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CYGNO project
- The aim of CYGNO project is the development and realisation of a GEM-

based Optically Readout Time Projection Chamber for the study of rare 
events with energy releases in the range 1-100 keV. 


- Expected performance is:


-  High detection efficiency down to 1 keV;


- Directionality at 10 keV;


- Background rejection below 10 keV;


- Main ideas of the technology are:


- He/CF4 based gas target (atmospheric                                                                                                     
pressure); 


- GEM amplification stage;


- Combined optical readout CMOS + PMT; 
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Project phases
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LEMON / LIME prototypes
- Lemon (Lime), prototypes of CYGNO, developed and operated at LNF


- TPC with  with 20 (50) cm drift space


- Triple GEM (20 x 24 cm2) in the TPC anode to amplify ionization charge


- Optical readout of light emitted in the GEM through a CMOS camera 


- 2048 x 2048 pixels (2304 x 2304)


- 1 pixel ~ 125 x 125 μm2 


- noise ~ 2 (1) photons / pixel


- PMT on the cathode side (trigger)
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Types of runs
- Runs for Noise measurement: HV lowered to 300 V


- 2D pedestal map and noise map


- Runs without sources:


- characterization of ambient background (mostly cosmic rays)


- Runs with 55Fe source:


- X-rays with energy 5.9 keV: calibration of energy scale and re-assesment of the energy 
resolution


- Runs with AmBe source (3.5 x 103 MBq):


- photons with E = 59 keV


- photons with E = 4.4 MeV


- neutrons	with	kinetic	energy	[1-10]	MeV	from	α-Be	interaction	=>	main	source	of	nuclear	
recoils
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Example images
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Example image
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The conditions are very different from the real experiment, 
where it is expect only few natural radioactivity background 

and the signal which are short and curvy tracks.

This image is an example of what we 
can have using a specific source and 
what we need to identify:


- Brighter and long tracks;

- Lighter tracks;

- Brighter and rounded tracks;

- Close tracks;

- Overlapped tracks;

- etc..
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Noise Zero-Suppressio

- Noise measured with runs with HV=300 V


- Found to be equivalent to runs in complete dark 
(camera with its own cap)


- Pedestal (CMOS sensor baseline) is subtracted 
pixel-by-pixel


- Zero-suppression to clean sensor noise: Ai - Pi < 
1.3σi 


- σ mode = 1.7 photons


- Noise was found to evolve with time. Weekly 
pedestal runs taken to track:


- pedestal and standard deviation evolution
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Basic Clustering
- iDBSCAN: an application of DBSCAN with these 

peculiarities


- 3D phase space:  2D spatial coordinates (x,y) + pixel 
intensities


- => clusters together neighbor pixels, but 
“weighting” more pixels with higher light


- iterative procedure:


1. parameter set to efficiently cluster very intense 
energy deposits


- targets energetic α’s, NRs


2. remove the clustered pixels, run again with another 
parameter set 


- targets less intense deposits (most of 55Fe 
and track pieces go here)


3.remove again clustered pixels, run again with a 
loose parameter set


- target fake clusters from random 
combinatorics


- Run	on	4x4	rebinned	image	for	CPU-time
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Example of DBSCAN
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DBSCAN divides a dataset into subgroups of high density regions using two 

parameters: epsilon (ε) and minimum amount of points required to form a cluster 

(minPts).

Core	point – a point that has at least 
a minimum number of other points 
(minPts) within its ε radius;


Border	point – a point is within the ε 
radius of a core point BUT has less 
than the minimum number of other 
points (minPts) within its own ε 
radius;


Noise	point – a point that is neither a 
core point or a border point.
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Super Clustering
- Need of something that joins pieces for cosmics / longer tracks


- Use full-resolution to be sensitive to gradients of clusters in zones of local 
minima of the energy release along the path


- chosen	Morphological	Geodesic	Active	Contours	(GAC):

- able to follow kinks and change from convex -> concave shape along track


- very efficient in zones of low information


- can shrink efficienty along the crest of the cluster (300 iterations)


- An “old” algorithm, but with recent developments:


- Kass, Witkin, Terzopoulos Snakes:	Active	contour	models. Int J Comput Vision 1, 321–331


- Caselles, Kimmel and Sapiro, 1997 Geodesic	Active	Contours Int. J. Comput. Vis. 22 61–79 


- Márquez-Neila, Baumela and Alvarez, 2014 A	morphological	approach	to	curvature-based	
evolution	of	curves	and	surfaces, IEEE Trans. Pattern Anal. Mach. Intell. 36 2–17 
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Following gradients
- The supercluster is a deformable spline which is sensitive mainly to the gradient (in 

intensity) of the image, with a weight which considers the continuity and the  
smoothness of the contour


- superclustering is a minimization of the “energy” along the boundary curve C


- the “stopping function” g defines where the edge is located, and it is purely 
geometrical (geodesic)


- some additional constrain is used to ensure the smoothness of the contour, 
especially to follow patterns which turn from convave to convex

12

.FBT� 4DJ� 5FDIOPM� �� 	����
 ������ & #BSBDDIJOJ FU BM

SFDPJM DBOEJEBUF JT WFSZ EFOTF
 IJHIMZ�FOFSHFUJD
 BOE JTPMBUFE�
5IFSFGPSF
 JU JT SFDPOTUSVDUFE BT B TJOHMF DMVTUFS JO UIF àSTU
JUFSBUJPO� 5IF MPOH USBDL TIPXT TFWFSBM DMVTUFST XJUI IJHIFS
JOUFOTJUZ� 0OF PG UIFN IBT B MBSHF FOFSHZ
 BOE JU JT SFDPOTUSVD�
UFE BT BO JTPMBUFE TJOHMF JUFSBUJPO�� DMVTUFS� 5IF SFTU PG UIF
USBDL JT SFDPOTUSVDUFE CZ NVMUJQMF JUFSBUJPO�� DMVTUFST
 XIJDI
BSF TQMJU XIFSF UIF FOFSHZ EFQPTJUJPO IBT B NJOJNVN FYUFOE�
JOH BDSPTT UPP NBOZ QJYFMT UP CF KPJOFE UPHFUIFS JO UIF TBNF
DMVTUFS� &WFOUT MJLF UIFTF
 XIJDI BSF GSFRVFOU GPS NVPOT
 OBU�
VSBM SBEJPBDUJWJUZ
 CVU BMTP TJHOBMT GSPNα�QBSUJDMFT XJUI IJHIFS
FOFSHZ
 PSJHJOBUJOH CZ UIF QPTTJCMF JOUFSBDUJPO PG OFVUSPOT XJUI
UIF QMBTUJD NBUFSJBM PG UIF àFME DBHF
 KVTUJGZ UIF OFFE PG UIF TVC�
TFRVFOU TUFQ PG UIF TVQFSDMVTUFSJOH
 XIJDI GPMMPXT UIF USBDL
XJUIPVU TQMJUUJOH JU JOUP QBSUT� 5IJT JT EFTDSJCFE JO UIF GPMMPXJOH
TFDUJPO�

���� 4VQFSDMVTUFS SFDPOTUSVDUJPO

5IF BJN PG UIF TVQFSDMVTUFSJOH QSPDFEVSF JT UP DPMMFDU UIF
NBKPSJUZ PG UIF QJYFMT CFMPOHJOH UP B USBDL XIJDI JT MPOH BOE
DBO CF TQMJU JO NVMUJQMF QBSUT JO UIF DMVTUFSJOH TUFQ EFTDSJCFE
CFGPSF� *OEFFE
 UIF NBJO MJNJUBUJPO PG *ìêûëéö UP GPMMPX B
MPOH USBDL JT NBJOMZ PSJHJOBUFE CZ UIF OPO VOJGPSN FOFSHZ
SFMFBTF BMPOH UIF QBUI MFOHUI� "T DBO CF DMFBSMZ TFFO JO àH�
VSF �	SJHIU

