This work
experimental results results resulls results
0.19 for 5.68 MeV
a-particles [20] 0.17 [20]
<0.40% 0.03 for 26.4 for 5.3 MeV
1.49 keV X-rays [21] 0,16 for o-particles [26] As you can see values are quite
0.23 £ 0.05 electrons J . q
. (extrapolation to [29] 25.8 % 0.6 (at close but if we look at the
100% Ar infinite pressures) 1280 mbar) [13] . .
(221 0.15 [30] energies used for alpha particles
0.30£ 0.04 [25] 262t 0.7 (at ; i
0.20%919 127] 0.16 [31] 1400 mbar) [14] these are quite high (MeV).
0.22 for 6.0 MeV
o-particles [28] (dO Carmo, 2008)
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W-value is usually obtained experimentally. For low energies, it is possible to Still, the number of primary e- varies almost
observe nonlinearity effects that result from the interaction mechanisms of the # linearly with the energy (except for very low
incident radiation (particle) used in the measurements. energies).

Example: X-rays - 5.86 keV (55Fe) in Xe
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(Conde, 2004) X-ray energy (keV) (Conde, 2004) E,, (keV)
on the energy.  xe

Figure 4.2.3 Photoelectric o,,, Rayleigh og and Compton o cross-sections for X-rays in Xe. Corresponding absorption lengths Y . . . . B . N 5 .
L, Lg and Le. for Xe at 20 °C and 760 Torr refer to the right-hand side axis. Partial shell and subshell cross-sections are 208! ) Figure 4.2.7 W value for X-rays in gaseous Xe as a function of energy (Figure 4 of Dias er al.”). Solid symbols are Monte Carlo

plotied as dotted lines. (Based on Figure 1 of Dias er al.’ and references therein and in hup:fwww.photcoef.com/212154. himl 4.6 4.8 5.0 5.2 5.4 5.6 ;’(aluc}j: Iclhler lsymbc]s ae ?er]\u;d fr(;"? :c]xperm]‘;;ma] Ircju]ls or are absolute measurements (¢,A). Continuous line represents the
and hitp:#physics.nist. govicgi-bin/Xcomixcom3_1) (C X-ray energy E,, (keV) € photoelectnc cross-section. For details see Dias eral. -
onde, 2004 ) Xrayenergy £
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Since most of the w-values found in literature were obtained experimentally, different
processes come into play and their influence needs to be evaluated.

Penning effect Recombination St n
:E' 5; Calumbia Case
iz At Takes place when electrons are sk & oa7wven | |9-0.0kven
If the gas a lower ionization energy than | ‘ £ L =zo0wen | |2 20w
the excitation of the main one, both the thermalized very close to their parent Basb 2 % T .
. . . . E o [
w-value and Fano factor can be reduced ions (within Onsager radius) ¥ ° e a T
dﬂ T dﬂ_ - E_ Sys.+Stat. Errar (Calumbia) o 8 °
_df z_dt = —an+n_ 12; 9,4S|a1[_Enclr(1Caia){ } } } ] l %
Energy that would go to excitation bogdudo b d b b bl
rocesses of the main gas can be n* = number density of positive species 00T e e
P , o _9 n~ = number density of negative species S
conve rted INnto 1onization. a — recombination coefficient FIG. 4. Energy dependence of nuclear recoil ionization yield in

LXe at different drift fields. )
(Aprile, 2006)

Backscattering (tailing effects)

Very low energy X-rays (below 1 or 2 keV) are
absorbed very near the detector window and
since their absorption lengths are very small
(about 20 um for 100 eV x-rays and 200 um
for 1 keV X-rays), some electrons can be
scattered back to the detector window.

Increases W-value

Depend on the reduced electric field.
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Let's look at what happens in SRIM.

In the case of NR a cascade of atoms/ions is produced.

