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* Introduction
- The HERA collider

- Polarization at HERA and HERA polarimetry
- The HERA Transverse Polarimeter (TPOL)
- Systematic limitations of the HERA polarimeters

September 2022

S.Schmitt, HERA transverse polarimeter

Disclaimer:

this talk is on HERA polarimetry, but
reflects my personal opinions only.

| have been working on with the
POL2000 group in the years 2000-
2007, mainly on the transverse
polarimeter
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The HERA collider

e Operated from 1992 to 2007

* Circumference 6.3 km

* Electrons or positrons colliding with protons
* Proton: 460-920 GeV, Leptons 27.6 GeV collider

. i ity ~7%1031 2c-1 experiments:
Peak luminosity ~7x103% cms ool

* Lepton beam polarization above 60% achieved

fiX e d -ta rg et ~=— Flectrons / Positrons

~%— Protons

EXpeI’i me ntS: =AW Photon Radiation
HERMES

msvai and HERA-D
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Beam polarization at HERA

September 2022

Proton-beam: unpolarized

Py (%)

Lepton beam: unpolarized at
Injection energy (12 GeV)

Lepton beam acquired transverse o f

polarization at collision energy (27.5
GeV): Sokolov-Ternov effect

Rise-time at HERA ~40 minutes
(cf. duration of a fill: ~10 hours)

Requirement: “flat” machine - s
compensating magnets for H1 &
ZEUS solenoids

Polarization build-up t=43 min, P

max

=45%

4

bt
*;H

-20 0

I;ffeg:t of solenc‘)i‘d'all field' (vy/o

compensator)
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solencid on

T T

solenoid off

RF cavity off
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Longitudinal polarization for experiments

e First experiment making use of Siberian snake o'f 15t kind Side view
HERA beam polarisation: P——.
HERMES (start in 1995) T

. . . e | 90 | Le :

* Spin rotators: longitudinal LA
polarization in the HERMES Lo
straight section, transverse o
polarization in the arcs . S view

+ Luminosity upgrade 2000-2002 | | | [ °F |

- Install spin-rotator pairs around = :4.5‘;_’\.90- ’ |
H1 and ZEUS TN | view
- Remove compensating coils HERA mini rotator, similar to Siberian snake

NIM A245 (1986) 248
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The Polarimeters at HERA

HELMHOLTZ st

 Three HERA polarimeters

— Transverse polarimeter
(TPOL) 1992-2007

- Longitudinal polarimeter
(LPOL) 1995-2007

- LPOL Cavity polarimeter
operation 2006-2007

HERA-I phase (1992-2000):
no spin-rotators for H1 and ZEUS

Spin rotator

H1

Spin rotator

Spin rotator

Transverse

polarimeter

HERMES

Longitudinal
polarimeters

HERA-B

T Spin rotator

Spin rotator

ZEUS

Spin rotator
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Polarimetry requirements at HERA

* Machine setup for tuning beam * EXxperiments

energy and “harmonic bumps”, to _
maximize polarization

- Resonably fast feedback _

— Absolute scale uncertainty is
less important (5-10%) _

* Transverse polarimeter (HERA-I design)

Not covered in this talk, see backup slides {

September 2022 S.Schmitt, HERA transverse polarimeter

Fast and reliable monitoring of
polarization during data taking

Colliding bunches (H1,ZEUS)
and all bunches (HERMES)

Absolute scale uncertainty
better than 2%

* Transverse polarimeter (HERA-II design)
and offline analysis
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Polarimetry at HERA

 Make use of backward Compton

: e Compton scattering cross section
scattering off a laser beam P J

lectron b do .
275GV d—QNZO+S3<PY22YSln¢+P2222)
—
Backward Compton scattering L7 :ﬁ;:leiznrgeggm S 3 laser beam hCllClty
> Sai--- P i energy P, transverse beam polarization
~ ~ at 0:0 . . . .
> P, longitudinal beam polarization

o ] 2,,2,y,2,, photon energy dependent terms
* Laser helicity is flipped regularly

i . i ) Example: $n

* Polarization is proportional to scattered photon
differences between cross section energy for
dat ith ite | helicit longitudinal beam ok
ata with opposite laser helicity oolarisation _
S,P=(-10,+1} "

NIM A329 (1993) 79
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Transverse polarimeter (TPOL) setup

