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Light Yield Analysis, NID 
electron stripping and 
amplification model



CERN spectral measurements

± 0.2



Back on the envelope charge gain evaluation

• With our gain parameterization 
extract ED gain @ 1050 VGEM 
and rescale for 900 mbar, we 
obtain 3.7 x 10^3 

• If we scale from 1050 VGEM to 
930 VGEM with the fitted 
function, we obtain 750 

• ALTERNATIVELY, with our gain 
parameterization extract ED 
gain @ 930 VGEM and rescale 
for 900 mbar, we obtain 330 

• By rescaling for the spectrum 
ration, we obtain 3.7 x 10^3 /1.7 
x 10^3 

• Bottom line: NID charge gain at 
900 mbar and 650 mbar O(10^3)



Trying to get insight in the amplification process

1) SF6 electron detachment through collisional processes

Collisional detachment is highly favoured in presence of 
noble gases!!!!

Gain: why need such high amplification strength?

In pure SF6, detachment strongly suppressed



Is this verified by other published data with 
our same mixture? YES
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Is this verified by other published data with 
other mixtures? YES again

CS2:Ar 40:660 Torr “scales” better than just because of 
pressure w.r.t. pure CS2 at 40 Torr

Note: no CS2 
collisional 

detachment 
cross section 

measurements 
exist



A closer look at our data

•He and CF4 can be assumed to be at the thermal energy, i.e. 25 meV

• The energy of the center of mass for VGEM [1500, 1600] in the collision with SF6- is


• ± 0.5 eV with He

• ± 7 eV with CF4


•No collisional detachment cross section measurement for SF6- on CF4 exists

• It might be similar to Kr if at first order matter only the mass, but no way to know for sure…

• In any case, the He channel opens “immediately” (i.e. as soon as the anions enter the GEM hole field), 

while the CF4 one has an “inner” (w.r.t. GEM hole entrance) onset

• If similar to Kr, once “open”, the CF4 channel might dominate over the He due to higher cross section

Blue line back on the 
envelope scaling 

from 400V to 550V 

NOTE: since > 500 VGEM is needed to strip electrons, 
NID gain is intrinsically somehow saturated



From NID electron stripping and 
amplification model to transverse 
profile double gaussian



Recap: ED sCMOS images analysis
• Alpha tracks selection:

• tracks reconstructed with iterative DBSCAN algorithm [10]


• track length > 1.5 cm


• track slimness < 0.3


• X and Y track barycenter within ED cosmic ray map cuts (see previous slide)


• Chi2/nDOF of transverse fit profile < 2 (remove additional multiple tracks)


• Selected tracks profile within 100 pixels from the 
barycenter fitted with a single Gaussian
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track length track slimness

Sigma of track profile and track 
integral fitted with single Gaussian to 

estimate diffusion and light yield



ED analysis to demonstrate methodology robustness

• Alphas tracks selection, ED, He:CF4 60:40 @ 650 mbar 
• VGEM scan: 290 V, 300 V, 310 V, 320 V on each GEM

• For each VGEM, 6 drift distance positions (2, 3, 4, 6, 9, and 12 cm) and 5 EDRIFT values (300, 350, 400, 500 and 600 V/cm)

• Total of 120 data sets

Track transverse profile sigma as a function of L/E for different VGEM (aka different LY)

290 VGEM 300 VGEM 310 VGEM 320 VGEM



ED diffusion analysis to demonstrate methodology robustness

• Alphas tracks selection, ED, He:CF4 60:40 @ 650 mbar 
• VGEM scan: 290 V, 300 V, 310 V, 320 V on each GEM

• For each VGEM, 6 drift distance positions (2, 3, 4, 6, 9, and 12 cm) and 5 EDRIFT values (300, 350, 400, 500 and 600 V/cm)

• Total of 120 data sets

Track transverse profile sigma as a function of L/E for different VGEM (aka different LY)

Garfield simulation

Above 290 V, ED data perfectly consistent among them and with Garfield simulation



