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The COMPASS Collaboration 

Experiments with muon beam:

Spin structure, Gluon polarization
Flavor decomposition 
Transversity
Transverse Momentum-dependent PDF

DVCS and HEMP
Unpolarized SIDIS and TMDs

COMPASS - I   (2002 – 2011)

COMPASS - II   (2012 – 2018) …

Experiments with hadron beams:

Pion polarizability
Diffractive and Central production
Light meson spectroscopy
Baryon spectroscopy

Pion and Kaon polarizabilities
Drell-Yan studies
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Torino (University,INFN),
Trieste (University,INFN)

Warsawa (NCBJ), 
Warsawa (TU)
Warsawa (U)

CERN

YamagataPraha (CU/CTU)
Liberec (TU) 
Brno (ISI-ASCR)

Дубна (LPP and LNP), 
Москва (INR, LPI, State 
University),Прот вино

Lisboa/Aveiro

Taipei (AS)

~ 230 physicists 
from 24 Institutions
of 13 Countries 
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COMPASS data taking

Fulvio  TESSAROTTO

2021      nucleon structure with   160 GeV μ T polarized deuteron target
Stony Brook , 10/07/2019       - EIC PID workshop
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DAQ: 40 kB, 50 kHz, O(PB) 
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BEAM, TARGET AND SPECTROMETER

Target 
region

Large
Angle
Spectrometer

Small
Angle
Spectrometer

SM1

SM2
1 Tm

4 Tm

RICH-1 P. Abbon et al., Nucl. Instr. 
and Meth. A 567 (2006) 114

160 or 190 GeV/c  µ+ (or µ-), 4 . 108 µ/spill, Pµ ~ 80%
190 GeV/c p, π+, π- , K+ ,K- beams

Polarized ( p , d)  target

first GEMs and Micromegas used in a HEP Experiment

Various targets used

Proton recoil detector
(not in scale)

new: pixel GEMs

Stony Brook , 10/07/2019       - EIC PID workshop
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hadron PID from 3 to 60 GeV/c

acceptance: H: 500 mrad V: 400 mrad

trigger rates: up to ~50 KHz
beam rates up to ~108 Hz

material in the beam region: 1.2% Xo

material in the acceptance: 22% Xo

detector designed in 1996
in operation since 2002 with MWPCs
upgraded in 2006 with MAPMTs,
in 2016 with THGEMs + Micromegas

total investment:   ~ 5 M €

radiator:
C4F10

5 m

MWPC’s + CsI

UV mirror
wall

Al vessel

radiator 
gas: C4F10

COMPASS RICH-1
is a large gaseous  RICH
providing: 

PMT’s

beam pipe

Stony Brook , 10/07/2019       - EIC PID workshop

MPGDs

MPGDs
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the vessel and the mirror support wall

Large and accurate mechanics
light front and rear windows

100 m of O-rings, 80 m3 C4F10
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mirrors and alignment

measurement of mirror alignment
via laser autocollimation

21 m2,  116 mirrors 
radius: 6.6 m

angular regulation screws 
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problems with mirrors
re

fle
ct

an
ce

λ(nm)

reflectance stability

2002

2001

2000
(at coating)

initial alignment accuracy: ~100 μrad

alignment instability: 1 mrad (first year)
surveying accuracy: ~ 60 μrad

alignment instability: ~ 100 μrad after 2002

alignment check  surveyors inside 
opening the vessel: contamination, dust,
risky operations, work load, expenses.

Stony Brook , 10/07/2019       - EIC PID workshop
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CLAM: mirror alignment monitoring

CLAM system in 
operation since 2007

accuracy: 30 μrad

4 cameras
at corners
with LED’s

retroreflective
grid

“CLAM” picture for mirror monitoring

photogrammetric 
calibration of 
cameras 
measurement of 
absolute mirror tilt
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weight = 15 g

Fulvio  TESSAROTTO

2012: a new light beam pipe
Old: 150 µm thick stainless steel pipe:
0.85 % X0 for orthogonal crossing

Suspension and tensioning system: 
1 x 7 wires ss rope 30 μm diam.
1 microflange and 1

Material: 4 x 25 μm thick Mylar + 
200 nm Al coating (by Sheldahl)
winding by Lamina (6 µm glue)