. . 10W cw Argon-
Continuous-wave laser: single ion laser

photon mode (Compton scattering J/ |

» M3
167m

Laser light is transported over a
distance of ~200m to the tunnel

probability per bunch <1%) Sy -

I
Vertical crossing angle 3.1mrad (
Chopper wheel: measure

Electron and photon beams are beam-induced background
separated by dipoles

Photon calorimeter is 65 meter away ) Qj;:\
from interaction point (lead housing) ' ; : é
Laser beam-dump with optical 5 ,

diagnostics (measure residual linear
light polarization)

L
2m . 15m

Electron beam Twiss parameters at IP are chosen to
give small vertical beam size of photon beam at

calorimeter ¢, ~0.5 mm, 6,~2 mm
NIM A329 (1993) 79
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The photon calorimeter

do

L —~23+S5;( P, 2, ,sin
Transverse beam polarisation causes dQ (P Zyysing)
spatial asymmetry in cross section (up- S laser beam helicity
donw asymmetry) P, transverse beam polarization

' i it i . 2,2 hoton energy dependent terms
Calorimeter is split into two optically 0:2r P 8y dep

isolated halves
E= Eup+ Edown
Eup B Edown
E +E

down

Shower-sharing between up and down
depends on vertical impact point (non-
linear transformation)

’]’]:

1N corresponds to sin ¢

Left and right channels for calibration

and trigger Tungston-scintillator sampling

calorimeter 12x1.6 X,

Two optically isolated halves,
read-out on four sides
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Transverse polarimeter online data analysis

. . E:Eup+ Edown ; 20
* Polarization measurement: . ®
n= up "~ down 9
- In selected energy window: get Eu+ Equn w °
mean of up/down asymmetry for
both laser helicity states (S,=L,R) Predicted 10
signal in
. . : calorimeter.
— Difference of means is proportional White frame 5
to polarization indicates
approx. energy
window 0
P:APX(<7]>S3:L_<TI>S3:R)
- Analyzing power depends on beam  Energy asymmetry fZZZﬁ
parameters and calorimeter nfortwo helicities o |
properties o
Stat.precision: ~1% per minute (all bunches averaged) -  spaal coontnme
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Operation of transverse polarimeter

« Between fills: center laser on analyzer User interface: auto-pilot, main window, details
bOX, meaSU I’e I’eSIdua| |Ineal' Ilg ht .S:éssion type 2 not connected ) monitor @ control L expert
. : .~ Global DAQ status: uP
po I arlsatl 0 n Of L an d R h e | ICIty States Pilot control Pilot status Laser Collimators  horizontal coll.  vertical coll.
. . . AUTOPILOT IDLE OFF CLOSED CLOSED DISABLED
® I nJ e Ct| on an d ram p ke e p cO I | Im a’to r — Lightpol control  Lightpol meas  Analyserbox Diode PowerOmeter Prism
. T OFF IDLE IDLE IDLE IDLE ZERO
C | Osed y p I'Ote Ct Cal O rl m ete r W:%QN Mirror center Mirror scan Mirror 2H Mirror 2V Mirror 3H Mirror 3V
:Z‘“ﬂz‘i ABOX IDLE CENTER CENTER STOPPED STOPPED
Tt . s0}—— [ Event data Cycle Fast DAQ Scaler Chopper Pockelcell
°
At COl | ISIoNn ene rgy i STOPPED STOPPED STOPPED RESET OPEN [ OFF
History plot Set time scale
Of e spien seoren e time window  labels ticks
- Adjust mirrors to maximize - ! oE R
. . Hera leptons “W s: :..‘.b.,s 200 g2 o i
Compton rate (luminosity) s | NoBEAM I o v | =
osf— LPOL polarisation S
- - "y . Enter new comment on i i
— Adjust calorimeter position to have |.: 1 /7 — |
1 1 12:00 13:00 14:00 1500, 16100] 1555 155 550 T500 P T
b e a m I n ItS C e n te r Online analysis results 25.09.02 11:40:13 DAQ status  NORY) |Data display
idi 0,0/ +/=0,0 <. .. |HERAleptons INJEC Coll e e 3o e e Choose data set
] . . . :cou.dmgl:d ) j % Po:axx::tx Pilot control |AUTC bunch polarisation - [change Y-axis
—_ non-colliding =3.4 +/- 4. 0% Five Minute |p; ion LPOL/TPOL ratio 5 |linear lightpol diode [%]
Adjust HV for calorimeter calibration &= e =i e - c S
. . On|Off Rate 20.8 | 6.4 kHz Coll cLOS .
eam fsef 0.063+/-0.004 mm — Laser 10W . e
- M e aS u re p O | ar I S atl O n Zeam :p(z:' ( o svsf:—o 006 mm 3 S:::::’Ce“ g:" :&M@w‘xw’%ﬂ b A, b P Y # gt *L e ]
- - Linear Light 1.6+/-2.5%  -3.4 +/- 4.0|Circular Light 99.9¢ = — S = 2
e Autonomous o pe ration (auto pl |ot) Vi, s et Blivormar