The experimental setup and the analysis 
methodology is demonstrated to be robust against:  

• Simulation 

• Data taken with other detectors/setups 

• LY variation of one order of magnitude

Take away message:



Recap: NID sCMOS images analysis,  
aka the infamous double gaussian

535V 2cm 600V/cm

535V 6cm 400V/cm

535V 12cm 300V/cm

• Alpha tracks selection (same as ED):

• tracks reconstructed with iterative DBSCAN algorithm [10]

• track length > 1.5 cm

• track slimness < 0.3

• X and Y track barycenter within ED cosmic ray map cuts (see previous slide)

NID transverse profile is NOT a single Gaussian!!! 
It is the sum of 2 Gaussian, with proportions and 
sigmas depending on VGEM (aka gain, aka LY) and L/E!!!



• Alpha tracks selection:

• tracks reconstructed with iterative DBSCAN algorithm [10]

• track length > 1.5 cm

• track slimness < 0.3

• X and Y track barycenter within ED cosmic ray map cuts 

• Chi2/nDOF of double Gaussian fit to transverse fit profile < 2 

• Selected tracks profile within 100 pixels from the barycenter 

fitted with a double Gaussian

535V 2cm 600V/cm

535V 6cm 400V/cm

535V 12cm 300V/cm

• Now the measured 
diffusion has 6 parameters 
• sigma and mean of the “small” 

(i.e. less diffused) Gaussian

• sigma and mean of the “big” (i.e. 

more diffused) Gaussian

• Normalisation of the “small” and 

“big” Gaussian

small Gaussian

big Gaussian

where y is the measured alpha tracks 
transverse profile

Recap: NID sCMOS images analysis,  
aka the infamous double gaussian



The small Gaussian: where the hell does this come from?

small Gaussian

big Gaussian



Ion back flow and GEM gain
Our ansatz: the ion backflow (differently from standard ED case) is seen instantaneously by 
SF6- because of the much slower drift velocity and acts as a “funneling” additional field into 
the GEM holes



small Gaussian

big Gaussian

By purely logical and physical arguments, the number of NID necessary to initiate the 
focusing effect NTHi-, i.e. the number of NID that end up in the big Gaussian: 

 will be a fraction of the total number of NID 

 will inversely depend on L/E, i.e. the larger the cloud arrive at the GEM the lower the number of NID 
in the same hole, hence the larger the fraction of initial NID needed to initiate focusing 

will directly depend on the setup effective gain, i.e. for a given L and E, hence given the same 
number of NID that enters a single hole, the larger the gain the larger the IBF for each single NID, the 
faster the focusing effect is initiated

Nbig/(Nbig + Nsmall)



LY as a better proxy for gain given the complex NID 
amplification mechanism

Ratio of Nbig/(Nbig + Nsmall) minimal fitting function
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Which dependences to expect?











Our ansatz: the ion backflow (differently from standard ED case) is seen instantaneously by 
SF6- because of the much slower drift velocity and acts as a “funneling” additional field into 
the GEM holes

The small Gaussian: where the hell does this come from?

In practice: after some number of N-th anions have been stripped of their electrons and 
these electrons have produced N+th = GGEM * N-th backflowing ions through avalanche, all 
the remaining anions are funneled into the same GEM hole

The threshold N-th anions behaves with standard transport and hence produce the “Big 
Gaussian” in the trasverse profile with Nbig anions, while all the remaining anions funneled 
into the same GEM hole produce the “Small Gaussian” with Nsmall anions

If the ansatz is correct, the ratio of Nsmall/Ntot must have a 
definite and predictable dependence on VGEM and L/E

If the ansatz is correct, operating with 3 fine pitch GEM with 90 um pitch w.r.t. 
standard GEM of 140 um should produce a small Gaussian with sigma = 90 um



NID diffusion analysis: be careful of saturation!
Track integral vs drift distance as a function of drift field, aka “Saturation plots”