1 microflange for 
suspension + 
gas connection + 
window holding

New pipe: 0.044 X0
for orthogonal 
crossing

Stony Brook , 10/07/2019       - EIC PID workshop
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The radiator gas system

has excellent performance
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on-line filters with separate functions:
-Cu catalyst, ~ 400C for O2
-5A molecular sieve, ~ 100C for H2O

Typical RICH-1 C4F10 transparency

stable gas composition: 
97.5% C4F10, 2.5% N2

Stony Brook , 10/07/2019       - EIC PID workshop
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Problems with the radiator gas
Buying C4F10 is non trivial (out of market for years)

It comes dirty (very dirty sometimes): pre-cleaning is a must
(dedicated system, unavoidable losses, expert manpower)

Inserting it into the vessel (and recovering it) is delicate,
losses ~ 2%, incomplete (97.5% maximum)

Critical circulation system with feedback to keep Δp < 0.1 mbar challenged by weather

C4F10 leaks out (50 l/day): refill is needed

It integrates contaminants: some can be accepted (N2, Ar), others need
continuous filtering out (O2, H2O) ; the filters have limited capacitance
(significant contaminations fill them quickly); regeneration takes several days

Monitoring the transparency is a must (dedicated system, expert
manpower, significant gas consumption for each measurement)

Thermal gradients problem:  fast circulation (20 m3/h) implemented in 2009

Accidents can become disasters; emergency intervention to be granted in short time: 
EXPERT ON CALL 24 h/day, 7 days/week for 7 months/year: heavy load on experts

Stony Brook , 10/07/2019       - EIC PID workshop
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RD26: MWPC + CsI
François Piuz

1992, F. Piuz et al. Development of large area 
advanced fast-RICH detector for particle 
identification at LHC operated with heavy ions

Fulvio  TESSAROTTO

TO ACHIEVE HIGH CsI QE:
Substrate preparation:
Cu clad PCB coated by Ni (7 µm) and Au(0.5 µm), surface 
cleaning in ultrasonic bath, outgassing at 60 oC for 1 day
Slow deposition of 300 nm CsI film:
1 nm/s (by thermal evaporation or e--gun) at a vacuum
of ~ 10-7 mbar, monitoring of residual gas composition
Thermal treatment:
after deposition at 60 oC for 8  h
Careful Handling:
measurement of PC response, encapsulation under dry Ar, 
mounting by glove-box.

The best quartz cuts here

A. Di Mauro, NIM A 525 (2004) 173.

Schematic structure of the COMPASS Photon Detector:

Stony Brook , 10/07/2019       - EIC PID workshop
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COMPASS: 8 MWPC’s with CsI

built in 1999 – 2000,
after prototypes tests

Stony Brook , 10/07/2019       - EIC PID workshop
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The CsI photocathodes

Stony Brook , 10/07/2019       - EIC PID workshop
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Good performance in low gain configuration

• photons / ring (β ≈ 1): ~10

• σθ-ph : ~1.4 mrad

• σring : ~0.6 mrad

• 2σ π - K separation @ 40 GeV/c

• PID efficiency > 90% for θ Ch > 30 mrad

except for the forward region

After a long fight for increasing electrical stability at high m.i.p. rates and  
systematic studies at the CERN GIF we came to the same conclusion as 

Ypsilantis and Seguinot:

J. Seguinot et al., NIM A 371 (1996), 64: 
CsI-MWPC with 0.5 mm gap to minimize ion collection time, fast front-end electronics (20 ns int. time):
stable operation is not possible at 105 gain because of photon feedback, space charge and sparks

Stony Brook , 10/07/2019       - EIC PID workshop
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1) MWPCs with CsI photocathodes in COMPASS:
beam off:  stable operation up to > 2300 V
beam on:  stable operation only up to ~2000 V
(in spill ph. flux: 0 - 50 kHz/cm2 , mip flux: ~1 kHz/cm2)

Whenever a severe discharge happens, recovery takes ~1 day.
2) Photocathode aging: 

- our information from accidental contamination
- very detailed study by Alice team

effective gain ~ 104

pe detection efficiency ~ 70%

cluster amplitude distribution:

limits of MWPC’s with CsI in COMPASS

Stony Brook , 10/07/2019       - EIC PID workshop
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the central region before 2006
THE EXPERIMENTAL ENVIRONMENT
huge uncorrelated background related
to the memory of the MWPCs + read-out overlap of 

event images
µ beam

1 mC/cm2

0.2 mC/cm2

Accelerated ageing test
H. Hoedlmoser et al., NIM A 574 (2007) 28.

