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il Motivation 3F

« |ILC damping ring R&D at KEK’s Accelerator Test Facility (ATF):
— Investigation of the beam damping process (damping wiggler,
minimization of the damping time, etc.)
— Goal: generation and extraction of a reproducible low
emittance beam (g, < 2 pm-rad) at the nominal ILC bunch charge
« A major tool for low emittance corrections:
a high resolution BPM system

— Optimization of the closed-orbit, beam-based alignment (BBA) studies
to investigate BPM offsets and calibration.

— Correction of non-linear field effects, i.e. coupling, chromaticity,...
— Necessary: a state-or-the-art BPM system, utilizing
* a broadband turn-by-turn mode (< 10 ym resolution)
« a narrowband mode with high resolution (~ 100 nm range)
« ATF BPM read-out system upgrade
— Button BPMs and signal cabling remains unchanged
— New BPM read-out system, tailored to ATF needs and requirements

3/21/2011 ALCPG 2011, ATF Damping Ring BPMs 3



iln Recent Activities

&
N

"b Fermilab

October 2009

— Prepare installation of the new BPM read-out system
« Cables for LO, DC, CAN-bus signal distribution in the tunnel, grounding,...
* Install analog downconverters in the tunnel
» Install 4 VME crates, with each 24 digitizers, CPU & timing module.

May 2010

— First beam commissioning of the new BPM read-out system
* 95 out-of 96 BPMs
« Major firm- and software changes

October 2010

— Many firm- and software modifications, go to 33 samples per turn
— First beam studies

February 2011
— More on software, e.g. last turn capability, crate sync, ping-pong CAL
— Fixing a few hardware defects, rearranging tunnel hardware, etc.
— Beam studies, also some follow up remote shifts
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ATF DR BPM Hardware

&
N

Fermilab

Analog downconverter
(located in the tunnel)

CAN-bus controls, IF filter,
remote diagnostics, etc.

RF, DC & CAN-bus distribution.

Grounding of tunnel hardware.

In-house VME digitizer

8-ch. ,125 MSPS ADC (serial
outputs), Cylcone lll FPGA,
PLL-locked CLK distribution

Able to measure Injection TBT,

narrowband orbit,
narrowband CAL orbit, and
last turn on every injection

DDDDDD
IIIIII

LO & CAN-bus
Distribution

DC PS &
Distribution
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Machine and Beam Parameters
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The ATF Damping Ring 3

beam energy E =

beam intensity, single bunch =
beam intensity, multibunch (20) =
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Ir Beam Position Signal Processing arf
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-0.500

Down Mix A
- 3

Down Mix D
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il Calibration Schema E
CALtrans | Down MixB - May Use two calibration
— A e = tones of different frequency:
— 714 + e MHz
c”';ﬂt Down Mix A — 714 — ¢ MHz
— e} { BPF H 500 > LPF o — Can use reflected and thru
BPM cal signal.
cALtans | Down MixD — In passband of t_he
— downconverter in NB mode.
———— >-OH> —
W — Separate digital NB receiver.
CAL refit - — — Works in presence of beam!
— + Two separate tones may be
e A ;
|— not the best idea!?
— Slightly different signal
levels: Correction errors!
714-¢ | 714+¢  Resolution for ATF
Tm — “Ping-Pong” CAL schema
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ile Analog Signal Processing

SSB Mixer

D:szﬂf;al LPF  ATT BPF  LNA  LNA | . LNA  LPF
Ty o et VA g B — AP0,
I T BW.d0Mi:  NFiada G 120 wam P
* 4-ch. Analog downmixer e Downconverter changes

— IN: 714,L0: 7291, IF: 151 MHz | Z — Change the gain

— CAN-bus controlled gain, distribution (RF+, IF-)
attenuator & cal system — Change mixers

— Gain switchable, low-noise, (+17 dBm -> +13 dBm)
high IP3 input gain stage — Change response of