4

So the stopping power is used to determine the
mount  of energy that is  transferred to
ionization/excitation (first term) and the part of
enerqy lost to heat (second term).

dE/dx = (dE/dx)_e + (dE/dx)_nucl

Which is what SRIM does...
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Figure 14. Xe recoil tracks in liquid xenon simulated with TRIM [62] compared with the thermalization
distance (calculated in [134]). The projectile trajectory is shown in red; trajectories of secondary atoms/ions
are in gray with end points in green (this shows the number of secondary atomic recoils in the cascade). No

electron tracks are shown. (C hepe[l 2013)

So in order to compare ER and NR a QF was determined using SRIM. The
use of the term "quenching factor" might be misleading. Since in
semiconductors there are additional mechanisms through which the
excitation energy is dissipated. ‘

Where instead of emitting a deexcitation photon the energy is dissipated
through the defects in the structure or through impurities.
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. . Table 1. Energy expended per scintillation photon for different particles. (Chepel, 2013)
For obvious reasons, in the case of ER we can assume:

Particle Energy LET, MeV/(g-cm?) W,. eV (LAr) W, eV (LXe)
Zero No quenching; Wmin - - 195+ 1.0 13.840.99
19.8% 13.0%
dE/dx = (dE/dx)_e + (dE/dx)_nucl 18.4%) 1474159
13.45+0.29 9
13.7+02°
Relativistic electrons 1 MeV =1 25.1+25¢ 23.7+24°
While in the case of NR this second term is not negligible 2449 e
<358
4246"
dE/dx = (dE/dx)_e + (dE/dx)_nucl gy
Low energy electrons 20— 100 keV ~Tto2 - 183+1.57
‘ 14.2 4
. . 12.7+1.38
So in order to determine the number of 29.6+1.8"
excitations/ionizations) one should use only the electronic a-particles ~ 5 MeV ~ X 107 27.19 ) 1799 }
. 275+28°¢ 19.6+2.0°
stopping power. 163403
17.141.4 10
. ) . . 3927
V\/hICh _needs to be CorreCted (mU[_tlpb_/lng it by d Relativistic heavy ions | ~ 1 GeV/amu ~10% 10 10° 19.4+2.059) 147+159
correction factor.which some call "lonization Quenching Noclear recols® 60 keV 29/40%10° | ~ 1007 (exp) | 95207 (exp)
1 ~909 (theor) | ~ 77 (theor)
FaCtor ' 20 keV 2.6/2.7 x 10° ~ 1007 (exp) | 1104207 (exp)
. . ~ 105 9 (theor) | ~ 86 * (theor)
So..how can we retrieve this value? 5 keV 19/15x10° | ~ 1007 (exp) | 160407 (exp)
And how well can it describe the energy ~ 1407 (thear) -
Fission fragments ~ 1 MeV/amu ~ 10* ~ 1107 60"

transferred to ionization?
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First problem to understand the conversion of the energy deposited to the
observed primary charge is nonlinear for low energies (due to fluctuations in the
lonization processes) .. This is especially relevant for energies below 10 keV

Naively | would think that these aspects play a
crucial role:
* Recombination (leading to the loss of primary

charge);
4

 Charge density is higher for NR and so
electrons produced will thermalize very close
to their parent ions (within Onsager radius)
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Log10(S2/51)

Recomabination
effect

Leading in the case of rare gases
to a higher primary scintillation
yield (gas-phase)

But at the cost of a lower primary
charge.
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How to determine the influence of the incident particle in terms of ionization yield?

@»

First issue, is that the majority of experiments regarding low energy gs_sé. Important: NR ionization yield exhibit a
NR are based on scintillation and so the effect of NR is better gsi—‘ o e slight dependence with the drift field and
understood for scintillation than for ionization. Still, we can learn a  z*s¢ = omven | [oo0amron NR energy.
g% 3=
great deal from them.. 8as- s 8 s Lindhard predicts a slight
XENON1T examp[e 3* o B . ; S decrease in the charge yield
25 E—Sys,&m. Error (Celumbia) o S 8 e for lower N R en erg |es
o old 2: SJE t]c ){ S S S I 7 (oppose to  what s
lonization yie 1'15.‘.;“&-.".J..\.Ji.‘..L.J..M.ﬂ.m.i..\.l..\.‘i. observed here) this might
0 4 50 8 7 0 %0 K0 v be due to the non linearity
For gammas and alpha particles: For nuclear recoils: of the tracks for low energy
FIG. 4. Energy dependence of nuclear recoil ionization yield in
LXe at different drift fields. (Aprile, 2006) (track structure).
QO = Ee/We QO = ErE/We A ] ‘
‘ g - According to Lindhard the
L - Lindhard factor £t : » suppression observed in the
(Aprile, 2006) %D_ ionization yield should be
E independent of the drift
Lindhard's theory describes the energy loss due to nuclear 5 ol field.
w ele. rec., ESTAR
collisions. R )

10° 10' 10° 10*

10°
Energy (keV)

How can we get the Lindhard factor for our gas mixture?