• Alphas tracks selection, NID, He:CF4:SF6 59:39.4:1.6 @ 650 mbar 
• VGEM scan: 1545 V, 1560 V, 1575 V, 1590 V, 1605 V total VGEM (corresponding to “ladder” 515V, 520V, 525V, 530V and 535V VGEM)

• For each VGEM, 6 drift distance positions (2, 3, 4, 6, 9, and 12 cm) and 5 EDRIFT values (300, 350, 400, 500 and 600 V/cm)

• Total of 150 data sets

515 VGEM

30
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V/
cm

40
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V/
cm

50
0 

V/
cm

60
0 

V/
cm

520 VGEM 525 VGEM 530 VGEM 530 VGEM• Saturation is when ScIntegral at low distance < 
ScIntegral at large distance


• NID data 59:39.4:1.6 @ 650 mbar ScIntegral spans 
from 20k to 150k (i.e one order of magnitude, 
same overall values and same span of ED) 

• NID data 60:40 @ 650 mbar are saturating at 
nearly all field/VGEM 

• NID data need to be properly selected to avoid 
additional effects from saturation entering in 
the diffusion estimation 

• Note: saturation depends on L/E, aka charge 
density!

350 V/cm not 
shown for 

lack of space

LIME saturated 55Fe 
integral in Run2 



Select data sets with constant integral w.r.t. largest distance at 
a given EDRIFT for each VGEM dataset

How to deal with saturation?

515 VGEM

30
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V/
cm

40
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V/
cm
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V/
cm
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V/
cm

520 VGEM 525 VGEM 530 VGEM 530 VGEM

350 V/cm not 
shown for 

lack of space

all points 
selected

Please note:  
all effects depends 
on L/E, and actual 
selection is made 

on ScIntegral 
normalised to 12 cm 
as a function of L/E

*here shown as a function 
of distance for different 
EDRIFT for lack of time in 

redoing the plots ;)



NID small Gaussian diffusion analysis
Track transverse profile sigma small as a function of L/E for different VGEM (aka different LY)

• Alphas tracks selection, NID, He:CF4:SF6 59:39.4:1.6 @ 650 mbar 
• VGEM scan: 1545 V, 1560 V, 1575 V, 1590 V, 1605 V total VGEM (corresponding to “ladder” 515V, 520V, 525V, 530V and 535V VGEM)

• For each VGEM, 6 drift distance positions (2, 3, 4, 6, 9, and 12 cm) and 5 EDRIFT values (300, 350, 400, 500 and 600 V/cm)

• From these sets of data, only “not saturated” data as from previous slide are used in the following analysis

s = small 
b = big

515 VGEM 520 VGEM 525 VGEM 530 VGEM 535 VGEM



NID small Gaussian diffusion analysis

• sigma0,s is independent of VGEM 

• Teff,s increases with increasing VGEM 

• Small Gaussian effective temperature is ± 5 mV (against 25.7 mV for thermal)



NID big Gaussian diffusion analysis

• Alphas tracks selection, NID, He:CF4:SF6 59:39.4:1.6 @ 650 mbar 
• VGEM scan: 1545 V, 1560 V, 1575 V, 1590 V, 1605 V total VGEM (corresponding to “ladder” 515V, 520V, 525V, 530V and 535V VGEM)

• For each VGEM, 6 drift distance positions (2, 3, 4, 6, 9, and 12 cm) and 5 EDRIFT values (300, 350, 400, 500 and 600 V/cm)

• From these sets of data, only “not saturated” data as from previous slide are used in the following analysis

Track transverse profile sigma big as a function of L/E for different VGEM (aka different LY)

s = small 
b = big

515 VGEM 520 VGEM 525 VGEM 530 VGEM 535 VGEM



NID big Gaussian diffusion analysis

• sigma0,b depends on VGEM 

• Teff,b is independent  VGEM (1605 V data affected by saturation) 
• Big Gaussian effective temperature is ± 14 mV (against 25.7 mV for 

thermal), consistent with Dec 2023 estimate of NID effective temperature



NID diffusion analysis summary

small Gaussian big Gaussian small Gaussian big Gaussian

small Gaussian

big Gaussian

*now on 
same scale





He:CF4:SF6 59:39.4:1.6 versus VGEM



Varying He:CF4 ratio





NID “mix” data, i.e. varying He/CF4 ratio with constant SF6

Track integral vs drift distance as a function of drift field, aka “Saturation plots”