— Image rejection (SSB) mixer the IF section BPF

— ~30 dB gain,
ultralinear IF stage
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iIr8-Ch,14-bit, 125 MS/s VME Digitizer3&
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BLOCK DIAGRAM Generic Digitizer VME bus
O—_GATE R VME
. o__TRIGGER | | prvers [
Externa.l_'; O—1ICLK >
Control i SYNC IN R 4x32M
- O o DDR2
O«—SYNC OUT K(—>| SDRAM
AC passive
O—>— K= Frca
O—>—» A Altera —N JTAG
(D: Cyclone Il
=i i
8 Analog Inputs  :
N O > : — — EPCS4
4 Channels per Ch|p§ g Interface
« 125 MSPS, 500 MHz BW O—>— ¢
- 4-ch serial ADC chips O—>— o K—] Oscillator
« 8-ch, AC passive (or DC active) CLKIN @ il
 PLL/VCO CLK distribution O—— Clock Driver (PLL & DIV) K= Oscillator
« SNR>72 dB (@50 MHz) C: LK OUT
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ile Digital Signal Processing

 No Modes - on external trigger processes data in parallel

— TBT Filter
« provide magnitude per turn for position & intensity

— Narrowband processing (Filter & Decimate)
* Provide magnitude of |,Q for position & intensity
« Store array of 1,Q per channel for readback

— Raw ADC data to RAM
« diagnostic readback

— Programmable trigger delay per channel (adc samples)
« Any data type (NB, TBT, Raw) can be readback after each
trigger
— All data will be read out as 1,Q pairs
— Caveat: The CAL tone has to be disabled for TBT data
— Each board pulls IRQ when data is ready
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ile FPGA Block Diagram
50Hz
reset_}z 32 Registers
8 ch NB Filter N\Bn;IE
c ; 1.4kHz output S
ADC Input
14 Bifs 16 Bits/ch DDR RAM
71.4 MHz UME
NB Data  Eei-ydiere

TBT Data
Raw Data

TBT Filter

WB Gate(s) VME

Raw Data

WB Gat
DAQ SM ate(s) VME

Trigger
Ch delays (clocks) NB Gate IRQ

Gates in Turns >
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ilr Narrowband Signal Processing &¢

* Process 8 ADC channels in parallel up to FIR filter
+ Digitally Downconvert each channel into /,Q then filter |,Q independently
» CIC Filters operating in parallel at 71.4MHz
+ Decimate by 17KSPS to 4.2KSPS output rate

» 1 Serial FIR Filter processes all 32 CIC Filter outputs
« 80 tap FIR (400 Hz BW, 500 Hz Stop, -100 db stopband) -> 1KHz effective BW
+ Decimate by 3 to 1.4 KSPS output rate -> ability to easily filter 50Hz
« Calculate Magnitude from /,Q at 1.4KHz
* Both Magnitude and I,Q are written to RAM
» Also able to write 1,Q output from CIC to RAM upon request

NCO (sin, cos)

24 Bits Phase Select
(~1 Hz) Significant
Bits

2 CIC A : FIR (80 I calculate
X i taps) Magnitud
5 Stages Shift agnitude
ADC Input 7\ R=17001 A Q
14 Bits
omMHz O Q 24 Bits 20 Bits | 16 Bits
1.4 KSPS
s 42KSPS  4.2KSPS

/\ - Denotes Peak Detectors to optimize scaling
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il System Timing Cartoon

"o

&
N

Fermilab

Trigger before beam injection (injection rep rate is ~1.5 Hz)
— Beam in machine for ~1e6 turns (~450 msec)
— Bunch RF is 714MHz with h=330, ADC clock 71.4MHz -> 33 ADC samples/turn
— Gates specified in turns (need to account for filter delay/decimation for NB)
— Data in boards is overwritten on each trigger

— Note for WB readback (diagnostic and some TBT data) it will be necessary to halt
the system to readback all data over the network - these are special study modes

| Trigger
| Beam |
| NB Gate |
I_I | WB Gate(s) L"
| Reset
| Latch
IRQ"_I Readout IRQ || | Readout
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iir Recent BPM Setup & Maintenance 3¢

 Hardware related:
— Exchanged & relocated defect analog downconverter at BPM #31
— Wired BPM #59 as “reference” BPM:
* Four-way split of “A”-button signal into the electronics.