FIG. 5 (color online). Predicted electronic stopping power,
dE/dx, for different particles in LXe. The circles indicate the
particle energies discussed in the text. (Aprile, 2006)
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Questions to be answered...

=
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o
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* Is the Lindheard factor similar to the QF obtained by SRIM?

Naively | wouldn't expect..

Quenching factor (%)

But this might not be as relevant, depending on the difference

——é— - Lindha:éd theory for *He
between both. -

Llndha:dtheoryfor“l- e
SRIM simulation :

Differerice between SI;iIM simulatio

* Isit possible to determine the Lindheart factor for He-CF4?
How do we plan to cross-check it?

Measurement of Scintillation and Ionization Yield and Scintillation Pulse Shape 0 10 20 30 40 50
from Nuclear Recoils in Liquid Argon Total kinetic energy (keV)
1 23 ian 4 — 1 5 3
g_' Elzcr)ﬂlg ;Aélegﬂszﬂ ]f fojﬁ?i”;‘%‘uafdlﬁfjﬁﬁ%ag Kl:a[n(dsz:;]: WAHGL?;;EiOiPéJOLZ%Z:I Fig. 7. Comparison between Lindhard theory, SRIM simulation and Quenching mea-
S. Lyons,* L. Manenti,® C. . Martoff,” Y. Meng,’ D. Montanari,> P. Mosteiro,' D. Olvitt,” surements in *He + 5% C4Hio gas mixture at 700 mbar (from Santos et al. 2008)
S. Pordes,® H. Qian,! B. Rossi,*! R. Saldanha,® S. Sangiorgio,'” K. Siegl,* S. Y. Strauss,*
W. Tan,* J. Tatarowicz,” S. Walker,” H. Wang,” A. W. Watson,” S. Westerdale,! and J. Yoo? (Guillaudin, 2012)

(The SCENE Collaboration)
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What can we do?

¢ We know from LZ and XENON experiments that it is possible to measure it.
* Alternatively we could use na estimate for the efficiency in the production of
the ionization yield.

As we've seen one possibility might be the use
of a IQF (which is the fraction of the energy
of a NR transferred to ionization) and if we
assume that this value is good we can simply
divide the w-value of ER to obtain the primary
charge.

As we know, QF is defined (from our point of view) as being the efficiency of »
converting the energy of an incident particle into ionization (and consequently to
pairs of electrons and ions) which we can measure.

From the definition of the W-value we know that this is already included in its
determination (as it accounts for all mechanisms present for the dissipation of
the excess energy - either elastic or inelastic) ‘

N thic  case the different Still, as we've seen the value of IQF obtained from SRIM

Qo =E,.L/W, mechanicms would be considered « might be far from the Lindhard factor (used by other

with £=Qnr/Qer enabling us to retrieve the rimarl experiments to estimate the ionization yield). Alternatively,

chargeg oroduced by NRp (err/ we could use (Qnr/Qer) as a correction factor for the

Which we can cross check with the should be different from 1). difference in the conversion of the particle energy between
Lindhard factor presented in last slide. the NR and ER.
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The possibility of wusing the IQF (ionization quenching factor) as
defined by Santos (thanks Davide for pointing that out to us), seems
to be an initial adequate approach.

Still, there are some aspects that need to be considered while
evaluating the primary charge expected (number of electron-ion pairs).

COHClU.SlOHS The effect of recombination needs to be evaluated (as it depends

on the type and energy of the incident particle, but also on the
pressure and electric field - reduced electric field)

When considering the 1QF provided by SRIM, one should try to
understand what are the mechanisms used for the energy
dissipation.
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