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Using a movable Schottky cavity resonant at 2.07 GHz, we have developed a simple method of deriving

the beam sizes at the detector. In this report we will explain the theory behind the method, describe the

system and the signal processing, and then present the results from experiments using this method. We

will also present our plans for using this new technique for obtaining beam emittances during normal

operation of the Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory (BNL).
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I. INTRODUCTION

In particle accelerators and high energy colliders, there
are various methods used to measure the beam size, from
which we derive the beam emittance (a nice overview of
the various methods is given by Koziol [1].) Most methods
for measuring beam size are intrinsically destructive to the
beam. Significant work is invested into minimizing the
interaction of the beam with the instruments, although
some devices are less destructive than others. In the
Relativistic Heavy Ion Collider (RHIC) there are five
systems that can directly measure beam size or from which
the beam size can be derived.

One method for measuring beam size that is important
for calibrating luminosity at RHIC is to perform a lumi-
nosity (or vernier) scan [2–4]. The beams are scanned
across each other at the collision point and, using beam
position measurements, the amount of motion is correlated
with detectors monitoring the collisions. These scans are
performed periodically but not for every RHIC cycle. From
these scans a calibration is determined allowing the trans-
verse beam emittances to be derived from measures of the
luminosity and beam current. In vernier scans, however,
the derived emittances are a convolution of the emittances
of the two beams [5].

The beam sizes are also measured using four ionization
profile monitors (IPM), one for each transverse plane for
each of the two accelerators that comprise RHIC [6]. A
high voltage accelerates electrons produced by the inter-
action of the beam with the residual gas to a set of elec-
trodes that are outside of the beam region. In principle,
such a system does not perturb the beam. In practice, at
RHIC, the high voltage is pulsed, which perturbs the beam
nonadiabatically. Therefore, to minimize emittance growth
the frequency of sampling is reduced while beams are in
collision. A significant advantage of using the IPMs is
these instruments are capable of measuring single bunch
and single turn beam sizes.

Another method used in RHIC is to derive beam size
from scanning a thin carbon target across the beam [7]. The
primary purpose of the carbon target is to monitor polar-
ization during polarized proton operation. The targets con-
sist of thin carbon ribbons (� 4 �g=cm2) designed to
minimally interact with the beam. Nevertheless, if left in
the beam for too long, they will either break or increase the
beam emittance noticeably. This system is also capable of
measuring the single bunch and single turn beam sizes.
A fourth system that is currently being developed is to

use a camera to measure the fluorescence induced by the
passage of the beam through a hydrogen jet [8], which is
primarily used to measure and calibrate the beam polar-
ization in RHIC [9]. At present, this system is limited to
measuring just the vertical beam size.
Each of the systems described above either perturbs the

beam noticeably or has dependencies that make them
difficult to calibrate. The purpose of developing a
Schottky emittance monitor is to provide a simple non-
destructive measurement during RHIC stores and to pro-
vide an alternative and backup system for monitoring
emittance. As we will describe in this paper, the main
advantage of this Schottky emittance monitor is the fact
that it is completely a passive measurement, and does not
cause emittance growth. Another significant advantage is
that it is very simple to calibrate. The only part of the
system that requires calibration are the translation stages
used to move the cavity.

II. OVERVIEW OF RHIC OPERATION

RHIC consists of two superconducting accelerators with
counterrotating beams. It has six interaction regions where
the two beams could be put into collisions with zero cross-
ing angle. We currently operate with collisions in two of
these regions. RHIC can be operated in many different
modes and with many different types of beams [10]. For
example, RHIC is able to run with two different ion beams
in the two rings simultaneously (e.g., gold and deuteron
beams in collision) [11]. RHIC can operate gold ions up to*kbrown@bnl.gov
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100 GeV=nucleon per ring and has achieved peak gold on
gold luminosities of 30� 1026 cm�2 sec�1 [12]. RHIC is
also capable of operating with polarized proton beams and
has achieved peak luminosities of 35� 1030 cm�2 sec�1

