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TOWARDS SUB-MICROMETER RESOLUTION
OF SINGLE SHOT STRIP LINE BPM *

A. Kalinin, STFC Daresbury Laboratory, Warrington, WA4 4AD, UK

Abstract

A high resolution single shot BPM set-up is designed.
One of the BPM modifications is developed as a
difference-sum BPM based on strip line pickup. In this
BPM, each strip line signal is converted in atime domain
converter into a three 660MHz-wave burst. The difference
and sum bursts produced by a hybrid junction are detected
in a pair of synchronous detectors. The synchronous
detector reference signals, and ADCs clock triggers are
manufactured from the sum burst. The set-up and features
of this BPM are presented. The BPM resolution was
measured using a KEK ATF beam. For equivalent bunch
intensity 0.3nC the resolution is about lum (for BPM

effective aperture 1/5). With appropriate ADCs, this BPM
can measure individual bunches at arate of up to 50MHz.
The BPM latency to the ADC inputs is as low as 10ns.
High resolution and low latency together, make this BPM
suitable for fast feedback/feed-forward systems.

INTRODUCTION

In this paper, some results of the development of a
single shot BPM, based on an eectrode pickup, are
described. The development of this device was driven by
chadlenging beam diagnostics requirements for the ILC,
ATF2[1,2], and the EMMA [3] accelerators.

The BPM should meet the following requirements:

e Bunch charge: InC (ATF2); 0.01-0.1nC (EMMA).

e Bunch spacing (a getting-ready-to-the-next-bunch
time): 300-150ns (ATF2); 50ns (EMMA).

e Vacuum chamber aperture; 25mm (ATF2);
(EMMA).

¢ Beam position measurement range: afew mm (ATF2);
afull aperture (EMMA).

o Pickup: grip line electrodes (ATF2); button e ectrodes
(EMMA).

e Resolution: <lum (ATF2); <50um(EMMA, 30pC).
e Analog processing latency: <<150ns (ATF2).

An attempt was made to develop a processing scheme
and a corresponding to it set of matching circuits that
could be combined into some ‘optimal’ single shot BPM
that would meet the requirements above, in particular,
which would have highest resolution in a full pickup
aperture or, within areasonably reduced position range, a
resolution close tothethermal noise resolution limit. A
BPM modification for the EMMA is now under design.
Here we focus at a BPM modification that was meant for
The ILC crab Cavity Test Bench [1] and Feed-Forward
Correction System [2] at the ILC/ATF2.
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DIFFERENCE-SUM BPM SET-UP

In the BPM, each grip line pickup signal is converted
to a flat-top-envelope three-wave burst. The difference
and sum bursts from the outputs of a hybrid junction are
amplified and detected in a pair of synchronous detectors.
The output of each detector is smoothed with a LP filter
and sampled at its end flat part by an ADC.

A short burst with a flat top envelope is an important
feature of the BPM. With it, three goals are attained: firdt,
the BPM gets a short getting-ready-to-the-next-bunch
time; next, it has a short latency as the filter output that is
sampled at its end is of the same length as the burst;
finaly, with an envelope flat top and using an overshot-
less Gaussian filter, it is possible to obtain in a short burst
time a BPM output pulse with a flat end. The flatness at
the sample moment is significant as it enables to reduce
additional noise generated by ADC clock jitter, and to
relax the tolerance of sample moment positioning as well.

An initid variant of a pickup-signal-to-burst converter
[5] was based on an irregular strip line coupler described
in [6]. A coupler’swave was split into four waves each of
which was progressively delayed and then re-combined.

Later a more compact variant was devel oped as a 50Q
time domain converter consisting of three cascades each
of which isa single wave coupler ana ogous to the device
mentioned above. The converter is made as a PCB with a
pair of coupled strip lines between two ground planes. To
get a flat envelope in a converter of such kind, it is
necessary in the design to adjust the coupling strengthsin
the first two cascades to have them matched to the last
cascade.

In this converter, the wave half-period is made equd to
the spacing of the ddta function pulses in the strip line
pickup signal. Starting with the second hdf-wave in the
burst, the magnitude is doubled as the waves excited by
the pickup’'s opposite polarity pulses are summed with
opposite phases. The last haf-wave is similar to the first
half-wave. So, the burst envel ope has a trapezoidal shape.
The beam signal magnitude on the flat top is about 0.7V
for a bunch intensity of 1nC.