— Installed new VME digitizer firmware
» Detection of first & last turn
* Improvements on signal offsets, etc.

— Temporary switched analog downconverter to low-gain operation
« False interpretation of spectrum analyzer saturation effects!
« Software related
— Installation and troubleshooting of the new software.
— Implemented new scaling polynomials for BPM 20 & 21.
— Adjusted the timing for all BPMs (TBT and raw data).
— Adjustment of the NCO frequencies (NB operation)

« Beam NCO frequency offset: 25 Hz
« CAL NCO frequency offset: 50 Hz
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il CAL Tone Correction 3

 Narrow-band closed orbit data is provided with and
without calibration tone correction

— A CAL tone with ~400 kHz offset corrects for slow gain drifts of
individual channels.

— In 1.56 Hz operation we integrate 160 msec NB beam and CAL
data (224 points).

— The “ping-pong” CAL tone switches between A&C and B&D.
— The CAL signals are averaged: 16+16 cycle running average.

* Test of calibrated / uncalibrated NB beam position of
BPM #59:

BPM 59 narrow-band beam position (um) CAL no CAL

e horizontal -90 210
vertical 250 -145

1dB horizontal -90 -55
(CH.A) vertical 250 120
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il BPM Data Collection 3

 Took “snapshot” BPM data,
for several 100 machine cycles:

— Collect first 1024 turns TBT BPM data at injection:
the 15t turn is “empty”, the following 1023 turns have data

— Collect NB closed orbit data averaged over 160 msec, starting
from turn #500,000, with / without CAL tone correction.

— Collect last 64 turns TBT BPM data at ejection:
the last 48 turns are “empty”.
 Collected TBT BPM data at turn #500,000
— Pinger set to 6200 V (hor.), 5800 V (vert.)
— Took measurements on dispersion orbits (ARF = -10, +2 kHz).

— Also took measurements with tunes set close
to the sum resonance: 0.25 (hor.) and 0.65 (vert.).

* Did not found a reasonable result in x-y coupling. Random BPM
tilts of 1 degree RMS would cause similar results.
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Typical TBT Injection Data
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« Injection shows large, un-damped synchrotron oscillations (hor.)
— Betatron oscillations damp quickly within a few 100 turns
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15 |
. . . 1
* The synchrotron oscillationis _ I %
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Typical TBT FFT Plots

FFT of BPM 5 TBT Data
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iIn Shot-to-shot TBT Tunes 2
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[
== Tunes vs. BPM Tunes vs. BPM [ —
0.176 - 0.66 ' — .
o)  FFTonly 3 x |
0175 ] y 0.62 | I
0.1745 | 8 06 r ]
g 0174 | 1 g 058 - 1
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continuous FT around the peak

- BPM #28 data has a strong noise source
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TBT Damping Ring Optics
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 Test DR optics with pinged TBT data, average over five data sets.
— Excluded are BPMs 46 and 72.

— Vertical kick is weak due to unfortunate kicker location.
— BPM numbers are shifted to the kicker location, i.e. +26

— Horizontal measurements shows different agreement with theoretical

optics for the two arcs.
« Seems the agreement is better in the 2" arc?!