[13]. As the beam intensities and luminosities are pushed
higher, it becomes more and more desirable to have an
alternative and nondestructive method of measuring emit-
tance. Since RHIC is capable of running in so many differ-
ent modes, the method needs to be robust and capable of
working for different kinds of beams and beam intensities.
Table I summarizes some basic parameters from recent
RHIC operation. Note that these parameters change ac-
cording to the configuration for a given operation. For
example, �t can change depending on the lattice choice.
Betatron tunes [14] can be adjusted over a large range of
values, but generally a working point is selected based on
the beam dynamics and to achieve the longest beam life-
time during collisions [15]. RHIC fill patterns are adjusted
according to the mode of running and other requirements.
Timing constraints from the experiments require the rf
buckets be filled modulo three (only every third bucket
can have beam in it) and the abort kickers require a gap to
exist in the bunch train to coincide with the rise time of the
kickers. The bunch length given in the table is for the root-
mean-square (rms) bunch length during RHIC store for
polarized protons.

III. INTRODUCTION TO SCHOTTKY SIGNALS

Schottky detectors exploit the statistical nature of the
variations in the motion of the ensemble of particles in the
accelerators. The theory describing the Schottky signal for
particle beams is well described by van der Meer [16],
Chattopadhyay [17], and Boussard [18]. Measuring the
random variations in the motion of the ensemble of parti-
cles requires looking in the frequency domain, at high
enough frequency to be well above the coherent signal.

There are two modes in a Schottky detector that are of
interest for beam diagnostics. One mode measures the
longitudinal variations in the time of arrival of the parti-
cles. From this we can obtain the momentum spread from
the distribution of frequencies and the beam current from
the amount of power in the distribution. The other mode
measures the transverse variations due to the betatron
motion of the particles. From this we can obtain the beta-
tron tune, from the average frequency in those variations,
the chromaticity, from the difference in the width of the
frequency distributions above and below the revolution line
harmonic, and the beam size, reflected in the power in
those frequencies.
There are a number of types of detectors that can be used

to detect Schottky signals. Since these signals are ex-
tremely small, a significant amount of effort goes into the
design of the detectors and processing of the signals. The
detector we used is a high frequency cavity developed for
RHIC by the Lawrence Berkeley National Laboratory
Center for Beam Physics group when RHIC was being
constructed. The properties of the cavity are well described
by a report they published in 1998 [19]. The cavity uses
four probes to detect signals from the different modes in
the cavity. Two probes sample the transverse modes, at
2.067 and 2.071 GHz. They occur at different frequencies
because the transverse dimensions of the device are differ-
ent by about 0.5 mm. Two other probes sample the longi-
tudinal mode which is at 2.742 GHz (one of these can be
used to inject signals for calibration and testing). The
cavity has a very high Qunloaded ¼ 10 000 (Qloaded was
measured to be approximately 4700 for normal operation
[20]). The device has been available in RHIC for many
years as a tune and chromaticity monitor.
For our purposes, what is important is to note that the

signal sampled by the transverse mode probes will have
three basic components in the frequency domain, at a given
harmonic. As described above, there will be two distribu-
tions of spectral components (referred to as the betatron
sidebands) equally spaced around the revolution harmonic.
These sidebands contain the frequencies resulting from the
betatron motion of the particles in the beam. The power in
these sidebands is independent of the relative position of
the device to the beam (in the central linear region of the
device) and is proportional to the beam size. The third
component is the distribution of frequencies around the
revolution harmonic. The power in this component de-
pends linearly on the relative position of the device to the
beam.

IV. THEORY

The total amount of power in the transverse modes can
be calculated by noting that the signal measured by the
transverse probes is a function of the relative position of
the device to the beam. The dipole moment is given by

TABLE I. RHIC parameters from recent operation.