September 2022
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' Very high efficiency >95%
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Detector upgrade in 2000-2002

ADC clock

e Spin rotators for HERMES, H1 and ZEUS: have to
measure both polarisation of colliding bunches and all
bunches

* DAQ upgrade: electronics from H1 luminosity syst

signal

Photomultiplieir

A\

Sampling ADC with two independent pipelines

* Digitisation at 40 MHz, readout by dedic
bus (fast DAQ branch) or by VME

* Per-pulse pedestal subtraction

* Detector upgrade: silicon-strip sensor ”:4

e Goal: in-situ calibration of energy-asymmetry response

September 2022 S.Schmitt, HERA transverse polarimeter

A0 A1 A2 A3

Pedestal:
P=A3

Amplitude was calculated as
A= AD+AT+A2-3"P

Centre—of—gravity (time)
T=(A1+2*A2-3"P)"256/A

time

Store events for calibration analysis

converter

slow
DAQ

*-—

calorimeter

upper half

1kHz
PM
fast

lower half

— DAQ

silicon detector

S

PM 100 kHz

tore histograms

for polarisation analysis

13



TPOL offline analysis
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Original analyzing power was based on
simulations — polarization scale
accurate to 8% NIM A329 (1993), 79

Non-linear transformation, corrections
from beam emittance, IP position,

HERA-II upgrade: converter plate and
silicon-strip detector - in situ calibration

New offline-analysis based on in-situ
measurement of n-y transformation
and energy response

Offline Analysis power takes into
account all known corrections, e.g.: n-y
transformation, beam size and position

Energy asymmetry n fit

H = i X I alorim el centr I 3
In Sltu energy- é g.g é_ t Silicon + Cllnmttdt t l _g
asymmetry response £ o3 _ CabloscanJune 2007 3
as a function of & .02 E E
vertical position 206 E ;
-0_?:- IH.\I.‘..IH.\\-E
£ E T T T T TTT T T3
5001 | 3
2 E 4 t J‘muh t A
é 05 et ot E
el 1 IH..IH.‘I.‘.ilu.‘l....l“.‘lg
-10 -5 0 5 10 15
~ 16 g . Energy sum ﬁt —— Silicon y-position (mm)
515.75 E QDATA ( 1 te y—l) H)ATA noncony (ncy+nex=0) 7 .
= S FE ney+nex> DATA: all =
Al AN . Insitu energy
R | Colorimeter cente 3 response as a function
. 145 | ! T E i it
n b eaamwan Ty ath 3 of vertical position.
© 14 ;*Silicon+calorimeter . ‘E # E
13.75 ;—Id?ta(t:fblescanJun§2007) L L i 3 .
B ET T T L T — 3 Calorimeter response
0.1 { E . . .
o f,‘w ittt is neither uniform nor
. E i W ppf } lw‘t # Ty Ll ¥ —E B
A L .3 symmetric along y

0 020

Silicon y-position (mm)

HERA-II TPOL scale uncertainty 1.9%

S.Schmitt, HERA transverse polarimeter

hep/ex 1201.2894
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Summary

 HERA: lepton beam polarisation above 60% for HERA-I (above 40% for
HERA-II) achieved using the Sokolov-Ternov effect

* First polarimeter in operation: transverse polarimeter (TPOL)

e CW Argon laser with 10W gave Compton interaction rate up to 50 kHz (0.5%
of the 10 MHz bunch-crossing rate)

* Simple calorimeter design with two optically separated halves and four
channels — build for reliability, not for precision

* Very robust design, fully autonomous operation
e Absolute scale precision below 2% reached only after adding converter plate
and silicon detector for HERA-II operation [plus years of analysis]

September 2022 S.Schmitt, HERA transverse polarimeter 15
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Backup slides
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Achieved Polarisation during HERA operation

