
1

Negative ion drift operation below the 
thermal limit

This project has received fundings under the European Union’s Horizon 2020 research and innovation programme from the European Research Council (ERC) grant agreement No 818744

Elisabetta Baracchini
Gran Sasso Science Institute & Istituto Nazionale Fisica Nucleare

CYGNO Collaboration Meeting December 2023



Negative ion drift operation below the thermal limit - CYGNO Collaboration Wide Review - E. Baracchini

NID observation

0.90 atm 
(LNGS atmospheric pressure)

He:CF4 
60:40 

1 kV/cm 
(ED)

He:CF4:SF6 
59:39.4:1.6 
0.4 kV/cm 

(NID)

14

ED

NID

GEM preamp output

O(us) rise for ED 
O(ms) rise for NID

sCMOS image PMT waveforms 

O(0.1 us) time extent for ED 
O(10 ms) time extent for NID



Negative ion drift operation below the thermal limit - CYGNO Collaboration Wide Review - E. Baracchini

Recap of measurements & observation

Drift velocity and diffusion measurements with He:CF4SF6 

Demonstration of NID operation at LNGS atmospheric pressure (900 mbar) 

Measured drift velocity and mobility consistent with literature 

Diffusion measurements with He:CF4 / He:CF4SF6 / CF4SF6 

He:CF4 consistent with literature and Garfield++ simulation 

He:CF4:SF6 factor 3.6 below the thermal limit 

CF4:SF6 nearly at the thermal limit (slightly below, but uncertainty on the actual 
temperature of the gas during measurement) 

Results point towards Helium as the component inducing the lower than thermal 
diffusion 

Diffusion measurements He:CF4SF6 result so innovative and such beyond 
current expectation that we would like to aim at a very high impact 
journal (Nature/Science) 

For this reason, extensive review focused on diffusion measurement only for the 
moment
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Diffusion constant & coefficient vs drift field

He:CF4 kTeff/e = 0.0546 +/- 0.0006 V 
CF4:SF6 kTeff/e = 0.0204 +/- 0.0003 V 
He:CF4:SF6 kTeff/e = 0.0070 +/- 0.0001 V

thermal limit 
kTeff/e = 0.0257 V

Drift field below 300 V/cm introduce additional smearing from effects not depending on diffusion (i.e. 
disuniformities in the drift field): to not be considered for the final publication

removing He, 
diffusion increases



Negative ion drift operation below the thermal limit - CYGNO Collaboration Wide Review - E. Baracchini

sCMOS images analysis

track length track slimness

• Alphas selection:

• tracks reconstructed with iterative DBSCAN algorithm [10]


• track length > 1.47 cm


• track slimness < 0.3


• # of peaks in the transverse profile == 1 (select single tracks)


• Chi2/nDOF of transverse fit profile < 5 (remove additional 
multiple tracks)

[10] E. Baracchini et al, JINST 15 (2020) 12 T12003
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Sigma of track profile and track 
integral fitted with Gaussian to 

estimate diffusion and light yield



Negative ion drift operation below the thermal limit - CYGNO Collaboration Wide Review - E. Baracchini

Crosscheck performed

Variables checked for track passing selection and used for the diffusion 
estimation 

Integral, slimness, variance of diffusion RMS, tgausssigma, tgaussampl, lenght, 
width, alphas rate: all nicely Gaussian and following expected behaviour as a 
function of distance/drift field 

Verified that tgausssigma*tgaussampl = integral 

Repeated the analysis using tgaussigma as estimate of diffusion 

All results (ED, NID1 and NID2) consistent with standard analysis 

Checked the pedestal integral, RMS and mean for ED, NID1 and NID2 

ED and NID1 consistent, NID2 slightly lower values 

Check effect of DBSCAN reconstruction on final results 

We are re-running a set of ED and NID1 data with larger and smaller sigma noise 
parameters of DBSCAN, stay tuned
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Is the light yield affecting the 
diffusion measurements? 

No, will show in multiple ways 
and also repeat measurements
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Light yield vs distance vs drift field
He:CF4 (ED) He:CF4:SF6 (NID1) CF4:SF6 (NID2)

Light yield is within a factor 2 between ED and NID1 
 NID1 has larger light yield than NID2, but show significantly smaller 

diffusion
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ED measured diffusion independent of light yield

ED 650 mbar ED 650 mbar650 mbar

Diffusion measurement gain

Same diffusion coefficient measured for ED within nearly one 
order of magnitude light yield variation
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Check track image “by eye”
(…big systematics from myopia… :D)

213 um244 um

He:CF4:SF6 (NID1) He:CF4 (ED)

427 um 600 um

271 +/- 20 590 +/- 20

even though large systematic associated, track dimension by eye seems consistent with analysis results
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To convince without any possible doubt 
everybody we will: 

1) repeat all the measurement again in a more 
consistent way and with 2 different light yield 
also for NID1(and NID2?) 