Parameter Recent value Units

Circumference 3833.845 m

Revolution frequency (v ¼ c) 78.196 kHz

Injection energy, gold 10.38 GeV=nucleon
Injection energy, protons 23.8 GeV

Store energy, gold 100 GeV=nucleon
Store energy, protons 100 GeV

Acceleration rf harmonic 360

Number of bunches, gold 103

Number of bunches, protons 109

Number of collision points 2

Intensity, gold 1.1 109 ions=bunch
Intensity, protons 150 109 protons=bunch
�t 22.89 (lattice dependent)

Bunch length (rms) 2.8 nsec
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SðtÞ ¼ IðtÞXðtÞ

¼ XN
k¼1

!kQ�pð!0tþ�kðtÞÞ

�
�
X þ ðEk � E0Þ

�2E0

Dþ X̂k cosð!�tþ c kÞ
�
; (1)

where X̂k corresponds to the single particle amplitude
relative to the closed orbit, Ek is the single particle energy,
!� is the betatron frequency for that particle, !k is the

angular revolution frequency for the particle, the particle
charge is Q, and c k is the betatron phase. The position of
the closed orbit relative to the electrical center of the cavity
is X. The energy of the particle on the reference orbit is E0,
!0 is the angular revolution frequency for that particle,
� ¼ v=c, where v is the synchronous particle velocity, D
is the lattice momentum dispersion, N is the number of
particles, t is time, and the periodic delta function is

�pð�Þ ¼ 1

2�

X1
m¼�1

eim�: (2)

The function�kðtÞ defines the time structure of the beam
passing through the detector. For the moment we will
assume that the power in the Schottky signal is indepen-
dent of this time structure (e.g., the case of a coasting
debunched beam). In the next section we will discuss the
differences between bunched and debunched beams.

If we consider the mth revolution harmonic, !=!0, the
lower betatron sideband is m� q, where q is the non-
integer part of the betatron tune, and the upper betatron
sideband is mþ q. We denote the revolution frequency of
the reference particle as f0 and the single particle revolu-
tion frequency as fk.

The signal amplitude near the mth revolution harmonic
is

S0;mðtÞ ¼
XN
k¼1

fkQeim½!0tþ�kðtÞ�
�
X þ ðEk � E0Þ

�2E0

D

�
: (3)

With !� ¼ ðlþ qÞ!0, the signal amplitude at the upper

betatron sideband is

Sþ;mðtÞ ¼
XN
k¼1

fkQeiðm�lÞ½!0tþ�kðtÞ� X̂k

2
ðei½ðlþqÞ!0tþc k�Þ:

(4)

The power in the signal near the revolution harmonic is
proportional to

P0 ¼ hjS0;mðtÞj2i ¼ f20Q
2N

�
X2 þ hðEk � E0Þ2iD2

ð�2E0Þ2
�
: (5)

The power in the upper (þ ) and lower (� ) betatron
sidebands is proportional to

Pþ ¼ P� ¼ f20Q
2N

hX̂k
2i

4
¼ f20Q

2N
�2

2
: (6)

Notice that the power in these spectra is independent of
harmonic.
The rms beam size, �, is derived by taking the ratio of

the power in themth revolution harmonic to the sum of the
power in the betatron sidebands:

P0

Pþ þ P�
¼ 1

�2
½X2 þD2�2�; (7)

where

�2 ¼ hðEk � E0Þ2i
ð�2E0Þ2

: (8)

To measure the rms beam size we scan X and fit the
resulting parabola to find � and the dispersion offset.

V. BUNCHED BEAM ANALYSIS

The primary difference between bunched and de-
bunched beams is that the bunched structure can add power
at the revolution harmonic, as a result of bunch structure
variations, quadrupole or dipole oscillations, or other co-
herent phenomena. The result is that a sharp coherent line
can appear in the spectrum at the revolution harmonic. In
addition, given sufficient resolution bandwidth, the distri-
bution of frequencies in the spectrum will be seen to be
broken up into synchrotron sideband components.
However, we are interested in the power in the spectrum,
which is what we evaluate here.
Consider a single harmonic, m, where we now have

taken the dispersion to be zero:

S0;mðtÞ ¼
XN
k¼1

fkQeim½!0tþ�kðtÞ�ðXÞ: (9)

For a coasting debunched beam passing through the
detector, the time structure is defined by

�kðtÞ ¼ !0	
�pk

p
tþ c k; (10)

where 0 � c k < 2� is the relative particle phase, �pk=p
is the momentum deviation for particle k, and 	 is the slip
factor equal to 1

�2
t
� 1

�2 .