Stony Brook , 10/07/2019       - EIC PID workshop



20Fulvio  TESSAROTTO

12 outer CsI cathodes: change 
electronics  (use APV25-S1)

4 central CsI cathodes: remove 
and insert frames with MAPMTs 

and lense telescopes

Same mechanics 
as CsI photo-
cathode frame

upgrade of RICH-1 with MAPMT’s 
in the central region (2006)

Stony Brook , 10/07/2019       - EIC PID workshop
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MAPMT’s have:
wide wavelength range
time resolution < 1 nsec
short detection system memory (MAPMT + read-out)
adequate for high rate operation
robustness
high efficiency for single photon detection

C4F10:  (n-1)*10^6
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C4F10
CsI range
MAPMT range

challenges:
large ratio of  the collection and photocathode
areas with minimal image distortion
 ratio = 7.3 critical LENS SYSTEM design
UV range  fused silica LENSES

couple to a read-out system able to guarantee
efficiency, high rate operation and to preserve
time resolution

- C4F10 refractive index
- CsI sensitivity range
- MAPMT’s range

The difference

Stony Brook , 10/07/2019       - EIC PID workshop


Chart1

		150		160		200

		160		170		210

		170		180		220

		180		190		230

		190		200		240

		200				250

		210				260

		220				270

		230				280

		240				290

		250				300

		260				310

		270				320

		280				330

		290				340

		300				350

		310				360

		320				370

		330				380

		340				390

		350				400

		360				410

		370				420

		380				430

		390				440

		400				450

		410				460

		420				470

		430				480

		440				490

		450				500

		460				510

		470				520

		480				530

		490				540

		500				550

		510				560

		520				570

		530				580

		540				590

		550				600

		560

		570

		580

		590

		600

		610

		620

		630

		640

		650

		660

		670

		680

		690

		700



C4F10

CsI range

MAPMT range

lambda (nm)

(n-1)*10^6

C4F10:  (n-1)*10^6
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n-1

																				cost sellmayer

																				0.2375		73.63

		lambds				(n-1)*10^6								weights				mean

		150				1696.3008457851						0

		160				1633.5094514947						0		0		0				0

		170				1584.8874756789						0.2		0.0000069204		0.0109680794				17.3831716994

		180				1546.3166926966						0.1333333333		0.0000041152		0.0063634432		1562.5635750947		9.839898412		674.828237728		25.9774563368

		190				1515.1113544067						0.0666666667		0.0000018467		0.0027979896				4.2392657733

		200				1489.4485648273				5.396		0		0		0				0

		210				1468.0498361994				6.135		0.4		0.0000128824		0.0201295122				31.4623358847

		220				1449.9935775164				7.01

		230				1434.5998173518				7.855

		240				1421.3567086633				9.147

		250				1409.872190126				10.52

		260				1399.8413247189				12.19

		270				1391.0237048446				14.07

		280				1383.2274930657				15.94

		290				1376.2979395146				17.94

		300				1370.1089825084				19.66

		310				1364.5570123503				20.87

		320				1359.5561783966				21.51

		330				1355.0348139236				22.54

		340				1350.9326818725				23.25

		350				1347.1988310766				24

		360				1343.789911792				24.15

		370				1340.6688405028				24.32

		380				1337.8037329649				24.44

		390				1335.1670451519				24.28

		400				1332.7348767153				24.18

		410				1330.4864024963				24.01

		420				1328.4034056857				23.83

		430				1326.4698922374				23.48

		440				1324.6717706587				22.95

		450				1322.9965847289				22.42

		460				1321.4332893151				21.52

		470				1319.9720614763				20.49

		480				1318.6041406082				19.4

		490				1317.3216926096				18.32

		500				1316.1176940059				17.53

		510				1314.9858327327				16.14

		520				1313.9204228811				13.56

		530				1312.9163311924				10.64

		540				1311.9689134793				8.669

		550				1311.0739594625				7.49

		560				1310.2276447675				6.586

		570				1309.4264890344				5.719

		580				1308.6673192626				4.894

		590				1307.947237653				4.051

		600				1307.2635933252				3.28

		610				1306.6139573828				2.574

		620				1305.9961008801				1.902

		630				1305.4079753081				1.325

		640				1304.8476952763				0.904

		650				1304.3135231099				0.582

		660				1303.8038551235				0.354

		670				1303.3172093665				0.206

		680				1302.8522146597				0.114

		690				1302.4076007721				0.061

		700				1301.9821896008				0.031

										0.016

										0.008

										0.004

										0.002

										0.006
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CsI range

MAPMT range
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C4F10:  (n-1)*10^6