Another method of converting a strip line pickup signa
into aflat top envelope burst isdescribed in [7].

The BPM is based on differenceesum 0.01-2GHz
hybrid junction H-9 (from Anzac-M/A-Com). We don’t
consider here a problem of BPM zero offset stability and
zero offset adjustment methods and procedures.

The BPM analog outputs are measured with a pair of
ADCs. Bunch intensity normalisation is supposed to be
done in a digital post-processor. Sum of BPM analog
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processing time, ADC measurement time and
normalisation time amounts to a total BPM latency. The
BPM processing time is about 10ns. With a commercid
pipdine 100MHz ADC, its output is available after 3
(ADSb5424) or 4 (AD6645) clock cycles. So, the BPM
latency without normalisation equates to 40-50ns.

In this BPM, an atempt was made to make it
autonomous. It has an internal  beam-based
synchronisation. The synchronous detector reference
signal is produced by an interna circuit from the sum
burst as a synchronous burst of regular amplitude.
Anocther circuit triggered by the synchronous burst
generates the ADC clock.

DIFFERENCE-SUM BPM RESOLUTION

|. For the signal magnitudes V,, V, at the difference-
sum junction outputs the beam position Y iscalculated as
Y =Ry (957 94)(Vy / V) )
where Ry, isthe effective pickup radius, g, and g, are

the junction voltage gains for the matching output loads
r. For the junction output therma noise voltage

V<u? > =,/4kTB-(r/2) theresolution can be written as

Coal g V<u?> 1[ Y jz o
R >|||m|r Re Yy A \/+ Ryt (957 9q) @)

where V. and Y are mean values. The expression (2)
gives a BPM resolution lower limit for a position
measurement range Ry (9,/ 94) . The limit is inversdy
proportional to beam intensity and grows with beam

offset (for g,=g, up to 2 times for Y =Ry).
Estimation of (2) for Ry =9mm, V,=0.7V, Y =0,
r=50Q and B=150MHz (vJ<u?>=~8uV) gives
V< V2 > i =100nm. With this limit, the BPM ultimate

range R defined as R =4/<y? >|Iimit IR (951 94) =

=v<u®>/V,, is(-99)dB.

Il. Assume the signals V,, V, are amplified and then
detected. The amplifier and detector gains and noise
factors are respectively G,, F, and G, F,. The reso-

lution /< y* >|D at the detector output can be written as
V< y2 >|D =

_R, gSGS‘Gd\/<u2>\/F +F[ Y jz )
o 094Gy Vs|D e Ryt (957 9q)
where each total gain is G=G, -G, and each noise
factor is F = F, +(Fp —1)/ G,°.

The expression (3) represents evolution of the therma
noise. However, other kinds of noise may appear in the

signal path. Consider here one of them. Assuming that for
a BPM input signa as a sine wave burst a synchronous
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detector is used where the switches are commutated by a
square wave reference signal. Equating the detector to a
multiplier  and introducing a reference jitter

|| <<T,where T is the period, one can calculate a
detector voltage output V as

V =(2al m)[1-27%(&, 2 1 T?)] 4
where for the reference signal magnitude taken equal to 1
the input wave amplitude is a<1. The first term is the
detected signal, the second term with &, randomly

changing from shot to shot is an additional voltage noise.
This noise, first, is proportional to the input signa
strength, second, it is a non-linear transformation product
of thereference signd jitter. For Gaussian jitter, thisnoise
in non-gaussian: it has a DC component, it is limited on
one side with zero and on the other side has large
fluctuations.

For an ‘optimd’ BPM this noise should not exceed the
thermal noise. For a full aperture BPM with g, =g,,

taking maximal beam offset as Y = R, and the detector
output rangeas R - ,/F, + F, one can write:

S I TS(Um)yR-JF+F 12 (5
Estimation of (5) for R=(-99)dB and F,=F, =16
gives & /T<1.10°

I11. With a buffer amplifier at the detector output, the
noise-to-signal range at the ADC input can be written as