Optics Optics
30 — 35 —
+ B (nominal) = B, (nominal)
25 30
+ -
20 ] J, 25 =
i *
c 1 + |
= 15+ P .
d( % E‘I i 1
- i + S |
P i | | 1
-L-I- LT ++ o }H%' H' | + + - +1F%=I‘ E EIH
> ﬁ"rdf“' AT T“ i“*”ﬁ H\I *"t"'ﬂ ”“’ J*h IA— +”»+m ik “s: ! *H*II + ++H++ A T |
0 i -i-*)ﬂ-l%# H‘j\t J“-‘I' Y -1- _‘_4_{_‘{_&_;% _‘}_\H_i -H’"‘ ' Jq’-f“f "fr-o-é #f;. Hﬁf-*.]. f;. PR **&‘%‘ﬁ‘@‘f‘_’_t* -F"++
0 10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100
BPM # BPM #
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m.. r TBT Damping Ring Optics (cont. )
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* Pinged data shows B-beating wrt. to nominal optics
- AB/B,=29%
~ AB/B,=44 %
— The Fourier analysis verifies this result
« AB/B ~ 1/sin(2mQ), i.e. peaks at 2Q
AB,/ B, spectrum AB/ B, spectrum
0.02 —— 0.045 —
0.018 0.04
0.016 | 0.035 F
0.014 | I
£ 001} 2 602
E 0008} = el
® 6008 | ® 0015}
0.004 | 0.01 ¢
0.002 | ‘ | ‘ - 0.005 |
0 ||..I‘|. ‘|.\.. il |‘ . ..||.... 0 |||.|. ..I|| Jlllulllu Lol i L
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
harmonics harmonics
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"b r TBT Inj.: Dispersion Measurement 3¢
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— Use nominal D, to find the amplitude A and |
phase ¢, which best fits x TBT.

Dispersion, horizontal

For this we can use all BPMs

The values found for A And ¢ are used to compute |
the actual D, which best fit each BPM TBT. 1

Use TBT data to fit the dispersion functions

‘ BPHB1 -
) Amplitude fit with t=2 ms
1k

-1.5
0

200 400 600 800 1000 1200 1400

Dispersion, vertical
. T T T 0.015 T T T T T T, T
0.2 D, (nominal) - I Dy (nominal) -
0.15 | 0.01
0.005 | { .
0.1 i g B $ =
0.05 | : }H} t %{I H* EI f{} ﬁ* Tt
. 0.005 | P { 1
+$+ti' [ 'i -1[
O " e -0.01 :
_005 1 1 1 1 1 1 1 1 1 _0015 1 1 1 1 1 1 1 1 1
0O 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
BPM # BPM #
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iIr Dispersion Measurement (cont.) 3¢
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2.5e-05 5e-07

4. 5e-07 |
2e-05 r . 4e-07
3.5e-07 |
§ 1.5e-05 | § 3e-07 |
= £ 25007 |
E 1e-05 | 1 & 2e-07 |

1.5e-07 | .

56-06 |- 1607 | ‘ ]

5e-08 | .

0 III.HM |||..||||‘....I|||...... 0 ‘H| ‘I‘ HI‘.H..MM‘
0O 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
harmonic harmonic

Fourier analysis of the dispersion AD(s) = D, ....(S) — Diheo(S)

— Peaks as expected at h=15 (Q, = 15.18)

* The actual dispersion depends on the orbit
(beam offsets in the quads -> dipole)

» Dispersion peaks at the main orbit harmonic, i.e. the betatron tune,
as the closed orbit is proportional to the dipole error fields 1/sin(mQ).

— No peak observed in the vertical plane around h = 8.

AD, spectrum AD, spectrum
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e Dispersion Measurement (RF) af
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* Dispersion measurement using a frequency shift
Perform closed orbit measurements with Af=-10 kHz
« Reference orbit: average 50 data sets
RF shifted orbit: average 15 data sets
- Particle are now on the dispersion orbit D dp/p, with dp/p [ df/f
<DV> <D\/>*
0.18 — 0.008 : =
0.16 1 y
0.006 | ;
* =
014 0.004 | \ N
g 012 E s s w fli I I
s o g ooo2pF o T g ]
S S PLOBR D f@E Tt L o
p 008 2 0 4| 1 ”iii e 1 .
IR SR 73
g 006 : gooozf o TL W T
Q 004t = SR A S E Y f
-0.004 & E o] i
0.02 |+, - LA a0l |
| -7 e . . -0.006 | *note:in <D,> th line just 7 |
0 K A R cr(l)(r)lr?ecrt]slthe me?asgl:reeemnerrllte pJ(l)Jmts "f{“
-0.02 : : ' ' : ' : : : -0.008
0 10 20 30 40 560 60 70 80 S0 100 0 10 20 30 40 50 60 70 80 90 100
BPM # BPM #
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iIr Dispersion Analysis (cont.)
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« Compare RF and TBT inj. dispersion measurements

— Good agreement in the horizontal plane
- BPMs 73 (#47) and 85 (#59) where disabled (large “errors”)

— Still fair agreement in the vertical plane,
having only little dispersion perturbation.