• Alphas tracks selection, NID 
• He content scan at fixed VGEM for each gas mixture configuration

• CF4:SF6 98.4:1.6, He: CF4:SF6 19.7:78.7:1.6,  He: CF4:SF6 39.4:59:1.6, He: CF4:SF6 59:39.4:1.6, aka 0:100, 20:80. 40:60, 60:40

• Varyng pressure to keep similar LY with stable configuration, hence 0:100 @ 305 mbar, 20:80 @ 406 mbar, 40:60 @ 508 mbar and 

60:40 @ 650 mbar

• For each VGEM, 6 drift distance positions (2, 3, 4, 6, 9, and 12 cm) and 5 EDRIFT values (300, 350, 400, 500 and 600 V/cm)

0:100
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20:80 40:60 60:40 @ 520 V

• Saturation is when ScIntegral at low distance < 
ScIntegral at large distance


• NID “mix” ScIntegral spans from 20k to 130k (i.e 
one order of magnitude, same overall values 
and same span of ED) 

• 0:100 ScIntegral > 20:80 ScIntegral > 40:60 
ScIntegral > 60:40 ScIntegral 

• This is by chance! We were just checking “by 
eye” that LY was of same order! 

• NID “mix” data are saturating at nearly all field/
VGEM 

• NID “mix” data need to be properly selected to 
avoid additional effects from saturation entering 
in the diffusion estimation



NID “mix” small Gaussian diffusion analysis
Track transverse profile sigma small as a function of L/E for different VGEM (aka different LY)

s = small 
b = big

• Alphas tracks selection, NID 
• He content scan at fixed VGEM for each gas mixture configuration

• CF4:SF6 98.4:1.6, He: CF4:SF6 19.7:78.7:1.6,  He: CF4:SF6 39.4:59:1.6, He: CF4:SF6 59:39.4:1.6, aka 0:100, 20:80. 40:60, 

60:40

• Varyng pressure to keep similar LY with stable configuration, hence 0:100 @ 305 mbar, 20:80 @ 406 mbar, 40:60 @ 508 

mbar and 60:40 @ 650 mbar

• For each VGEM, 6 drift distance positions (2, 3, 4, 6, 9, and 12 cm) and 5 EDRIFT values (300, 350, 400, 500 and 600 V/cm)

• From these sets of data, only “not saturated” data are used in the following analysis

0:100 20:80 40:60 60:40 @ 520 V



NID “mix” small Gaussian diffusion analysis

• sigma0,s is independent of VGEM, consistent with NID VGEM scan analysis at 60:40 

• Teff,s decreasing with increasing He content, consistent with the LY behaviour as 
a function of He content, hence consistent with NID VGEM scan analysis at 60:40 

• Small Gaussian effective temperature is < 6 mV (against 25.7 mV for thermal)



NID “mix” big Gaussian diffusion analysis
Track transverse profile sigma big as a function of L/E for different VGEM (aka different LY)

s = small 
b = big

• Alphas tracks selection, NID 
• He content scan at fixed VGEM for each gas mixture configuration

• CF4:SF6 98.4:1.6, He: CF4:SF6 19.7:78.7:1.6,  He: CF4:SF6 39.4:59:1.6, He: CF4:SF6 59:39.4:1.6, aka 0:100, 20:80. 40:60, 

60:40

• Varyng pressure to keep similar LY with stable configuration, hence 0:100 @ 305 mbar, 20:80 @ 406 mbar, 40:60 @ 508 

mbar and 60:40 @ 650 mbar

• For each VGEM, 6 drift distance positions (2, 3, 4, 6, 9, and 12 cm) and 5 EDRIFT values (300, 350, 400, 500 and 600 V/cm)