Since the particles are independently distributed in
phase, the individual particle currents cancel and only the
rms current remains:

hjSðtÞj2i ¼ f20Q
2NðXÞ2: (11)

For a bunched beam with single particle amplitudes ak
and synchrotron frequencies �k, the time structure is
defined by

�kðtÞ ¼ ak sinð�ktþ c kÞ: (12)
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The effective signal from all but the revolution harmonic
is

Se;mðtÞ ¼
XN
k¼1

X
p�0

JpðmakÞfkQeipð�ktþc kÞðXÞ; (13)

where we have introduced Jp, the Bessel function of order

p,

eiz sin� ¼ X1
p¼�1

JpðzÞeip�: (14)

In this case, particles arrive only within a short window
of time, within which the particle phases are distributed
around the synchronous particle according to the potential
created by the accelerating voltage in the accelerator. We
are only evaluating the power outside of the revolution
harmonic. For the observed effective rms signal, only the
lowest order Bessel function remains:

hjSe;mðtÞj2i ¼
XN
k¼1

X
p�0

J2pðmakÞf20Q2X2

¼ XN
k¼1

½1� J20ðmakÞ�f20Q2X2: (15)

For the moment, assume that the beam has a smooth
Gaussian distribution. The rms bunch length, in seconds,
for this distribution is 
. As described earlier, the harmonic
of the Schottky cavity is m ¼ !=!0. The bunched beam
particle distribution can then be described by

1


2

Z 1

0
xe�x2=2
2J2pðm!0xÞdx ¼ 
2e�m2!2

0

2Ipðm2!2

0

2Þ;
(16)

where Ip is the modified Bessel function of order p of the

first kind. Then,

hjSe;mðtÞj2i ¼ f20Q
2X2½N � Ne�m2!2

0

2
I0ðm2!2

0

2Þ�: (17)

For large arguments,

I0ðxÞ � 1ffiffiffiffiffiffiffiffiffi
2�x

p ex: (18)

The power outside the revolution line is then

hjSe;mðtÞj2i � f20Q
2X2N

�
1� 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2�m2!2
0


2
q

�
: (19)

If we take the rms bunch length to be 2 nsec and m!0

2� ¼
2:07 GHz, then m!0
 ¼ 2:07� 2�� 2 ¼ 26. The frac-
tion of power lost when we remove the coherent line from
the spectrum is <1%. For the typical bunch lengths in
RHIC, the coasting debunched beam approximation is
very good. Bunch lengths would have to get extremely
short for this approximation not to hold true. Note that this
coherent power only occurs at harmonics of the revolution

frequency. So no coherent signal resulting from the bunch
structure appears in the betatron sidebands.
A general estimate for the Schottky power lost to the

revolution line can be found as follows. The quantity of
interest is

h1� J20ð!
Þi ¼
Z


d
�ð
Þ½1� J20ð!
Þ� (20)

�
Z 
̂

0

d
�ð
Þ

�
1� 1

�!


�
(21)

�
�
1� 1

�!
̂

�
; (22)

where we have phase averaged the asymptotic expansion of
the Bessel function and defined 
̂ as a ‘‘typical’’ bunch

length. For a Gaussian of rms width 
, 
̂ ¼ ð ffiffiffiffiffiffiffiffiffi
2=�

p Þ
 while
a constant phase space density for 
 < 
0 gives 
̂ ¼ 
0=2.
From this we conclude that the shape of the longitudinal
distribution does not contribute significantly to the power
lost to the revolution line, within the range of RHIC
parameters.
Other coherent phenomena can contribute to the signal,

such as applied transverse signals from other instrumenta-
tion. In RHIC, these signals are always kept as small as
possible and applied infrequently.