MAPMT

																				cost sellmayer

																				0.2375		73.63

		lambds				(n-1)*10^6				QE		weight		for mean		mean		for sigma		sigma^2		sigma

		150				1696.3008457851

		160				1633.5094514947										1364.4143859184				1955.7775182929		44.2241734608

		170				1584.8874756789

		180				1546.3166926966

		190				1515.1113544067

		200				1489.4485648273				5.396		0.0001349		0.2009266114				299.2698529782

		210				1468.0498361994				6.135		0.0001391156		0.2042287017				299.8179120817

		220				1449.9935775164				7.01		0.0001448347		0.2100094004				304.512281769

		230				1434.5998173518				7.855		0.0001484877		0.2130204455				305.5990921617

		240				1421.3567086633				9.147		0.0001588021		0.2257144065				320.8206859144

		250				1409.872190126				10.52		0.00016832		0.237309687				334.576328208

		260				1399.8413247189				12.19		0.0001803254		0.2524270081				353.3577574293

		270				1391.0237048446				14.07		0.0001930041		0.2684732994				373.4527236005

		280				1383.2274930657				15.94		0.0002033163		0.2812327326				389.0088477463

		290				1376.2979395146				17.94		0.0002133175		0.2935884071				404.0651197208

		300				1370.1089825084				19.66		0.0002184444		0.2992926955				410.0636105207

		310				1364.5570123503				20.87		0.0002171696		0.296340321				404.3732630577

		320				1359.5561783966				21.51		0.0002100586		0.285586459				388.2708347429

		330				1355.0348139236				22.54		0.0002069789		0.2804635877				380.0379254374

		340				1350.9326818725				23.25		0.0002011246		0.2717057513				367.0561793219

		350				1347.1988310766				24		0.0001959184		0.2639409955				355.5810005788

		360				1343.789911792				24.15		0.0001863426		0.2504052961				336.4921107089

		370				1340.6688405028				24.32		0.0001776479		0.2381670285				319.303113939

		380				1337.8037329649				24.44		0.0001692521		0.2264260612				302.9136298804

		390				1335.1670451519				24.28		0.0001596318		0.213135147				284.5710244168

		400				1332.7348767153				24.18		0.000151125		0.2014095582				268.4255427751

		410				1330.4864024963				24.01		0.0001428316		0.1900355653				252.8397355987

		420				1328.4034056857				23.83		0.0001350907		0.1794549499				238.3885665777

		430				1326.4698922374				23.48		0.0001269876		0.1684451761				223.4374546527

		440				1324.6717706587				22.95		0.0001185434		0.1570310803				208.0146391247

		450				1322.9965847289				22.42		0.000110716		0.1464769552				193.7885114817

		460				1321.4332893151				21.52		0.0001017013		0.1343915141				177.5894205488

		470				1319.9720614763				20.49		0.0000927569		0.1224365212				161.6127873276

		480				1318.6041406082				19.4		0.0000842014		0.1110283				146.4023761493

		490				1317.3216926096				18.32		0.0000763015		0.1005136752				132.4088447069

		500				1316.1176940059				17.53		0.00007012		0.0922861727				121.4594648074

		510				1314.9858327327				16.14		0.0000620531		0.0815988902				107.3013845761

		520				1313.9204228811				13.56		0.0000501479		0.0658903881				86.5747265574

		530				1312.9163311924				10.64		0.0000378782		0.049730971				65.2926040386

		540				1311.9689134793				8.669		0.0000297291		0.03900363				51.1715500861

		550				1311.0739594625				7.49		0.0000247603		0.0324626246				42.5609018333

		560				1310.2276447675				6.586		0.0000210013		0.0275164517				36.0528157673

		570				1309.4264890344				5.719		0.0000176023		0.0230489692				30.1809308062

		580				1308.6673192626				4.894		0.0000145482		0.0190386976				24.9153213031

		590				1307.947237653				4.051		0.0000116375		0.0152211843				19.9085059774

		600				1307.2635933252				3.28		0.0000091111		0.0119106239				15.5703249333

		610				1306.6139573828				2.574		0.0000069175		0.0090384959				11.8098249034

		620				1305.9961008801				1.902		0.000004948		0.0064620307				8.4393868395