• From these sets of data, only “not saturated” data are used in the following analysis

0:100 20:80 40:60 60:40 @ 520 V



• sigma0,b depends on He content, aka LY, consistent with NID VGEM scan analysis at 60:40 

• Teff,b is independent  VGEM  and consistent in values and behaviour as a function of LY with 
NID VGEM scan analysis at 60:40 

• Big Gaussian effective temperature is ± 14 mV (against 25.7 mV for thermal), consistent  with 
NID VGEM scan analysis at 60:40 and with Dec 2023 estimate of NID effective temperature

NID “mix” big Gaussian diffusion analysis



small Gaussian big Gaussian small Gaussian big Gaussian

Summary of the experimental measurements:
ED 60:40

• ED data can be fitted with a single Gaussian, as expected from prime principles of 
electrons transport in gas 

• Fitted track transverse profile distributions are consistent with our understanding of: 
• a constant term (aka σ0) due to the diffusion within the 3 GEMs stack and dependent only  on the VGEM 

applied to the GEMs (consistent with LIME and Lemon measurement of such term) 
• a term dependent only L/E (aka kTef/e) and NOT on VGEM, due to the diffusion during drift, consistent with 

prime principle expections, Garfield simulation, and LIME and Lemon measurement of such term

NID

• NID data (both VGEM scan and “mix” scan with one order of magnitude LY span) are fitted with a 
double Gaussian 
• the sum of two Gaussian from a statistical point of view implies the existance of two “population”, aka bimodal 

distribution 
• Fitted track transverse profile distributions of “big Gaussian” are consistent with (ED beahviour): 

• a constant term (aka σ0,b) due to the diffusion within the 3 GEMs stack and dependent only  on the VGEM applied to the 
GEMs (similar to ED behaviour) 

• a term dependent on L/E (aka kTeff,b/e) due to the diffusion during drift, 60% below the thermal limit 
• Fitted track transverse profile distributions of “small Gaussian” show: 

• a constant term (aka σ0,s) independent of the VGEM  
• a term dependent very “slowly” dependent on L/E (aka kTeff,b/e) BUT ALSO on VGEM, at about 15% of the thermal limit



• Big Gaussian is the one effectively describing the diffusion:

• the constant term depends on VGEM as for ED

• the Tef depends on L/E as for ED 

• the measured Tef is about 60% of Tthermal


• the measured diffusion coefficient is ± 65 um/sqrt(cm) @ 600 V/cm  (against ± 
140 um/sqrt(cm) for ED at same EDRIFT)


• Small Gaussian is an additional term unrelated to the diffusion along 
the drift distance (aka systematics) and due to disuniformities of the 
NID electron stripping and amplification process close to the first GEM


• It depends on a combination of GEM pitch, VGEM and L/E

• we have some ideas on the small Gaussian origin that we want to verify before sharing 

with you

Our understanding of the picture:

From Dinesh Loomba’s paper on SF6 (ariXiv:1609.05249) Chapter on systematics on the diffusion 
measurements:


[..] the primary sources of systematic effects that contribute to our estimate of the diffusion width: [..] is the 
non-uniformity of the electric field near the THGEM. [..] The broadening effect due to the non-uniformity in 
the drift field close to the THGEM should depend on the THGEM pitch (aka GEM pitch), and the fields in the 
holes (aka VGEM) and TPC drift region (aka L/E). 




…in any case…
…whatever is the origin of the small Gaussian….

…its overall effect is ….

improve directionality!!!!



Backup slides



Center of mass energy full calculation

quindi  



ED & NID energy resolution



Because at too low gain we miss the tails!
Why 290 V inconsistent with other VGEM?

290 VGEM 
2 cm 600 V/cm 

(aka lowest diffused track, 
i.e. best case scenario)

300 VGEM 
2 cm 600 V/cm



Comparison with published results:  
atmospheric pressure absolute value