AD, AD,
0.03 0.015 .
002} | T§$ ___________
0.01 | 0.01 |

0 |
-0.01

E 002} g 00

o -003} =3 A B

< < 0/ Lol Yy
-0.04 | AL
-0.05 |
-0.06 | -0.005 | 1
-0.07 i i
-0.08 -0.01 ’

BPM #

0 10 20 30 40 50 60 70 80 90 10

BPM #

0 10 20 30 40 50 60 70 80 90 100
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Dispersion Analysis (cont.)

&
N

Fermilab

 Hypothesis: Random BPM tilt errors

— Would generate small vertical offsets, even if D,=0

amplitude

* Is compatible with white D, spectrum on page 32 (right plot).

— Re-compute the vertical dispersion subtracting the D,
contribution due to the BPM tilt (tilt= D /D, < 5 degrees)

* Enhances h =8 and damps h =10 in the D, spectrum

1e-06

AD, spectrum, no tilt correction

9e-07
8e-07
7e-07 |
6e-07 |
5e-07
4e-07 |
3e-07
2e-07
1e-07 ‘ M
0 1

l
5

0

10 15 20 25 30 35 40 45 50
harmonic

amplitude

6e-07

5e-07
4e-07 |

3e-07

2e-07

1e-07

0

AD,, spectrum, with tilt correction
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0
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TBT Phase Analysis

&
N

Fermilab
' BPM 19 - Real Beam BPM 19 - Real Beam =
. T T T T T T T T T T ’é" 40 T T T T T T T T T
I 101k - 3 30 o
‘® ]
f 1MWWMMWWW\NW¢WWWW 2 _
£ omf iy E— n
0.8 | | | | | | | | I ! £ VA | AR I R
0 100 200 300 400 500 GO0 700 800 900 1000 ] 0.1 02 03 0.4 05 06 07 (IR] 09 1
Tune
Simulated Beam Simulated Beam
1.02 T T T T T T T T T T 'g 40 ! I ! I !
= a0
.-E' 1.01F B — B
S 1 oA NG A A A A § = -
] -~
= 099+ 2 E. 10 “‘L i
I I I I I 1 I I I I <L Qg st L L L L L : . il
s 00 200 ;0 400 600 B0 700 8O0 SO0 10D o 891 02 03 04 05 06 07 08 03 1
Turmn Tune
. . . Cal ted f Extraction R;
Beam phase motion (synchrotron oscillation) e e S = e
. . = - i ; T e == o =
results in an error on each button magnitude ap, W R b Tay ey - = o
= . . hg=" - oty o E #mjjzzz L =T AT g o ihE
This effect can be seen on the intensity (button LT e g T s T e
= e o e ij == Ty seﬁ‘:t_ssh e T =
sum) ik ]?—I A Iztz S fs’iﬁ % z;? jgz = g Il
. . /(;J\VA_ & iz I]z e S - s % iggz il
In the ideal case where each channel is £ - B : 3 "% =
. g _5:L7 = o T £ - gt Iﬁ ¥ Al
sampled at the same phase, this would not S = = s T 3
affect the position 8 , =T i
. . . P X |
Simulated beam signals with expected T
synchrotron oscillation (200 turn period) ™ - el
We can minimize the channel to channel ' - | | | | | | S
sampling phase via cable trims -~ S
3/21/2011 ALCPG 2011, ATF Damping Ring BPMs 30



ilr Narrowband Results (preliminary) ¢

BPM Resolution from SVD

BPM 59 - Split Signal 5

250 Orbit measurements
made over an 8 hour shift

Resolution estimated with
split signal BPM

. . . . .
5 10 15 20 2% il
# Modes Removed

and by SVD technique © Rescuem
. e Calibrated Orbit (250 Injections)
— 0.650 ym with split signal 3001 —
— 1.25 pm (6 SVD modes) —%— Horz

250

— 0.660 ym (20 SVD modes)

Measurements where
performed in low gain

Need more investigations!