 PS FWFO JO UIF FYBNQMF PG B SBX JNBHF PG BO FWFOU
XJUI UXP MPOH DPTNJD SBZT JO àHVSF �	SJHIU

 DMVTUFST XJUI MBS�
HFS FOFSHZ SFMFBTF BSF GPMMPXFE CZ SFHJPOT BMPOH UIF QBUI XJUI
B MPXFS PS FWFO B [FSP SFMFBTF� 5IFTF MPDBM NJOJNB BSF TPNF�
UJNFT BT MBSHF
 JO UIF �% TQBDF
 BT UIF UZQJDBM TJ[F PG UIF ε
QBSBNFUFS PG ìêûëéö <��>� %FTQJUF UIF MPX FMFDUSPOJD OPJTF
PG UIF P_*�@6H�b? 9Xy DBNFSB TFOTPS
 UIF FOFSHZ SFMFBTFT
JO UIFTF MPDBM NJOJNB BSF TJNJMBS JO NBHOJUVEF UP UIF BWFSBHF
TJOHMF�QJYFM OPJTF�

5IF *ìêûëéö JT MJNJUFE JO DPOOFDUJOH UIF GVMM MFOHUI PG BO
FYUFOEFE QBUI
 CFDBVTF PG UXP SFBTPOT� 'JSTU
 JOáBUJOH ε QBSB�
NFUFS BT NVDI BT OFFEFE UP DPWFS UIF BSFBT PG MPDBM NJOJNB
DPOáJDUT XJUI UIF OFFE UP SFKFDU OPJTF BSPVOE UIF DMVTUFS� 5IF
CBTJD DMVTUFS QBSBNFUFST XFSF PQUJNJ[FE GPS UIF -íõ÷ö SVO�
OJOH DPOEJUJPOT UP DPMMFDU NPTU PG UIF TJHOBMT XJUI BO FOFSHZ
BT MPX BT GFX LF7T BOE UP SFKFDU UIF UZQJDBM OPJTF PG≈ � QIPUPO
QFS QJYFM� 5IJT BWPJET DPMMFDUJOH FYUSB OPJTF JO UIF DMVTUFS
 CJBT�
JOH UIF FOFSHZ TDBMF BOE XPSTFOJOH JUT SFTPMVUJPO
 BOE LFFQT
UIF SBUF PG GBLF DMVTUFST BU B OFHMJHJCMF MFWFM <��>� 4FDPOE
 UIF
JUFSBUJWF OBUVSF PG UIF BMHPSJUIN
 XJUI EJGGFSFOU QBSBNFUFST GPS
FBDI JUFSBUJPO
 FBDI UVOFE GPS WFSZ EJGGFSFOU JOUFOTJUZ
 NBLFT
JU DPOWFOJFOU BOE FGàDJFOU GPS B EFQPTJUJPO PG B àYFE FOFSHZ
EFOTJUZ 	MJLF UIF TQPUT PSJHJOBUJOH GSPN UIF ��'F TPVSDF

 CVU
OPU GPS UIF DBTFT BT JO àHVSF � 	SJHIU

 XIFSF UIF TBNF USBDL JT
TQMJU JO TFWFSBM QBSUT
 TPNF PG UIFN CFMPOHJOH UP EJGGFSFOU JUFS�
BUJPOT� 5IJT SFRVJSFT B NFUIPE UIBU DBO DPOUJOVPVTMZ GPMMPX
UIF QBUUFSO PG UIF USBDL
 QSPàUJOH PG UIF GVMM SFTPMVUJPO JNBHF

XIFSF UIF HSBEJFOUT PG UIF FOFSHZ EFQPTJUJPO BMPOH UIF USBDL
USBKFDUPSZ BSF TNBMMFS UIBO UIF POFT JO UIF USBOTWFSTF EJSFDUJPO

CVU TUJMM HJWF JOGPSNBUJPO PO UIF FOFSHZ SFMFBTF QBUUFSO� 4FWFSBM
FYJTUJOH BMHPSJUINT XFSF UFTUFE UP QSPàU PG UIJT
 CVU FYFDVUJOH
BOZ PG UIFN PO UIF GVMM ����× ���� JNBHF JT OPU NBOBHFBCMF
$16�XJTF
 EVF UP UIF IVHF QJYFM DPNCJOBUPSJDT�

5IFSFGPSF
 UIF QSPDFEVSF BEPQUFE GPS UIF àOBM TVQFSDMVTUFS
SFDPOTUSVDUJPO JO UIF -íõ÷ö EFUFDUPS TUBSUT GSPN EFàOJOH UIF
JOUFSFTUJOH SFHJPOT JO UIF JNBHF UIBU NBZ DPOUBJO QJYFMT GSPN
BO FOFSHZ EFQPTJU� 5IFTF BSF JEFOUJàFE CZ UIF CBTJD DMVTUFS
BMHPSJUIN *ìêûëéö QSFWJPVTMZ EFTDSJCFE
 XIJDI JT BQQMJFE PO
UIF ���× ��� SFEVDFE�SFTPMVUJPO JNBHF� *O PSEFS UP HBUIFS UIF
QFSJQIFSBM QJYFMT
 FTQFDJBMMZ BMPOH UIF USBDL USBKFDUPSZ XIFSF
CSFBLT JOUP TNBMM CBTJD DMVTUFST NBZ IBWF IBQQFOFE
 B XJO�
EPX PG �× � QJYFMT JT DPOTJEFSFE
 BSPVOE FBDI QJYFM CFMPOHJOH
UP B NBDSP�QJYFM DMVTUFSFE JO B CBTJD DMVTUFS� " GVMM SFTPMVUJPO
JNBHF GPSNFE POMZ CZ UIF JOUFSFTUJOH QJYFMT QBTTJOH UIF TJNQMF
JOJUJBM àMUFSJOH EFTDSJCFE JO TFDUJPO ��� JT DSFBUFE� 5IF HSBEJ�
FOUT PG UIF JOUFOTJUZ /QI JO TVDI BO JNBHF BSF DPNQVUFE QJYFM�
CZ�QJYFM UP MPPL GPS UIF FEHF SFHJPOXIFSF UIF JNBHF UVSOT GSPN
TJHOBM UP OPJTF�POMZ�

||∇(/QI)||=

√(
∂/QI
∂Y

)�

+

(
∂/QI
∂Z

)�

, 	�


XIJMF UIF HSBEJFOU EJSFDUJPO JT HJWFO CZ�

θ = UBO−�
(
∂/QI
∂Z

/
∂/QI
∂Y

)
. 	�


*O PSEFS UP SFEVDF UIF FGGFDU PG UIF OPJTF
 XIJDI JOEVDFT
áVDUVBUJPOT JO UIF àSTU EFSJWBUJWFT PG FRVBUJPO 	�

 B (BVTTJBO
àMUFS JT BQQMJFE
 XIJDI TNPPUIFO UIF SFTQPOTF CZ DPOWPMWJOH
UIF QJYFM JOUFOTJUZ XJUI B (BVTTJBO GVODUJPO
 IBWJOH BT σ UIF
4% PG UIF JOUFOTJUJFT PG BMM UIF QJYFMT DPOTJEFSFE
 BOE SFKFDUJOH
UIF POFT GBMMJOH PVUTJEF B �σ XJOEPX�

5IF TVQFSDMVTUFSJOH BMHPSJUIN
 BQQMJFE PO UIF àMUFSFE
JNBHF
 JT BO BQQMJDBUJPO PG UIF NPSQIPMPHJDBM HFPEFTJD BDUJWF
DPOUPVST <��
 ��>
 DBMMFE (éë JO UIF GPMMPXJOH� 5IJT NFUIPE
VTFT BO BDUJWF DPOUPVS àOEJOH
 XJEFMZ VTFE JO DPNQVUFS WJT�
JPO
 XIFSF UIF CPVOEBSZ DVSWF C PG BO PCKFDU JT EFUFDUFE CZ
NJOJNJ[JOH UIF FOFSHZ & BTTPDJBUFE UP C�

&(C) =
ˆ �

�
H(/QI)(C(Q)) · |CQ|EQ, 	�


XIFSF ET= |CQ|EQ JT UIF BSD�MFOHUI QBSBNFUFSJ[BUJPO PG UIF
DVSWF JO UIF �% TQBDF
 BOE H JT UIF TUPQQJOH FEHF GVODUJPO

XIJDI BMMPXT UP TFMFDU UIF CPVOEBSZ PG UIF DMVTUFS� *O UIF
(éë NFUIPE VTFE GPS UIF -íõ÷ö JNBHFT
 UIF H GVODUJPO JT
QVSFMZ HFPNFUSJDBM
 BOE VTFT UIF HFPEFTJDT PG UIF JNBHF
 J�F�
UIF MPDBM NJOJNBM EJTUBODF QBUI KPJOJOH QPJOUT XJUI UIF TBNF
MJHIU JOUFOTJUZ HSBEJFOU� 5IF GVODUJPO H(/QI) JT HJWFO CZ�

H(/QI) =
�√

�+α|∇(σ ∗/QI|
, 	�


XIJDI JT NJOJNBM JO UIF FEHFT PG UIF JNBHF� 5IF (σ ∗/QI JT
UIF BGPSFNFOUJPOFE �σ (BVTTJBO àMUFS
 BOE UIF QBSBNFUFS α

XIJDI SFHVMBUFT UIF TUSFOHUI PG UIF àMUFS
 XBT UVOFE PO UZQJDBM
-íõ÷ö JNBHFT UP CF α= ����

5IJT NFUIPE XBT DIPTFO CFDBVTF JU BMMPXT VT UP GPMMPX QBU�
UFSOT UIBU NBZ WBSZ GSPN DPOWFY UP DPODBWF TIBQF
 FWFOUV�
BMMZ XJUI LJOLT
 F�H� JO DBTFT PG δ�SBZ FNJTTJPOT� 5P JNQSPWF
UIF TISJOLJOH PG UIF DMVTUFS CPVOEBSZ JO UIF DBTFT PG USBDLT

�

.FBT� 4DJ� 5FDIOPM� �� 	����
 ������ & #BSBDDIJOJ FU BM

SFDPJM DBOEJEBUF JT WFSZ EFOTF
 IJHIMZ�FOFSHFUJD
 BOE JTPMBUFE�
5IFSFGPSF
 JU JT SFDPOTUSVDUFE BT B TJOHMF DMVTUFS JO UIF àSTU
JUFSBUJPO� 5IF MPOH USBDL TIPXT TFWFSBM DMVTUFST XJUI IJHIFS
JOUFOTJUZ� 0OF PG UIFN IBT B MBSHF FOFSHZ
 BOE JU JT SFDPOTUSVD�
UFE BT BO JTPMBUFE TJOHMF JUFSBUJPO�� DMVTUFS� 5IF SFTU PG UIF
USBDL JT SFDPOTUSVDUFE CZ NVMUJQMF JUFSBUJPO�� DMVTUFST
 XIJDI
BSF TQMJU XIFSF UIF FOFSHZ EFQPTJUJPO IBT B NJOJNVN FYUFOE�
JOH BDSPTT UPP NBOZ QJYFMT UP CF KPJOFE UPHFUIFS JO UIF TBNF
DMVTUFS� &WFOUT MJLF UIFTF
 XIJDI BSF GSFRVFOU GPS NVPOT
 OBU�
VSBM SBEJPBDUJWJUZ
 CVU BMTP TJHOBMT GSPNα�QBSUJDMFT XJUI IJHIFS
FOFSHZ
 PSJHJOBUJOH CZ UIF QPTTJCMF JOUFSBDUJPO PG OFVUSPOT XJUI
UIF QMBTUJD NBUFSJBM PG UIF àFME DBHF
 KVTUJGZ UIF OFFE PG UIF TVC�
TFRVFOU TUFQ PG UIF TVQFSDMVTUFSJOH
 XIJDI GPMMPXT UIF USBDL
XJUIPVU TQMJUUJOH JU JOUP QBSUT� 5IJT JT EFTDSJCFE JO UIF GPMMPXJOH
TFDUJPO�

���� 4VQFSDMVTUFS SFDPOTUSVDUJPO

5IF BJN PG UIF TVQFSDMVTUFSJOH QSPDFEVSF JT UP DPMMFDU UIF
NBKPSJUZ PG UIF QJYFMT CFMPOHJOH UP B USBDL XIJDI JT MPOH BOE
DBO CF TQMJU JO NVMUJQMF QBSUT JO UIF DMVTUFSJOH TUFQ EFTDSJCFE
CFGPSF� *OEFFE
 UIF NBJO MJNJUBUJPO PG *ìêûëéö UP GPMMPX B
MPOH USBDL JT NBJOMZ PSJHJOBUFE CZ UIF OPO VOJGPSN FOFSHZ
SFMFBTF BMPOH UIF QBUI MFOHUI� "T DBO CF DMFBSMZ TFFO JO àH�
VSF �	SJHIU

 PS FWFO JO UIF FYBNQMF PG B SBX JNBHF PG BO FWFOU
XJUI UXP MPOH DPTNJD SBZT JO àHVSF �	SJHIU

 DMVTUFST XJUI MBS�
HFS FOFSHZ SFMFBTF BSF GPMMPXFE CZ SFHJPOT BMPOH UIF QBUI XJUI
B MPXFS PS FWFO B [FSP SFMFBTF� 5IFTF MPDBM NJOJNB BSF TPNF�
UJNFT BT MBSHF
 JO UIF �% TQBDF
 BT UIF UZQJDBM TJ[F PG UIF ε
QBSBNFUFS PG ìêûëéö <��>� %FTQJUF UIF MPX FMFDUSPOJD OPJTF
PG UIF P_*�@6H�b? 9Xy DBNFSB TFOTPS
 UIF FOFSHZ SFMFBTFT
JO UIFTF MPDBM NJOJNB BSF TJNJMBS JO NBHOJUVEF UP UIF BWFSBHF
TJOHMF�QJYFM OPJTF�

5IF *ìêûëéö JT MJNJUFE JO DPOOFDUJOH UIF GVMM MFOHUI PG BO
FYUFOEFE QBUI
 CFDBVTF PG UXP SFBTPOT� 'JSTU
 JOáBUJOH ε QBSB�
NFUFS BT NVDI BT OFFEFE UP DPWFS UIF BSFBT PG MPDBM NJOJNB
DPOáJDUT XJUI UIF OFFE UP SFKFDU OPJTF BSPVOE UIF DMVTUFS� 5IF
CBTJD DMVTUFS QBSBNFUFST XFSF PQUJNJ[FE GPS UIF -íõ÷ö SVO�
OJOH DPOEJUJPOT UP DPMMFDU NPTU PG UIF TJHOBMT XJUI BO FOFSHZ
BT MPX BT GFX LF7T BOE UP SFKFDU UIF UZQJDBM OPJTF PG≈ � QIPUPO
QFS QJYFM� 5IJT BWPJET DPMMFDUJOH FYUSB OPJTF JO UIF DMVTUFS
 CJBT�
JOH UIF FOFSHZ TDBMF BOE XPSTFOJOH JUT SFTPMVUJPO
 BOE LFFQT
UIF SBUF PG GBLF DMVTUFST BU B OFHMJHJCMF MFWFM <��>� 4FDPOE
 UIF
JUFSBUJWF OBUVSF PG UIF BMHPSJUIN
 XJUI EJGGFSFOU QBSBNFUFST GPS
FBDI JUFSBUJPO
 FBDI UVOFE GPS WFSZ EJGGFSFOU JOUFOTJUZ
 NBLFT
JU DPOWFOJFOU BOE FGàDJFOU GPS B EFQPTJUJPO PG B àYFE FOFSHZ
EFOTJUZ 	MJLF UIF TQPUT PSJHJOBUJOH GSPN UIF ��'F TPVSDF

 CVU
OPU GPS UIF DBTFT BT JO àHVSF � 	SJHIU

 XIFSF UIF TBNF USBDL JT
TQMJU JO TFWFSBM QBSUT
 TPNF PG UIFN CFMPOHJOH UP EJGGFSFOU JUFS�
BUJPOT� 5IJT SFRVJSFT B NFUIPE UIBU DBO DPOUJOVPVTMZ GPMMPX
UIF QBUUFSO PG UIF USBDL
 QSPàUJOH PG UIF GVMM SFTPMVUJPO JNBHF

XIFSF UIF HSBEJFOUT PG UIF FOFSHZ EFQPTJUJPO BMPOH UIF USBDL
USBKFDUPSZ BSF TNBMMFS UIBO UIF POFT JO UIF USBOTWFSTF EJSFDUJPO

CVU TUJMM HJWF JOGPSNBUJPO PO UIF FOFSHZ SFMFBTF QBUUFSO� 4FWFSBM
FYJTUJOH BMHPSJUINT XFSF UFTUFE UP QSPàU PG UIJT
 CVU FYFDVUJOH
BOZ PG UIFN PO UIF GVMM ����× ���� JNBHF JT OPU NBOBHFBCMF
$16�XJTF
 EVF UP UIF IVHF QJYFM DPNCJOBUPSJDT�

5IFSFGPSF
 UIF QSPDFEVSF BEPQUFE GPS UIF àOBM TVQFSDMVTUFS
SFDPOTUSVDUJPO JO UIF -íõ÷ö EFUFDUPS TUBSUT GSPN EFàOJOH UIF
JOUFSFTUJOH SFHJPOT JO UIF JNBHF UIBU NBZ DPOUBJO QJYFMT GSPN
BO FOFSHZ EFQPTJU� 5IFTF BSF JEFOUJàFE CZ UIF CBTJD DMVTUFS
BMHPSJUIN *ìêûëéö QSFWJPVTMZ EFTDSJCFE
 XIJDI JT BQQMJFE PO
UIF ���× ��� SFEVDFE�SFTPMVUJPO JNBHF� *O PSEFS UP HBUIFS UIF
QFSJQIFSBM QJYFMT
 FTQFDJBMMZ BMPOH UIF USBDL USBKFDUPSZ XIFSF
CSFBLT JOUP TNBMM CBTJD DMVTUFST NBZ IBWF IBQQFOFE
 B XJO�
EPX PG �× � QJYFMT JT DPOTJEFSFE
 BSPVOE FBDI QJYFM CFMPOHJOH
UP B NBDSP�QJYFM DMVTUFSFE JO B CBTJD DMVTUFS� " GVMM SFTPMVUJPO
JNBHF GPSNFE POMZ CZ UIF JOUFSFTUJOH QJYFMT QBTTJOH UIF TJNQMF
JOJUJBM àMUFSJOH EFTDSJCFE JO TFDUJPO ��� JT DSFBUFE� 5IF HSBEJ�
FOUT PG UIF JOUFOTJUZ /QI JO TVDI BO JNBHF BSF DPNQVUFE QJYFM�
CZ�QJYFM UP MPPL GPS UIF FEHF SFHJPOXIFSF UIF JNBHF UVSOT GSPN
TJHOBM UP OPJTF�POMZ�
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*O PSEFS UP SFEVDF UIF FGGFDU PG UIF OPJTF
 XIJDI JOEVDFT
áVDUVBUJPOT JO UIF àSTU EFSJWBUJWFT PG FRVBUJPO 	�

 B (BVTTJBO
àMUFS JT BQQMJFE
 XIJDI TNPPUIFO UIF SFTQPOTF CZ DPOWPMWJOH
UIF QJYFM JOUFOTJUZ XJUI B (BVTTJBO GVODUJPO
 IBWJOH BT σ UIF
4% PG UIF JOUFOTJUJFT PG BMM UIF QJYFMT DPOTJEFSFE
 BOE SFKFDUJOH
UIF POFT GBMMJOH PVUTJEF B �σ XJOEPX�

5IF TVQFSDMVTUFSJOH BMHPSJUIN
 BQQMJFE PO UIF àMUFSFE
JNBHF
 JT BO BQQMJDBUJPO PG UIF NPSQIPMPHJDBM HFPEFTJD BDUJWF
DPOUPVST <��
 ��>
 DBMMFE (éë JO UIF GPMMPXJOH� 5IJT NFUIPE
VTFT BO BDUJWF DPOUPVS àOEJOH
 XJEFMZ VTFE JO DPNQVUFS WJT�
JPO
 XIFSF UIF CPVOEBSZ DVSWF C PG BO PCKFDU JT EFUFDUFE CZ
NJOJNJ[JOH UIF FOFSHZ & BTTPDJBUFE UP C�
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�
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XIFSF ET= |CQ|EQ JT UIF BSD�MFOHUI QBSBNFUFSJ[BUJPO PG UIF
DVSWF JO UIF �% TQBDF
 BOE H JT UIF TUPQQJOH FEHF GVODUJPO

XIJDI BMMPXT UP TFMFDU UIF CPVOEBSZ PG UIF DMVTUFS� *O UIF
(éë NFUIPE VTFE GPS UIF -íõ÷ö JNBHFT
 UIF H GVODUJPO JT
QVSFMZ HFPNFUSJDBM
 BOE VTFT UIF HFPEFTJDT PG UIF JNBHF
 J�F�
UIF MPDBM NJOJNBM EJTUBODF QBUI KPJOJOH QPJOUT XJUI UIF TBNF
MJHIU JOUFOTJUZ HSBEJFOU� 5IF GVODUJPO H(/QI) JT HJWFO CZ�

H(/QI) =
�√

�+α|∇(σ ∗/QI|
, 	�


XIJDI JT NJOJNBM JO UIF FEHFT PG UIF JNBHF� 5IF (σ ∗/QI JT
UIF BGPSFNFOUJPOFE �σ (BVTTJBO àMUFS
 BOE UIF QBSBNFUFS α

XIJDI SFHVMBUFT UIF TUSFOHUI PG UIF àMUFS
 XBT UVOFE PO UZQJDBM
-íõ÷ö JNBHFT UP CF α= ����

5IJT NFUIPE XBT DIPTFO CFDBVTF JU BMMPXT VT UP GPMMPX QBU�
UFSOT UIBU NBZ WBSZ GSPN DPOWFY UP DPODBWF TIBQF
 FWFOUV�
BMMZ XJUI LJOLT
 F�H� JO DBTFT PG δ�SBZ FNJTTJPOT� 5P JNQSPWF
UIF TISJOLJOH PG UIF DMVTUFS CPVOEBSZ JO UIF DBTFT PG USBDLT