HERMES

Spin rotator

T Spin rotator

Longitudinal
polarimeter

HERA-I

Spin-rotators for HERMES
H1 Compensating coils for H1 &ZEUS

Polarization ~60%

Transverse
polarimeter

HERA-B

HERMES

Spin rotator

T Spin rotator

Longitudinal

H E R A_I | polarimeters

Spi tat .
pm Tl Spin-rotators for

Spin rotator

ZEUS

H1, HERMES, ZEUS

o No compensating coils ZEUS

Spin rotator Spin rotator

Polarization ~40%
Transverse
polarimeter

HERA-B

Luminosity upgrade for H1 and ZEUS ~ down-grade for HERA beam polarisation
Losses from extra spin rotators and beam-beam effects (different polarization for colliding and non-colliding bunches)

September 2022

S.Schmitt, HERA transverse polarimeter
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Transverse calorimeter online calibration @

September 2022

.. C t d
Average over both helicities ompton edge

Subtract laser-off background energy)
Left (L) and Right (R) channel calibration
- Make sure L/(L+R) is at 0.5

- Compton edge at expected L+R (~13.8 GeV)

Up (U) and Down (D) channel calibration

- Ratio (U+D)/(L+R) is analyzed as a function of

x=U/(U+D)
- Extrapolate to x=0: D calibration
- Extrapolate to x=1: U callibration
- Cross-check: U+D Compton edge

(maximum photon

Jon 29 2005, DBI17.50

5000
ADC counts up+down

5004

jry

(up+down){/(left+right)

S.Schmitt, HERA transverse polarimeter

up/{up+down)

Brejs edge
(beam energy)
L+R
»
ADC counts left+right
L—R
L+R
left/left+ r‘|ght)1
18



Operational difficulties (selection)
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* Main weakness: transport system of .
laser light over 200 metres

* Limited diagnostics and slow mirror
controllers — difficulties to steer the
laser into the tunnel after long
shutdowns

* Longer-term: somewhat limited laser
stability, rather high cost (maintenance
contract with company)

* Residual linear light polarisation:
difficult to adjust optics (could have
profited from 2" Pockel’s cell)

September 2022 S.Schmitt, HERA transverse polarimeter

Over longer periods: p 0

167 m

damage on Mirror M4 (close
to beam). Not clear whether
it was from radiation or
because of the (more

focussed) laser beam

A /A

could not monitor light
polarisation in that position.

Exit window - true laser
polarisation inside vaccum
not known

)/

Potential weakness: laser M
steered to electron beam,

29m

Ao

19
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Longitudinal polarimeter

HERMES physics operation: need R
better polarimeter with precision 1-2% | s =0 | LPOL setup
(TPOL precision ~8% at the time) Nd:YAG laser 532nm
(frequency-doubled) i m/g =
i i i i Pulse length 3ns frae)
Measure longitudinal polarization Repetition rate 100 Hz | e
between spin rotators s e (S

Pulsed laser, multi-photon mode

Per shot, the total energy of ~1000 'é‘tefaCtiog tfeqrig%L | o calorimt

: : ompared to , 1€SS Space 10r calorimeter
photons is measured in a crystal
Ca|0r|meter |< 39m sl g3l 38m e 16 m |
Asymmetry between two laser helicity e ot i
states —» beam polarization } T PRkl

interaction point

NIM A479 (2002) 334

September 2022 S.Schmitt, HERA transverse polarimeter 20
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Longitudinal polarimeter analysis

Compton

photons N
* Energy asymmetry is fairly robust
against systematic effects, analyzing LPOL crystal
power is known analytically calorimeter

* Experimental difficulties

Pedestal from synchroton radiation
- data with non-charged laser

— Timing and intensity jitter

- fixed energy 100mJ per shot

— correction based on laser timing

Calorimeter linearity
— crystal calorimeter, test beam

September 2022

u.)

calorimeter signal (a

6000

5000

N
3
=1
S

w
=]
=]
S

2000

1000

Intensity profile of the
laser pulse

i 2 3 4

relative trigger time (ns)

_13/2

I
P=APx—12 32

I+ 1),

I : timing-corrected energy
1/2, 3/2 : laser helicity states
AP=0.1838 for the HERA setup

Result: HERA-II LPOL scale

uncertainty 2%

S.Schmitt, HERA transverse polarimeter

hep/ex 1201.2894
21
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HERA LPOL Fabry-Perot polarimeter

LPOL setup and
location of cavity

* Added Fabry-Perot cavity in the
electron beam-line near the original
LPOL IP

e Cavity is driven by 0.7W Nd:YAG laser S .