2) perform diffusion measurement with varying 
concentration of Helium
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Big uncertainty in the estimate of 
the constant σ0 term: can you 

improve it it? 
YES
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Fitting as a function of L/E

He:CF4 kTeff/e = 0.0525 +/- 0.0007 V 
CF4:SF6 kTeff/e = 0.0207 +/- 0.0003 V 
He:CF4:SF6 kTeff/e = 0.00824 +/- 0.0001 V

Note: all the data plotted together, i.e. 300 V/cm, 350 V/cm, 400 V/cm, 600 V/cm for 
2, 3, 4, 6, 9 and 12 cm, i.e. 24 points per plot

Consistency of all data when plotted 
together further strenghten our 
measurement and improves the 

estimate of all paramters
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Conclusions & outlook

•Many experimental and analysis aspects verified 

•All of them results consistent with expectations and 
further strenghten the robustness of the measurements 

•Final crosschecks under way 

•New measurements foreseen in next 2 weeks to 

• show reproducibility 

• demonstrate once and for all diffusion measurement 
independence on light yield 

•  improve consistency among different data taking point  

• test the performances with varying Helium concentration
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A question I would like to have answered:

Do we all agree in pushing for a very high 
impact journal and writing that our 

measurements are poses challenges to the 
current knowledge of ions transport properties 

in gases or do we want to aim at JINST and 
just publish the numbers?
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Backup slides
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Electrons diffusion during drift

σ r.m.s. normal distance at time t
D diffusion coefficient
vd constant drift velocity <<< c

Macroscopic quantities

μ mobility
L = vdt distance travelled after time t

c instantaneous velocity between collisions
l0 mean free path of the drifting particle
𝛕 average time between collisions

Microscopic quantities

N number density
σint interaction cross section

kinematic mobility interaction

diffusion



Negative ion drift operation below the thermal limit - CYGNO Collaboration Wide Review - E. Baracchini

Ions diffusion during drift

kinematic mobility interaction

diffusion

σ r.m.s. normal distance at time t
D diffusion coefficient
vd constant drift velocity <<< c

Macroscopic quantities

μ mobility
L = vdt distance travelled after time t

c instantaneous velocity between collisions
l0 mean free path of the drifting particle
𝛕 average time between collisions

Microscopic quantities

N number density
σint interaction cross section

(low field approximation)
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Drift gap (variable 
from 5 to 15 cm)

Triple thin 50 um 
GEM stack
10 x 10 cm2

PMT

*Detector operated at LNGS (1100 m): atm pressure is 900 mbar

Charge sensitive 
preamplifier 

300 us decay time 
0.113 mV/fC

Teledyne 
LeCroy 

oscilloscope

sCMOS camera Orca 
Fusion @ 20.5 cm distance 

focused through 
Schneider lens (f/0.95) on 

the last GEM

5 cm drift gap setup inside plastic gas-tight box

Acquire sCMOS images, PMT & GEM 
waveforms with 241Am source

Acquired with 
Hokawo 3.0 software
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Experimental setup: the MANGO detector
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A MANGO “in the keg”
Longer drift distance is necessary to measure diffusion: MANGO was installed in a vacuum 

vessel that could host a longer field cage

Because of geometry constraints, the camera is now at 26.6 cm distance (w.r.t. 20.5 cm of the 
previous setup): the light yield reaching the camera sensor is reduced of 2/3 with respect to 

previous configuration

For this reason and in order to be able to measure the diffusion at ∽15 cm drift length and low 
∽150 V/cm drift fields, we reduced the pressure to 650 mbar in the diffusion measurements
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NOTE: diffusion is expected to be independent of pressure
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fatto con tgaussigma

He:CF4 kTeff/e = 0.0441 +/- 0.0006 V 
CF4:SF6 kTeff/e = 0.0223 +/- 0.0003 V 
He:CF4:SF6 kTeff/e = 0.0079 +/- 0.0002 V
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Pedestal study
He:CF4 & 

He:CF4:SF6 
data

CF4:SF6 data
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Data to be rerun with different DBSCAN 
parameters

•NID1 2 cm 400 vcm 5803-5812 

•NID1 12 cm 400 vcm 5941-5955 

•NID1 6 cm 400 vcm 6273-6288 

•ED 12 cm 400 vcm 6585-6594 

•ED 2 cm 400 vcm 6921-6930 

•ED 6 cm 400 vcm 7535-7544
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dalla tesi di rita dipendenza Drift field
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dalla tesi di rita dipendenza da Vgem
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Molecular structures
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SF6 Molecular orbital structures
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CF4 Molecular orbital structures