�

gradient	in	intensity gradient	in	direction

.FBT� 4DJ� 5FDIOPM� �� 	����
 ������ & #BSBDDIJOJ FU BM

SFDPJM DBOEJEBUF JT WFSZ EFOTF
 IJHIMZ�FOFSHFUJD
 BOE JTPMBUFE�
5IFSFGPSF
 JU JT SFDPOTUSVDUFE BT B TJOHMF DMVTUFS JO UIF àSTU
JUFSBUJPO� 5IF MPOH USBDL TIPXT TFWFSBM DMVTUFST XJUI IJHIFS
JOUFOTJUZ� 0OF PG UIFN IBT B MBSHF FOFSHZ
 BOE JU JT SFDPOTUSVD�
UFE BT BO JTPMBUFE TJOHMF JUFSBUJPO�� DMVTUFS� 5IF SFTU PG UIF
USBDL JT SFDPOTUSVDUFE CZ NVMUJQMF JUFSBUJPO�� DMVTUFST
 XIJDI
BSF TQMJU XIFSF UIF FOFSHZ EFQPTJUJPO IBT B NJOJNVN FYUFOE�
JOH BDSPTT UPP NBOZ QJYFMT UP CF KPJOFE UPHFUIFS JO UIF TBNF
DMVTUFS� &WFOUT MJLF UIFTF
 XIJDI BSF GSFRVFOU GPS NVPOT
 OBU�
VSBM SBEJPBDUJWJUZ
 CVU BMTP TJHOBMT GSPNα�QBSUJDMFT XJUI IJHIFS
FOFSHZ
 PSJHJOBUJOH CZ UIF QPTTJCMF JOUFSBDUJPO PG OFVUSPOT XJUI
UIF QMBTUJD NBUFSJBM PG UIF àFME DBHF
 KVTUJGZ UIF OFFE PG UIF TVC�
TFRVFOU TUFQ PG UIF TVQFSDMVTUFSJOH
 XIJDI GPMMPXT UIF USBDL
XJUIPVU TQMJUUJOH JU JOUP QBSUT� 5IJT JT EFTDSJCFE JO UIF GPMMPXJOH
TFDUJPO�

���� 4VQFSDMVTUFS SFDPOTUSVDUJPO

5IF BJN PG UIF TVQFSDMVTUFSJOH QSPDFEVSF JT UP DPMMFDU UIF
NBKPSJUZ PG UIF QJYFMT CFMPOHJOH UP B USBDL XIJDI JT MPOH BOE
DBO CF TQMJU JO NVMUJQMF QBSUT JO UIF DMVTUFSJOH TUFQ EFTDSJCFE
CFGPSF� *OEFFE
 UIF NBJO MJNJUBUJPO PG *ìêûëéö UP GPMMPX B
MPOH USBDL JT NBJOMZ PSJHJOBUFE CZ UIF OPO VOJGPSN FOFSHZ
SFMFBTF BMPOH UIF QBUI MFOHUI� "T DBO CF DMFBSMZ TFFO JO àH�
VSF �	SJHIU

 PS FWFO JO UIF FYBNQMF PG B SBX JNBHF PG BO FWFOU
XJUI UXP MPOH DPTNJD SBZT JO àHVSF �	SJHIU

 DMVTUFST XJUI MBS�
HFS FOFSHZ SFMFBTF BSF GPMMPXFE CZ SFHJPOT BMPOH UIF QBUI XJUI
B MPXFS PS FWFO B [FSP SFMFBTF� 5IFTF MPDBM NJOJNB BSF TPNF�
UJNFT BT MBSHF
 JO UIF �% TQBDF
 BT UIF UZQJDBM TJ[F PG UIF ε
QBSBNFUFS PG ìêûëéö <��>� %FTQJUF UIF MPX FMFDUSPOJD OPJTF
PG UIF P_*�@6H�b? 9Xy DBNFSB TFOTPS
 UIF FOFSHZ SFMFBTFT
JO UIFTF MPDBM NJOJNB BSF TJNJMBS JO NBHOJUVEF UP UIF BWFSBHF
TJOHMF�QJYFM OPJTF�

5IF *ìêûëéö JT MJNJUFE JO DPOOFDUJOH UIF GVMM MFOHUI PG BO
FYUFOEFE QBUI
 CFDBVTF PG UXP SFBTPOT� 'JSTU
 JOáBUJOH ε QBSB�
NFUFS BT NVDI BT OFFEFE UP DPWFS UIF BSFBT PG MPDBM NJOJNB
DPOáJDUT XJUI UIF OFFE UP SFKFDU OPJTF BSPVOE UIF DMVTUFS� 5IF
CBTJD DMVTUFS QBSBNFUFST XFSF PQUJNJ[FE GPS UIF -íõ÷ö SVO�
OJOH DPOEJUJPOT UP DPMMFDU NPTU PG UIF TJHOBMT XJUI BO FOFSHZ
BT MPX BT GFX LF7T BOE UP SFKFDU UIF UZQJDBM OPJTF PG≈ � QIPUPO
QFS QJYFM� 5IJT BWPJET DPMMFDUJOH FYUSB OPJTF JO UIF DMVTUFS
 CJBT�
JOH UIF FOFSHZ TDBMF BOE XPSTFOJOH JUT SFTPMVUJPO
 BOE LFFQT
UIF SBUF PG GBLF DMVTUFST BU B OFHMJHJCMF MFWFM <��>� 4FDPOE
 UIF
JUFSBUJWF OBUVSF PG UIF BMHPSJUIN
 XJUI EJGGFSFOU QBSBNFUFST GPS
FBDI JUFSBUJPO
 FBDI UVOFE GPS WFSZ EJGGFSFOU JOUFOTJUZ
 NBLFT
JU DPOWFOJFOU BOE FGàDJFOU GPS B EFQPTJUJPO PG B àYFE FOFSHZ
EFOTJUZ 	MJLF UIF TQPUT PSJHJOBUJOH GSPN UIF ��'F TPVSDF

 CVU
OPU GPS UIF DBTFT BT JO àHVSF � 	SJHIU

 XIFSF UIF TBNF USBDL JT
TQMJU JO TFWFSBM QBSUT
 TPNF PG UIFN CFMPOHJOH UP EJGGFSFOU JUFS�
BUJPOT� 5IJT SFRVJSFT B NFUIPE UIBU DBO DPOUJOVPVTMZ GPMMPX
UIF QBUUFSO PG UIF USBDL
 QSPàUJOH PG UIF GVMM SFTPMVUJPO JNBHF

XIFSF UIF HSBEJFOUT PG UIF FOFSHZ EFQPTJUJPO BMPOH UIF USBDL
USBKFDUPSZ BSF TNBMMFS UIBO UIF POFT JO UIF USBOTWFSTF EJSFDUJPO

CVU TUJMM HJWF JOGPSNBUJPO PO UIF FOFSHZ SFMFBTF QBUUFSO� 4FWFSBM
FYJTUJOH BMHPSJUINT XFSF UFTUFE UP QSPàU PG UIJT
 CVU FYFDVUJOH
BOZ PG UIFN PO UIF GVMM ����× ���� JNBHF JT OPU NBOBHFBCMF
$16�XJTF
 EVF UP UIF IVHF QJYFM DPNCJOBUPSJDT�

5IFSFGPSF
 UIF QSPDFEVSF BEPQUFE GPS UIF àOBM TVQFSDMVTUFS
SFDPOTUSVDUJPO JO UIF -íõ÷ö EFUFDUPS TUBSUT GSPN EFàOJOH UIF
JOUFSFTUJOH SFHJPOT JO UIF JNBHF UIBU NBZ DPOUBJO QJYFMT GSPN
BO FOFSHZ EFQPTJU� 5IFTF BSF JEFOUJàFE CZ UIF CBTJD DMVTUFS
BMHPSJUIN *ìêûëéö QSFWJPVTMZ EFTDSJCFE
 XIJDI JT BQQMJFE PO
UIF ���× ��� SFEVDFE�SFTPMVUJPO JNBHF� *O PSEFS UP HBUIFS UIF
QFSJQIFSBM QJYFMT
 FTQFDJBMMZ BMPOH UIF USBDL USBKFDUPSZ XIFSF
CSFBLT JOUP TNBMM CBTJD DMVTUFST NBZ IBWF IBQQFOFE
 B XJO�
EPX PG �× � QJYFMT JT DPOTJEFSFE
 BSPVOE FBDI QJYFM CFMPOHJOH
UP B NBDSP�QJYFM DMVTUFSFE JO B CBTJD DMVTUFS� " GVMM SFTPMVUJPO
JNBHF GPSNFE POMZ CZ UIF JOUFSFTUJOH QJYFMT QBTTJOH UIF TJNQMF
JOJUJBM àMUFSJOH EFTDSJCFE JO TFDUJPO ��� JT DSFBUFE� 5IF HSBEJ�
FOUT PG UIF JOUFOTJUZ /QI JO TVDI BO JNBHF BSF DPNQVUFE QJYFM�
CZ�QJYFM UP MPPL GPS UIF FEHF SFHJPOXIFSF UIF JNBHF UVSOT GSPN
TJHOBM UP OPJTF�POMZ�
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*O PSEFS UP SFEVDF UIF FGGFDU PG UIF OPJTF
 XIJDI JOEVDFT
áVDUVBUJPOT JO UIF àSTU EFSJWBUJWFT PG FRVBUJPO 	�

 B (BVTTJBO
àMUFS JT BQQMJFE
 XIJDI TNPPUIFO UIF SFTQPOTF CZ DPOWPMWJOH
UIF QJYFM JOUFOTJUZ XJUI B (BVTTJBO GVODUJPO
 IBWJOH BT σ UIF
4% PG UIF JOUFOTJUJFT PG BMM UIF QJYFMT DPOTJEFSFE
 BOE SFKFDUJOH
UIF POFT GBMMJOH PVUTJEF B �σ XJOEPX�

5IF TVQFSDMVTUFSJOH BMHPSJUIN
 BQQMJFE PO UIF àMUFSFE
JNBHF
 JT BO BQQMJDBUJPO PG UIF NPSQIPMPHJDBM HFPEFTJD BDUJWF
DPOUPVST <��
 ��>
 DBMMFE (éë JO UIF GPMMPXJOH� 5IJT NFUIPE
VTFT BO BDUJWF DPOUPVS àOEJOH
 XJEFMZ VTFE JO DPNQVUFS WJT�
JPO
 XIFSF UIF CPVOEBSZ DVSWF C PG BO PCKFDU JT EFUFDUFE CZ
NJOJNJ[JOH UIF FOFSHZ & BTTPDJBUFE UP C�
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�
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XIFSF ET= |CQ|EQ JT UIF BSD�MFOHUI QBSBNFUFSJ[BUJPO PG UIF
DVSWF JO UIF �% TQBDF
 BOE H JT UIF TUPQQJOH FEHF GVODUJPO

XIJDI BMMPXT UP TFMFDU UIF CPVOEBSZ PG UIF DMVTUFS� *O UIF
(éë NFUIPE VTFE GPS UIF -íõ÷ö JNBHFT
 UIF H GVODUJPO JT
QVSFMZ HFPNFUSJDBM
 BOE VTFT UIF HFPEFTJDT PG UIF JNBHF
 J�F�
UIF MPDBM NJOJNBM EJTUBODF QBUI KPJOJOH QPJOUT XJUI UIF TBNF
MJHIU JOUFOTJUZ HSBEJFOU� 5IF GVODUJPO H(/QI) JT HJWFO CZ�

H(/QI) =
�√

�+α|∇(σ ∗/QI|
, 	�


XIJDI JT NJOJNBM JO UIF FEHFT PG UIF JNBHF� 5IF (σ ∗/QI JT
UIF BGPSFNFOUJPOFE �σ (BVTTJBO àMUFS
 BOE UIF QBSBNFUFS α

XIJDI SFHVMBUFT UIF TUSFOHUI PG UIF àMUFS
 XBT UVOFE PO UZQJDBM
-íõ÷ö JNBHFT UP CF α= ����

5IJT NFUIPE XBT DIPTFO CFDBVTF JU BMMPXT VT UP GPMMPX QBU�
UFSOT UIBU NBZ WBSZ GSPN DPOWFY UP DPODBWF TIBQF
 FWFOUV�
BMMZ XJUI LJOLT
 F�H� JO DBTFT PG δ�SBZ FNJTTJPOT� 5P JNQSPWF
UIF TISJOLJOH PG UIF DMVTUFS CPVOEBSZ JO UIF DBTFT PG USBDLT

�
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SFDPJM DBOEJEBUF JT WFSZ EFOTF
 IJHIMZ�FOFSHFUJD
 BOE JTPMBUFE�
5IFSFGPSF
 JU JT SFDPOTUSVDUFE BT B TJOHMF DMVTUFS JO UIF àSTU
JUFSBUJPO� 5IF MPOH USBDL TIPXT TFWFSBM DMVTUFST XJUI IJHIFS
JOUFOTJUZ� 0OF PG UIFN IBT B MBSHF FOFSHZ
 BOE JU JT SFDPOTUSVD�
UFE BT BO JTPMBUFE TJOHMF JUFSBUJPO�� DMVTUFS� 5IF SFTU PG UIF
USBDL JT SFDPOTUSVDUFE CZ NVMUJQMF JUFSBUJPO�� DMVTUFST
 XIJDI
BSF TQMJU XIFSF UIF FOFSHZ EFQPTJUJPO IBT B NJOJNVN FYUFOE�
JOH BDSPTT UPP NBOZ QJYFMT UP CF KPJOFE UPHFUIFS JO UIF TBNF
DMVTUFS� &WFOUT MJLF UIFTF
 XIJDI BSF GSFRVFOU GPS NVPOT
 OBU�
VSBM SBEJPBDUJWJUZ
 CVU BMTP TJHOBMT GSPNα�QBSUJDMFT XJUI IJHIFS
FOFSHZ
 PSJHJOBUJOH CZ UIF QPTTJCMF JOUFSBDUJPO PG OFVUSPOT XJUI
UIF QMBTUJD NBUFSJBM PG UIF àFME DBHF
 KVTUJGZ UIF OFFE PG UIF TVC�
TFRVFOU TUFQ PG UIF TVQFSDMVTUFSJOH
 XIJDI GPMMPXT UIF USBDL
XJUIPVU TQMJUUJOH JU JOUP QBSUT� 5IJT JT EFTDSJCFE JO UIF GPMMPXJOH
TFDUJPO�

���� 4VQFSDMVTUFS SFDPOTUSVDUJPO

5IF BJN PG UIF TVQFSDMVTUFSJOH QSPDFEVSF JT UP DPMMFDU UIF
NBKPSJUZ PG UIF QJYFMT CFMPOHJOH UP B USBDL XIJDI JT MPOH BOE
DBO CF TQMJU JO NVMUJQMF QBSUT JO UIF DMVTUFSJOH TUFQ EFTDSJCFE
CFGPSF� *OEFFE
 UIF NBJO MJNJUBUJPO PG *ìêûëéö UP GPMMPX B
MPOH USBDL JT NBJOMZ PSJHJOBUFE CZ UIF OPO VOJGPSN FOFSHZ
SFMFBTF BMPOH UIF QBUI MFOHUI� "T DBO CF DMFBSMZ TFFO JO àH�
VSF �	SJHIU

 PS FWFO JO UIF FYBNQMF PG B SBX JNBHF PG BO FWFOU
XJUI UXP MPOH DPTNJD SBZT JO àHVSF �	SJHIU

 DMVTUFST XJUI MBS�
HFS FOFSHZ SFMFBTF BSF GPMMPXFE CZ SFHJPOT BMPOH UIF QBUI XJUI
B MPXFS PS FWFO B [FSP SFMFBTF� 5IFTF MPDBM NJOJNB BSF TPNF�
UJNFT BT MBSHF
 JO UIF �% TQBDF
 BT UIF UZQJDBM TJ[F PG UIF ε
QBSBNFUFS PG ìêûëéö <��>� %FTQJUF UIF MPX FMFDUSPOJD OPJTF
PG UIF P_*�@6H�b? 9Xy DBNFSB TFOTPS
 UIF FOFSHZ SFMFBTFT
JO UIFTF MPDBM NJOJNB BSF TJNJMBS JO NBHOJUVEF UP UIF BWFSBHF
TJOHMF�QJYFM OPJTF�

5IF *ìêûëéö JT MJNJUFE JO DPOOFDUJOH UIF GVMM MFOHUI PG BO
FYUFOEFE QBUI
 CFDBVTF PG UXP SFBTPOT� 'JSTU
 JOáBUJOH ε QBSB�
NFUFS BT NVDI BT OFFEFE UP DPWFS UIF BSFBT PG MPDBM NJOJNB
DPOáJDUT XJUI UIF OFFE UP SFKFDU OPJTF BSPVOE UIF DMVTUFS� 5IF
CBTJD DMVTUFS QBSBNFUFST XFSF PQUJNJ[FE GPS UIF -íõ÷ö SVO�
OJOH DPOEJUJPOT UP DPMMFDU NPTU PG UIF TJHOBMT XJUI BO FOFSHZ
BT MPX BT GFX LF7T BOE UP SFKFDU UIF UZQJDBM OPJTF PG≈ � QIPUPO
QFS QJYFM� 5IJT BWPJET DPMMFDUJOH FYUSB OPJTF JO UIF DMVTUFS
 CJBT�
JOH UIF FOFSHZ TDBMF BOE XPSTFOJOH JUT SFTPMVUJPO
 BOE LFFQT
UIF SBUF PG GBLF DMVTUFST BU B OFHMJHJCMF MFWFM <��>� 4FDPOE
 UIF
JUFSBUJWF OBUVSF PG UIF BMHPSJUIN
 XJUI EJGGFSFOU QBSBNFUFST GPS
FBDI JUFSBUJPO
 FBDI UVOFE GPS WFSZ EJGGFSFOU JOUFOTJUZ
 NBLFT
JU DPOWFOJFOU BOE FGàDJFOU GPS B EFQPTJUJPO PG B àYFE FOFSHZ
EFOTJUZ 	MJLF UIF TQPUT PSJHJOBUJOH GSPN UIF ��'F TPVSDF

 CVU
OPU GPS UIF DBTFT BT JO àHVSF � 	SJHIU

 XIFSF UIF TBNF USBDL JT
TQMJU JO TFWFSBM QBSUT
 TPNF PG UIFN CFMPOHJOH UP EJGGFSFOU JUFS�
BUJPOT� 5IJT SFRVJSFT B NFUIPE UIBU DBO DPOUJOVPVTMZ GPMMPX
UIF QBUUFSO PG UIF USBDL
 QSPàUJOH PG UIF GVMM SFTPMVUJPO JNBHF

XIFSF UIF HSBEJFOUT PG UIF FOFSHZ EFQPTJUJPO BMPOH UIF USBDL
USBKFDUPSZ BSF TNBMMFS UIBO UIF POFT JO UIF USBOTWFSTF EJSFDUJPO

CVU TUJMM HJWF JOGPSNBUJPO PO UIF FOFSHZ SFMFBTF QBUUFSO� 4FWFSBM
FYJTUJOH BMHPSJUINT XFSF UFTUFE UP QSPàU PG UIJT
 CVU FYFDVUJOH
BOZ PG UIFN PO UIF GVMM ����× ���� JNBHF JT OPU NBOBHFBCMF
$16�XJTF
 EVF UP UIF IVHF QJYFM DPNCJOBUPSJDT�

5IFSFGPSF
 UIF QSPDFEVSF BEPQUFE GPS UIF àOBM TVQFSDMVTUFS
SFDPOTUSVDUJPO JO UIF -íõ÷ö EFUFDUPS TUBSUT GSPN EFàOJOH UIF
JOUFSFTUJOH SFHJPOT JO UIF JNBHF UIBU NBZ DPOUBJO QJYFMT GSPN
BO FOFSHZ EFQPTJU� 5IFTF BSF JEFOUJàFE CZ UIF CBTJD DMVTUFS
BMHPSJUIN *ìêûëéö QSFWJPVTMZ EFTDSJCFE
 XIJDI JT BQQMJFE PO
UIF ���× ��� SFEVDFE�SFTPMVUJPO JNBHF� *O PSEFS UP HBUIFS UIF
QFSJQIFSBM QJYFMT
 FTQFDJBMMZ BMPOH UIF USBDL USBKFDUPSZ XIFSF
CSFBLT JOUP TNBMM CBTJD DMVTUFST NBZ IBWF IBQQFOFE
 B XJO�
EPX PG �× � QJYFMT JT DPOTJEFSFE
 BSPVOE FBDI QJYFM CFMPOHJOH
UP B NBDSP�QJYFM DMVTUFSFE JO B CBTJD DMVTUFS� " GVMM SFTPMVUJPO
JNBHF GPSNFE POMZ CZ UIF JOUFSFTUJOH QJYFMT QBTTJOH UIF TJNQMF
JOJUJBM àMUFSJOH EFTDSJCFE JO TFDUJPO ��� JT DSFBUFE� 5IF HSBEJ�
FOUT PG UIF JOUFOTJUZ /QI JO TVDI BO JNBHF BSF DPNQVUFE QJYFM�
CZ�QJYFM UP MPPL GPS UIF FEHF SFHJPOXIFSF UIF JNBHF UVSOT GSPN
TJHOBM UP OPJTF�POMZ�
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XIJMF UIF HSBEJFOU EJSFDUJPO JT HJWFO CZ�
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*O PSEFS UP SFEVDF UIF FGGFDU PG UIF OPJTF
 XIJDI JOEVDFT
áVDUVBUJPOT JO UIF àSTU EFSJWBUJWFT PG FRVBUJPO 	�

 B (BVTTJBO
àMUFS JT BQQMJFE
 XIJDI TNPPUIFO UIF SFTQPOTF CZ DPOWPMWJOH
UIF QJYFM JOUFOTJUZ XJUI B (BVTTJBO GVODUJPO
 IBWJOH BT σ UIF
4% PG UIF JOUFOTJUJFT PG BMM UIF QJYFMT DPOTJEFSFE
 BOE SFKFDUJOH
UIF POFT GBMMJOH PVUTJEF B �σ XJOEPX�

5IF TVQFSDMVTUFSJOH BMHPSJUIN
 BQQMJFE PO UIF àMUFSFE
JNBHF
 JT BO BQQMJDBUJPO PG UIF NPSQIPMPHJDBM HFPEFTJD BDUJWF
DPOUPVST <��
 ��>
 DBMMFE (éë JO UIF GPMMPXJOH� 5IJT NFUIPE
VTFT BO BDUJWF DPOUPVS àOEJOH
 XJEFMZ VTFE JO DPNQVUFS WJT�
JPO
 XIFSF UIF CPVOEBSZ DVSWF C PG BO PCKFDU JT EFUFDUFE CZ
NJOJNJ[JOH UIF FOFSHZ & BTTPDJBUFE UP C�

&(C) =
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XIFSF ET= |CQ|EQ JT UIF BSD�MFOHUI QBSBNFUFSJ[BUJPO PG UIF
DVSWF JO UIF �% TQBDF
 BOE H JT UIF TUPQQJOH FEHF GVODUJPO

XIJDI BMMPXT UP TFMFDU UIF CPVOEBSZ PG UIF DMVTUFS� *O UIF
(éë NFUIPE VTFE GPS UIF -íõ÷ö JNBHFT
 UIF H GVODUJPO JT
QVSFMZ HFPNFUSJDBM
 BOE VTFT UIF HFPEFTJDT PG UIF JNBHF
 J�F�
UIF MPDBM NJOJNBM EJTUBODF QBUI KPJOJOH QPJOUT XJUI UIF TBNF
MJHIU JOUFOTJUZ HSBEJFOU� 5IF GVODUJPO H(/QI) JT HJWFO CZ�

H(/QI) =
�√

�+α|∇(σ ∗/QI|
, 	�


XIJDI JT NJOJNBM JO UIF FEHFT PG UIF JNBHF� 5IF (σ ∗/QI JT
UIF BGPSFNFOUJPOFE �σ (BVTTJBO àMUFS
 BOE UIF QBSBNFUFS α

XIJDI SFHVMBUFT UIF TUSFOHUI PG UIF àMUFS
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UIF TISJOLJOH PG UIF DMVTUFS CPVOEBSZ JO UIF DBTFT PG USBDLT
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Iterative algorithm
- It starts from the whole pictures, then iteratively shrinks


- the number of iterations depend on many details: smoothness of the contour, 
contrast, noise, etc.


- some multi-dimensional optimization is needed for a given case


- All reconstruction (RAW input, zero-suppression, basic clusters, super clusters, 
calculation of cluster shapes, ROOT output) takes ~1s	/	image

13

10th iteration 50th iteration 300th iteration
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supercluster examples (LEMON)

14

dense+faint	regions	joined

long	track	+	δ	ray

long	muon	track

+	probable	α
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Supercluster examples (LIME)

15
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Supercluster examples (LIME)

16
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Profiles along the track
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Following the track 
pattern, the single 
clusters of energy 
deposition are visible

Clear profile in the 
transverse direction
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Energy scale calibratio
- The visible energy of the clusters is calibrated using the average photon counts in 

clusters reconstructed in 55Fe (E=5.9 keV)

18

~2500 photons/cluster


average	σ(E)/E	~	18%


~10% of merged spots 

clearly separated
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Cluster shapes
- Easy handles to reject the ubiquitous background from cosmic rays: 


- long (lp>13 cm) and “slim” (low aspect ratio: ξ = width / length)

19

track	length	lp track	aspect	ratio	ξ

cosmics-dominated



E. Di Marco RD51 meeting17 February 2021

Background normalizatio
- No-source runs are used to get the templates of any variable to statistically 

subtract cosmics background from runs with source


- First, normalize the cosmic templates to the same live-time (40ms * Nframes)


- ~OK, apart a small PMT-trigger bias: 


- in AmBe runs: recoils + cosmics present


- in no-source runs: only cosmics present


- => PMT triggers more frequently on cosmics in no-source runs than in AmBe runs for the 
same live-time (40 ms)


- Find a control region pure in cosmics in both AmBe and no-source runs (CR)


- Energy 50<E<80 keV (2.3 keV / cm), long and slim tracks


- Compute trigger scale factor SF:

20

~ 75%
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Cosmics control regio

21

energy region for an expected

~2.3 keV/cm


energy release

low density

along the vertical

δ = ISC /Npix
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Further μ-rejection using PMT
- Residual background from cosmic rays with small pieces of tracks not joined by 

the supercluster can be still discriminated using the time	information


- a muon track inclinated wrt the x-y plane produces clusters that arrive to the PMT 
at different times => broad waveform => large Time Over Threshold (TOT)

22

TOT < 250ns:

•keeps 98% of Fe/AmBe signals

•rejects ~20% of residual cosmics background
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59 keV AmBe γ’s
- Another visible candle are recoils induced by 59 keV photons from AmBe 


- expected to be  medium density, not-spot-like clusters


- This component is clearly visible only in the AmBe runs (after comsic-background 
subtraction) in the δ vs lp plane

23

-	0.75* =
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cluster density
- Cluster density                                     used as main discriminating variable

24

δ = ISC /Npix

After the dedicated bkg-normalization

and bkg-subtraction shows 

2 populations in AmBe: 


around δ~10 and ~17 


preselection+ sliding threshold on this 
variable is used to give signal 
identification results: εS vs (1-εB)


N.B.1 cosmics background not of interest 
for underground CYGNO

=>	concentrate	on	electron	recoils	from	
Fe	rejection	(so	at	fixed	E=5.9	keV)
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Nuclear recoils identificatio

25

ROC curve (S efficiency vs B 
rejection) for the selection on δ


Full efficiency is the product of pre-
selection (mostly cosmics rejection) 
efficiency and δ selection.


Two reference selections: 50%	and	40%	
efficient	on	signal	=> correspond to 
96.5%	and	99.2%	background	rejection
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Nuclear recoils spectrum

26

Most of the nuclear recoil 
candidates have a visible 
energy E<20 keV


Tails up to ~100 keV

Spectrum	after	full	WP50	selection
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Differential signal efficiency 

27

Background-subtracted energy 
spectrum before and after the 
density selection allows to 
compute signal efficiency vs E


Done for the 2 fixed rejection 
working points for 5.9 keV electron 
recoils:


•εS  ≈ 40% for E<20 keV

•εS  ≈ 14% for 5<E<10 keV
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Examples of 2 low-E NRs
- Two selected NR candidates with E<6 keV

28

E=5.2 keV E=6.0 keV
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Published on journal
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Conclusions
- implemented a reconstruction algorithm which is efficient in a wide range 

of energies and track patterns


- tested on calibration events (55Fe, 59 keV photons, cosmic rays, nuclear 
recoils)


- nuclear recoil efficiencies for high rejection of 6 keV electron recoil:


- εS  ≈ 40% for E<20 keV


- εS  ≈ 14% for 5<E<10 keV


- Next developments in the pattern recognition:


- particle identification using cluster 3D properties


- 3D reconstruction using information from PMT (z-coordinate)


- A lot of work ongoing on the HW side, and on simulation of signals 
and backgrounds towards installation under Gran Sasso

30



31

The End