R/ Faiot + Fsior » Where each total noise factor is:

stot 7
F=F, +(Fo -)/G,* +(Fgs —~D/G,°Gy’ (6)
with a buffer effective noise factor taken as F; 4 . For an
‘optimal’ ADC, its resolution defined as oy, /(2" -1)
where n is the number of bits, and o, 21, o, 21 are
some coefficients, should satisfy the condition
0,0, 1 2" SR Fyior + Forot (M
For R =(-99)dB, F,, =
number of bitsis n>16.
The coefficient ¢, is introduced to take into account
the ADC trandtion noise. The coefficient is a rms
quantity expressed with the LSB units. The coefficient «,

is usad to take into account the ADC clock jitter. For a
flat top BPM output pulse the coefficient is «, =1. For a

smplest case of linear slope V,, =V [1+&(t/ mT)],
||<<1 0<t<mT where mT is the burst length, an
acceptable clock jitter &, /T inafull aperture BPM is

B I T < (] 2")RAIN,(M/|E]) )
where +A is the ADC voltage range. For |V,|= A,
=1, n=16, m=3 and |§[=0.1, &, /T <1107

With &, /T =1.10", the coefficient @, = /2.
For a cupola-like top and with a sample moment at its

Foot =25 and oy =, =1 the
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apex, the voltage noise generated by the ADC clock jitter
is a non-linear transformation of the latter and has
features analogous to the features mentioned above for
synchronous detector reference jitter.

IV. To reduce the contribution of the additiond voltage
noise components generated in the detector and the ADC
(and contribution of the buffer amplifier noise as well)
and to come closer to the BPM resolution lower limit, a
common measure is to increase the difference channel
amplifier gain: G,, =G, G,,=KG, K>>1. Assume
that in the BPM g,=g9,. Using the signals & the
amplifier outputs, the beam position Y can be written as
Y= (Reff / K)(VAd /VAs) ©)
Assume that the input voltage ranges of the detectors in
both channes are equal which can be written as

Vad max = Vas|mac- 1N this case the range Y, of beam

offsets shrinks K times with regards to a full aperture

BPM: Y, =Ry / K. Using (3), the resolution can be
<U >

written as
2
V<Y >| Reff VAS Fag + FAS[@} (10)
=Ry; /K and F,,=F,, the second term

With Y,
under the square root can be neglected. The thermal noise
magnitude at the detector input is K times increased,
which is equivalent to having contribution of the noise in
the following circuits reduced by the same factor.

1K

BEAM-BASED RESOLUTION TEST

Using the expressions (3), (6) and (10), the BPM
resolution can be re-written as

' 1 K« E
<y2 >|out Reff K V </UG> dtot

outs stot

(11)

During resolution measurements, the strip line pickup
signals were attenuated by 7dB. That was equivalent to a

virtual decrease of the run beam intensity by up to 0.3nC.
The BPM output was N, |=A=1V. So, G, =
=1V /[(0.7V /InC)-0.3nC] =4.8.  For Rg =9mm,

Fi =25 and Gy, =5 the expresson (11) yields
V<Y?>|o =055um.  The BPM range becomes

X = (-84)dB.

The BPM output signals were measured with a 2GHz
14bit +1V recorder GFT6004 (from Acquitek). For
Mous| = A=1V its effective resolution is R=1/13bit =
=-78dB. With K =14dB the resolution enhances to
(-92)dB which exceeds %t by 8dB. However, whilst

data processing, it was discovered that the recorder had an
additional noise component, which increases with larger
input voltages (see array 9 in Table 2 below).

The recorder was free-running and got stopped (with
some delay) at each shot by the BPM sum signal. As its
clock was unsynchronised with beam, the BPM pulse
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magnitude at each shot was cal culated as a maximum of a
polynomial interpolation curve constructed on a
maximum sampl e and two adjacent samples.

In the first test run, a single BPM was used. Its inputs
were fed with signals taken from one pickup strip line. In
the second run (three months later), two BPMs were used
connected in parallel to asingle pickup. For thefirst run a
position reading std across a shot array gave the BPM
resolution. For the second run, the BPM resolution was

calculated as a divided by V2 sd across a position
difference array obtained from the readings of the two
BPMs.

The first run std values for effective pickup aperture
13 of Ry =9mm (K =10dB) aregiven in Table 1. Table
2isfor /5 0of Ry (K =14dB), arrays 6 to 8 are from the
first run, and array 9 is from the second run.

Tablel1
array
std,um | 3.8 13 18 15 16

Table 2
array 6 7 8 9
std, um 1.0 0.8 1.1 14

CONCLUSIONS

For an electron bunch intensity of 0.3nC, in atest a the
ATF, a single shot strip line BPM resolution of about
1um has been achieved, for an effective pickup aperture
of up to 1/5.

For further BPM resolution investigation, it is
necessary to equip the BPM with its own ADCs.
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