		630				1305.4079753081				1.325		0.0000033384		0.0043579379				5.6888869391

		640				1304.8476952763				0.904		0.000002207		0.0028798396				3.757752117

		650				1304.3135231099				0.582		0.0000013775		0.0017967112				2.3434746796

		660				1303.8038551235				0.354		0.0000008127		0.0010595651				1.3814650835

		670				1303.3172093665				0.206		0.0000004589		0.0005980917				0.7795031502

		680				1302.8522146597				0.114		0.0000002465		0.0003212049				0.4184825342

		690				1302.4076007721				0.061		0.0000001281		0.0001668701				0.2173329113

		700				1301.9821896008				0.031		0.0000000633		0.0000823703				0.1072446659

										0.016

										0.008		0.0051363348		7.0080890588				9571.9830576678

										0.004

										0.002

										0.006





CsI

																				cost sellmayer

																				0.2375		73.63

		lambds				(n-1)*10^6				QE		weight		for mean		mean		for sigma		sigma^2		sigma

		160				1633.5094514947				0		0		0		1563.9506733437		0		931.1844920489		30.5153156964

		162				1622.810487736				0.04		0.0000015242		0.0024734194				4.0138909909

		164				1612.6323242348				0.08		0.0000029744		0.0047966458				7.7352260951

		166				1602.9399746542				0.12		0.0000043548		0.0069804325				11.1892142358

		168				1593.7014560434				0.16		0.0000056689		0.0090345888				14.3984372505

		170				1584.8874756789				0.2		0.0000069204		0.0109680794				17.3831716994

		172				1576.4711561792				0.1866666667		0.0000063097		0.0099470868				15.6812954244

		174				1568.4277935518				0.1733333333		0.0000057251		0.0089794166				14.0835665947

		176				1560.734643663				0.16		0.0000051653		0.0080616459				12.5820900203

		178				1553.3707333162				0.1466666667		0.000004629		0.0071906233				11.1697037354

		180				1546.3166926966				0.1333333333		0.0000041152		0.0063634432				9.839898412

		182				1539.5546064176				0.12		0.0000036228		0.0055774228				8.586746961

		184				1533.067880809				0.1066666667		0.0000031506		0.0048300815				7.4048428707

		186				1526.8411254195				0.0933333333		0.0000026978		0.0041191228				6.2892460616

		188				1520.8600469917				0.08		0.0000022635		0.0034424175				5.2354352253

		190				1515.1113544067				0.0666666667		0.0000018467		0.0027979896				4.2392657733

		192				1509.5826733006				0.0533333333		0.0000014468		0.0021840027				3.2969326498

		194				1504.262469223				0.04		0.0000010628		0.0015987485				2.4049373752

		196				1499.1399783627				0.0266666667		0.0000006942		0.0010406358				1.5600587774

		198				1494.2051449834				0.0133333333		0.0000003401		0.0005081812				0.7593269446

		200				1489.4485648273				0		0		0				0

												0.0000645123		0.100893984				157.8532870974
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THE LENSES
material:
fused silica, Corning 7980,

concentrator

aspheric
surface

field lens

complex and delicate
mechanical machining
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-if no reflection
-with monolayer of  MgF2
-w/o antireflective layer

+8.4% photons
with MgF2

Convolution of Cherenkov light and effective QE

spherical s.

planar s.

aspherical s.

ZEMAX 
optimization:
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OPTICS QUALITY CONTROL
WITH THE HARTMANN METHOD

image centroide Theoretical 
referenceHe-Na 

laser

632 nm

optical 
system
under 
test

Lens 
focus

Detected 
Image 
(CCD camera)Hartmann 

plate

for parallel 
light

1. the principle

2. the images

x∆

y∆

3. the analysis

tolerance 
(=  center points  +/- 0.1 mm)

576 TELESCOPES:

A) ~70% within 50 µm tolerance
B) ~20% within 100 µm tolerance
C) ~10% within 150 µm tolerances
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16 anodes
UV extended 

glass

recall:
effective QE including 
window losses 
(collection efficiency not 

included)