VI. RHICHIGH FREQUENCY SCHOTTKYCAVITY

The RHIC high frequency (HF) Schottky cavities are
located in a RHIC straight section unoccupied by any
experiments, but well beyond the interaction region.
There is one cavity for each ring (in RHIC there is a
common beam pipe only in the interaction regions). The
beam optics parameters at the two cavities are very similar,
but can change depending on the configuration of lattice

FIG. 1. (Color) High frequency Schottky cavity detector in the
RHIC tunnel.
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optics. Both cavities are movable over a range of about
�25 mm, in both transverse directions. Figure 1 shows the
device in the RHIC tunnel.

With a loadedQ of about 4700 and a center frequency of
about 2 GHz, the cavities have a bandwidth of less than
500 kHz. Although they operate at a high frequency, with
this high Q the cavity filling time is much longer than the
spacing between RHIC bunches. So these devices are not
capable of giving bunch by bunch data. Instead they are
used to give time averaged results, where the time to
process the data is defined by the resolution bandwidth
required to get a clean signal above the noise floor.

The signal processing for each cavity consists of a
number of stages of amplification and mixing to pull out
the small Schottky signals and to bring the frequency of the
signal down to a level that we can process it using standard
signal processing equipment. The processing of Schottky
signals for beam diagnostics is based on what has been
learned from the processing of signals for stochastic cool-
ing systems [21–23]. The main difference is stochastic
cooling systems are designed to have a much wider band-
width. For our system very narrow bandpass filtering is
performed followed by amplification using low noise, high
quality amplifiers. Then a series of signal mixing is per-
formed to bring the frequency down to a level that can be
processed in a dynamic analyzer or Fourier transform
analyzer. Figure 2 shows a simplified block diagram of
the signal processing. The bandpass filter on the output of
the cavity is not strictly necessary, but does protect the first
amplifier from any lower mode coherent signals that might
contain significant power. The bandwidth of the filter is
much larger than the frequency response of the cavity at
2.07 GHz, so it does not distort the signal we are
processing.

VII. MEASUREMENTS

We tested this method of measuring the beam size dur-
ing RHIC run-8 using polarized protons. To measure the
power in the three spectral components (the upper and
lower betatron sidebands, and the revolution harmonic),
we wrote a simple LABVIEW� application to scan the
position of the detector, find the peaks of the three compo-
nents, and measure the power within a narrow range above
3 dBm to the peak. We used a single variable to control

how many points in the coherent part of the revolution line
to ignore. The same number of points were ignored in each
of the betatron sidebands. The power was then taken only
from the part of the spectrum from outside of that region to
the 3 dBm point. The resulting ratio of the power in the
three components was then unaffected by the removal of
the coherent line. This method does introduce a systematic
error, in that the locations in the three spectral components
from which the power was measured might not exactly
correspond. The uncertainty introduced by this systematic
uncertainty in the power ratio is approximately �15%.
Once these parameters were set they remained fixed for
an entire scan. The interface for this application is shown in
Fig. 3.
A Schottky spectrum for protons during a normal RHIC

store is shown in Fig. 4. The central spectral component has
a sharp peak in the middle. This is the coherent part of the
revolution harmonic. Also shown is the background spec-
trum with no beam. The background is not flat but is
slightly parabolic. The correction for this is small
( � 1%). Background subtractions were not performed
for these measurements but will be included in the future.
We also plan to improve the processing of the three com-
ponents in the spectrum, using fittings and calculating the
total power for each line. This will reduce systematic errors
that affect the uncertainty in the power ratio calculation.
The results of scanning the position of the two cavities