472m

(1064 nm), effective power in cavity e =]
~3000 KW. Optical table in the tunnel. j @:ﬁ e ———
* Use sampling calorimeter from original i \ -t
LPOL setup to detect photons Cavity and
: : optical table in
* Read out and histogram calorimeter HpERA tunnel

data at the HERA bunch crossing rate
of 10.4 MHz - quite difficult (FPGA
and CPU limitations 20 years ago)

JINST 5 (2010) P06005

N

Lo

September 2022 S.Schmitt, HERA transverse poaﬁmeter 22
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Fabry-Perot optical setup

HERMES o

. CALORIMETER
~ 100m ~—>

60m

* Two high-reflectiveness mirrors (R>0.999)

Bellows

* Optical components mounted on optical s
table. Mechanically decoupled from HERA s
vacuum vessel using a system of bellows
* Laseris frequency-locked to a cavity T
resonance using an active feedback
system @{k ,,,,,,,,,,,,,,,,,,, e we e
* Laser helicity is selected using a rotating ¢ o =
quarter-wave plate B 2 am . B o
. o . R IR RS R R [l e
* Light polarization is measured behind the =~ ww ,, ., . wl
second cavity mirror e

JINST 5 (2010) PO6005 @.%fy

September 2022 S.Schmitt, HERA transverse polarimeter 23
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LPOL Cavity analysis

(/) | IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII;
M d t ; _.GEJ i BCP (1)=1vgcp (2)=2ygcp ]
. easured energy spectrum receives 5 e .
. . ! (8)=1 YeGgpP (4)=2YBGP (5)=3YBGP —
contributions from R E
- I' BCP+BGP (6)=1Ygcp+1¥sap (7)=1Ygcp+2Vpgp E
— Compton scattering (BCP) 109l SRP i
- Bremsstrahlung (BGP) b sum ®) ;
. o B
- Synchrotron radiation (SRP) Rl
* For a given events there are contributions " .n- ---------- A\ B _
from 1,2,3,... superimposed photons ‘
* Analytic fit extracts relative size of these  E 1 : "
components, calorimeter properties, beam ' T W
pOIarization’ etC 10 -1 : 111 I L1 11 I 1 I(1I)I I L1 1 :ll'l(zl)l 11 | L1 11 I (I3I) 1 I 1 I’Ip‘lm:::lr;;i:‘l.-
0 5 10 15 20 25 30 35 40 45
E, (GeV)

JINST 5 (2010) P0O6005
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LPOL cavity results
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LPOL cavity was commissioned rather
late —» not used for regular operation,
only in dedicated runs

However, results were very good

Fast and accurate measurement
(every 20 s for groups of bunches)

Statistical accuracy for a single
bunch: 2% per minute

Systematic scale uncertainty 0.9%

JINST 5 (2010) PO6005

0.7

0.5

0.4

_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_
= : Colliding bunches

Pilot bunches

1 Per-bunch
1 polarization:

have different
1 polarization
"H] (different

- depolarizing
1 effects)

200
Bunch

Correlation of bunch © _,

polarization with

proton-bunch current: , [ -

Strongest correlation . _
early in the fill (small i

| Depolarizing effect

v 0:00<t<3:30 T o
T 4
o 3:30<t<7:00

p-beam emittance) 03 - X

vv |
ol b b by 1

of proton beam

S.Schmitt, HERA transverse polarimeter

100 200 300 400 500 600

LA 95

colliding and non-
colliding bunches
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Sokolov-Ternov Effect: risetime

Build-up of polarisation in a flat e 10°h c(c-S)
machine (only Dipoles) ES

Rise-time depends on C : circumference [km|
S : straight sections [km]

circumference, energy, magnetic
' - E : GeV
field strength along the ring energy [GeV]

Exact formula can be found in
NIM A329 (1993), 79

My personal estimates ... add a big grain of salt...

Circumference Energy Risetime
HERA 6.3 km 27.5 GeV ~1/2 hour
LEP 27 km 45 GeV ~10 hours
FCC 90 km 45 GeV ~400 hours
FCC 90 km 150 GeV ~1 hour

September 2022 S.Schmitt, HERA transverse polarimeter 26
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