200

150 |

RMS (um)

100

sof ¥

| |
a0 100
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il Summary and Outlook

 The ATF damping ring BPMs are made operational
— Report 1024 TBTs at injection, 64 TBTs at extraction,
and high resolution NB data, all at the same machine cycle

* No problems in 1.56 Hz operation,
3.12 Hz operation needs to be tweaked.

» Crate synchronization, last turn data, time stamping, etc. are OK!
« Automated search for first and last turn in the FPGA.
« Automatic gain correction on NB data.

— Provide additional operation modes for dedicated studies.
* Flexible combination of raw, TBT and NB data

 Need more beam studies and some improvements
— Phase match of tunnel-to-rack cables

— BBA mandatory for further machine studies
« BPM-quad offsets and tilts!
— Need control system tools and GUIs
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Thanks for Listening!
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THANKS!
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Backup
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il RF, LO & DC Distribution 3

"b Fermilab

TI4MHz DISTRIBUTION

—— OUTPUTS

/P
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ile Button-style BPM Pickup F

EBW . __— REFERENCE , VTS ;
AY - PLANE : R ) - 1

; 0 FLANGE (Al)
TOP BLOCK (Ti) ".H]P TRANSITION

< 70 mm >| \
ShA CONNECTOR 5*

BUTTON (STAINLESS STEEL)

- ;

08 I en 612 mm
06
5 |
S0 Button:

02 / tranSfer CEEAAICS ,I T_

0 5x10% 1x10° 1.5x10° 2 10° impedance la _ Y >\ PIN (ovan
frequency[Hz | 19.5 mm B b__,a
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il Calibration Details 3

 Calibration in narrowband mode:
— Calibration tone frequency: f,, =713.6 MHz
— Beam frequency: f, ., = 714.0 MHz

« Basic calibration procedure:
— Correction values:

4, = Acar+ Bcar+ Ccar+ Dcar B Acar+ Bcar+ Ccar+ Dcar
o 4 Acar Corr 4Bcar

C. — Acar+ Bcar+ Ccar+ Dcar D - Acar+ Bcar+ Cear+ Dcar
Corr ACcur Corr 4Dcar

— Corrected beam positions:
_ (A ACorr+ DDCOW) - (B BCOW‘I‘ CCCOW)

Hcorr™ A Acorr+ B Bcorr+ C Ccorr+ D Dcorr
¢V . (A Acorr+ BBCorr) — (C Ccorr+ CCCOW)
corr A Acorr+ B Bcorr+ C Ccorr+ D Dcorr
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ilr - Analog Downmixer (prototype)
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il Memory
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The board has six 16bit by 32Meg DDR2 memory chips
— Provide a total of 384MBytes of storage with 96bit bus
— Operating at 300MHz -> ~2GB/s of memory bandwidth
* Need to account for setup & refresh time

Able to write raw ADC data at 71.4MHz as well as processed data in

parallel
— The raw ADC data requires ~1GB/s of memory bandwidth
— NB windows - store all processed and diagnostic data
— WB windows — store processed TBT data and raw ADC data

The current readout rate using A32D32 DMA transfers is ~10MB/s

— It would take over 30 seconds to DMA out entire on board ram!
* This is only used for diagnostic purposes
— For the ATF operation, all physics data is readout in ~20ms
— The readout can be further optimized if needed ~20MB/s is possible
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ile Software Components 3

Fermilab
VME Hardware Motorola 5500 uP Software (VxWorks)
VME Control Control Control
CAN [ Status
PMC
Status |
(1x) >  Flash
WB /NB
Bucket Delay =
714 ——| N Single/Multi-turn
INJ — VME Turn Data Control ) Diag. Mode S
(BIS) Timing 29
216—| K-TGF | Sample Count ' Bucket Delay
729 | (1x) ~ Turn Delay
CLK TRG Interrupt R
(64.9) 4 (Gate) i
A Multi-turn
— DDC Configure Control
B VME [ Orbit
c Echotek I/Q Data Pos/ Int Flash
— (1 2X) > Data
D Diagnostic
—_ Interrupt
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