for each transverse plane of the two RHIC rings is shown in
Fig. 5. The two rings are distinguished from each other by
labeling one the blue ring (beams travel clockwise) and the
other the yellow ring (beams travel counterclockwise). For
these scans each point represents a 10 pulse average of the
power ratio at that detector position. The application auto-
matically moved the detector in predefined steps over a
predefined range. The results of the parabolic fits are
shown in the figure. From the fitting we obtain 1=�2 and
D2�2. We also obtain X0, which is the center position of the
beam in the detector relative to some arbitrary reference.
The value of X0 should be equal to the average beam
position as found by the RHIC orbit system plus any offsets
in the mechanical positioning of the Schottky cavity.
Shown in the figure are the �2 for the fits.
In principle, if we derived the momentum spread from

the width of the Schottky betatron sidebands, we could also

Q~4700

Outside, in Bldg. 1002

Cavity filter +50
dBm dBm

+20
Stanford
Research
SR785
DSA

2.069 GHz 1.9 MHz
51.4 kHz

Inside Tunnel

FIG. 2. (Color) Block diagram of the signal processing. The filter, two amplifiers, and the first mixer are located inside the tunnel. The
second mixing stage is done in the support building.
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obtain the dispersion at the detector. For these measure-
ments we did not extract out the momentum dispersion. We
plan to perform further studies to see what precision we can
obtain forD and how it compares to orbit measurements of
dispersion.

From the one sigma beam size extracted from the fitting
we derived beam emittances, using lattice functions from
the RHIC online model. Table II summarizes the results
and shows a comparison of the emittance derived from the
RHIC IPM. Note that the IPM measurements are single
sampled data and the Schottky scan is a measure of the

average emittance for all RHIC bunches within the time
sample of the scan (a few minutes). It is known that there
are (mostly) horizontal variations in the position of the
beam at the detector, which would cause a slightly larger
beam size to be measured. One source of such variations is
oscillations in the orbit caused by (mostly 10 Hz) mechani-
cal vibrations of the superconducting low-� triplets at the
six interaction regions in RHIC [24].
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FIG. 5. (Color) Data and fitting results from studies performed
during this year’s polarized proton run. BH, BV, YH, and YV
denote blue ring horizontal, blue ring vertical, yellow ring
horizontal, and yellow ring vertical, respectively.
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FIG. 4. (Color) A Schottky spectrum and background spectrum
taken during normal polarized protons operation.

FIG. 3. (Color) LABVIEW� application used to scan the position of the detector and measure the power in the Schottky spectral lines.
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Uncertainties in the calculated emittances given in
Table II are largely affected by the uncertainty in the �
functions at each device. The uncertainties given for the �
functions are taken from beam based measurements in
RHIC. The amount that the � functions around RHIC get
distorted depends mostly on the set �� at the two experi-
ments (the settings of the low-� triplets). Another large
factor in the uncertainties is in the uncertainty of the
measured beam widths. Evaluation of the uncertainties in
the measured widths for the IPM show that the measured
scatter in consecutive measurements tend to be around
�3% to �4%. Additional sources of uncertainty (kine-
matic recoil effects and deterioration or damage to micro-
channel plates) give the final uncertainty in the range of
�5% to �10% for the vertical planes and between �10%
to�15% for the horizontal. Uncertainty due to momentum
dispersion is insignificant in comparison to these. After
combining these uncertainties with those due to the �
functions, we find the uncertainty in the IPM measure-
ments can be as large as �15% for the vertical and
�20% for the horizontal. For the Schottky scans the largest
uncertainty is due to the uncertainty in the measured power
ratio. The scatter for the 10 point averages in the scans is
between �2% to �5%. After including the systematic
uncertainty introduced in the power ratio measurement,
the total uncertainty in the Schottky scans we take to be
�20%.

VIII. CONCLUSIONS

The method of scanning the HF Schottky cavity in RHIC
to derive the beam size has been developed and tested.
Since the method only requires we measure the ratio in the
power of the Schottky spectral components, the only cali-
bration required is the calibration in the drive mechanism
used to move the cavity. The results agree well within the
uncertainties when compared to RHIC IPMmeasurements.
This method will be implemented into normal RHIC op-
eration in future RHIC runs and will enable a nondestruc-
tive measurement of beam emittance during physics stores.
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