FE cards plugged 
directly here

protects 
against 
B ≤ 200 G
and guarantees
good alignment

MAPMT: HAMAMATSU R7600-03-M16

home made 
voltage 
divider

Q
ua

nt
um

 e
ffi

ci
en

cy
 (%

)
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MAPMT GAIN AT HIGH RATE
mean signal amplitude versus rate/pixel
pulsed light source synchronous  to trigger +
random background from lamp

measured for single photoelectron

Working HV

operate with single photoelectron
rates up to 5MHz/pixel

CROSS-TALK RATE

10 fC threshold

cross-talk rate < 0.1 %

AND

cr
os

s-
ta

lk
 ra

te

Novosibirsk, 26/02/2014       - INSTR 2014
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SCHEDULE OF ASSEMBLING
 Preliminary studies up to October 2004
 Project design November 2004 – March 2005
 Material procurement and constructions April 2005 - March 2006
 Assembly April-May 2006
 Ready for beam June 2006



29Fulvio  TESSAROTTOCassis, 03/05/2010    - 7th International Workshop on Ring Imaging Cherenkov Detectorss



30Fulvio  TESSAROTTO

Not everything went smoothly

The repair started on the same day
Spares of all pieces, including the large quartz windows were available
The accident was carefully studied and understood in detail (20 mbar 

overpressure)
One month later, in time for the start of the run,
the repaired detector was installed

It was May 18, 2006.  A beautiful sunny day in Geneva.
At 11:45 the detector was ready for craning.
Suddenly a bang was heard.
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The Upper Detector from inside

Novosibirsk, 26/02/2014       - INSTR 2014
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The central part of the lower detector

Novosibirsk, 26/02/2014       - INSTR 2014
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number of photons and resolutions 
estimated 

photoelectron 
detection time 
resolution: 
~320 ps
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time resolution is useful for correctly assigning hits to rings
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RICH-1 upgrade with MPGDs
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Exclusive channels have low cross-section
Precision measurements require high efficiency and very stable response
MWPC + CsI operate at low gain  the response depends on threshold and background stability
Precise comparison of data with different background levels is needed
Reduction of systematics  larger gain and faster signals
PMTs not adequate because of the wide angular acceptance  only small demagnification
factor of optical system allowed (large distortions)  5 m2 of dense PMTs not affordable. 
MPGD-based Photon Detectors are the best option
A dedicated R&D project to develop THGEM-based PDs achieved positive results
We decided to replace four COMPASS RICH-1 MWPC’s with the new detectors

Stony Brook , 10/07/2019       - EIC PID workshop

number of detected photons per ring at β = 1
for the four central MWPCs with CsI
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Hybrid MPGD-based PDs

Stony Brook , 10/07/2019       - EIC PID workshop
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Hybrid MPGD-based PDs

Stony Brook , 10/07/2019       - EIC PID workshop
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CsI coating on THGEMs

Stony Brook , 10/07/2019       - EIC PID workshop
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Hybrid MPGD-based PDs

Stony Brook , 10/07/2019       - EIC PID workshop
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Intrinsic space resolution

Stony Brook , 10/07/2019       - EIC PID workshop



41Fulvio  TESSAROTTO

Gain from a pure photon sample

Stony Brook , 10/07/2019       - EIC PID workshop
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Detected photons per ring

Stony Brook , 10/07/2019       - EIC PID workshop
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PID from the likelihood function

Stony Brook , 10/07/2019       - EIC PID workshop
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M  
(GeV/c2)

2004 data

Stony Brook , 10/07/2019       - EIC PID workshop
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Improved PID performances

M  
(GeV/c2)

2004 data2006 data

Stony Brook , 10/07/2019       - EIC PID workshop
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Identification and misidentification probability

Stony Brook , 10/07/2019       - EIC PID workshop
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Purity of K samples

Stony Brook , 10/07/2019       - EIC PID workshop
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RICH PID information
in the Do analysis

without   
RICH 
information

with  RICH 
information

COMPASS 2006 
Do peak

Stony Brook , 10/07/2019       - EIC PID workshop
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with without PID

RICH PID information in Λ analysis
Λ p π- Λ p π+

with without PID
purity  increased by 6, loss < 3% purity  increased by 7, loss < 3%  

without                   with  
p identification
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