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EMITTANCE MEASUREMENTS OF CESR USING THE EMITTED RADIATION
FROM A SHORT-PERIOD UNDULATOR
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A. MERLINI, Q. SHEN and K. FINKELSTEIN
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The horizontal and vertical emittance of the Cornell Electron Storage Ring (CESR) was measured using the radiation enutted
from a short-period (3 .3 cm) 123-pole undulator . Average horizontal and vertical emittances measured by this technique were 80
rim-rad and 1.75 rim-rad, respectively . These compare favorably with the results from a charge-coupled device (CCD) system
routinely used at CESR and with the calculated values of 65 rim-rad and - l rim-rad for the horizontal and vertical emittances
respectively .

1 . Introduction

A plot of the transverse source size versus angular
divergence of a particle beam in a storage ring yields
contours of equal particle density that lie on ellipses [1] .
These so called phase space plots are parametrized by a
property called the emittance, which is equal to the area
of the phase space ellipse divided by m. Although the
shape and orientation of the ellipse many vary as a
function of the particle's position around the ring, the
emittance is a constant of the motion . Therefore, the
emittance is a fundamental property of the storage ring
lattice and accurate measurement of the emittance is an
important parameter when comparing the calculated
and actual characteristics of particle accelerators .

Because of the push for low-emittance synchrotron
radiation storage ring sources (for high-brilliance pho-
ton beams), there is considerable interest in developing
expertise in measuring the angular and spatial proper-
ties of particle beams. The very small beam dimensions
and divergences encountered in these low-emittance
sources will require modifications to the conventional
techniques of measuring beam emittances . For instance,
a typical technique for measuring the beam emittance at
high-energy-physics storage rings involves using the visi-
ble radiation from a dipole or bending magnet source .
However, at the 7 GeV Advanced Photon Source (APS),
the verticular angular divergence of the positron beam
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at a bending magnet source is projected to be 7 grad
(for ß = 17 m) ; this is about a tenth of the natural
opening angle (1/y) of the emitted radiation, and hence
the measurement would be overwhelmed by the natural
opening angle of the radiation, and the contribution due
to the particle beam emittance would be difficult to
determine. One method to rrnnimize the contribution of
the radiation opening angle is to make the measurement
on an undulator beamline, where the opening angle of
the radiation at the odd harmonics is given by

(1/Y)[(1 +KZ/2)/2kN] =

	

(a/L) .

Here K is the magnetic deflection parameter, k the
harmonic number of the emitted radiation, N is the
number of periods, X is the X-ray wavelength and L is
the length of the insertion device . For a "typical"
insertion device several meters long and a fundamental
X-ray wavelength of 1 f\, the radiation vertical opening
angle is approximately 10 grad, comparable to the
particle beam divergence .

This approach was taken to measure the emittance at
the Cornell Electron Storage Ring (CESR) during dedi-
cated operation for the APS/CHESS undulator [2] run.
The goal of these measurements were twofold: to mea-
sure the horizontal and vertical emittances of CESR
operating in "low emittance" mode, and to investigate
the dependence of the emittance on the stored beam
current.

2. Experimental technique

Two experimental approaches were considered in the
emittance measurements; a fixed/scanning two-slit
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measurement and a scanning/scanning two-slit mea-
surement . In the fixed/scanning technique, the first
fixed slit acts as the aperture of a pinhole camera and
the source is imaged at the hutch. The size of the image
can then be measured with a second scanning slit .
(Measurement of the image size can also be done by
densitometry of the image on a film or with a one-di-
mensional detector .) With knowledge of the ß function,
the source properties can be determined from the size of
the imaged source [3] . We chose the scanning/ scanning
two-slit technique. This method involves rastering both
slits, but requires no prior knowledge of the accelerator's
properties . Unfortunately, because both slits have to be
scanned, the data acquisition time is longer than for the
fixed/scanning slit technique.

The scanning/scanning two-slit technique for mea-
suring particle beam phase space has been reviewed by
Van Steenberger [4], and we will use his notation in this
manuscript . We will define p(x, x', y, y') as the pro-
jection of the six-dimensional phase space density for a
particle beam traveling along the z direction. The func-
tion p has the property that integration over the varia-
bles yields the total number of particles N in the beam,
i.e. :

N= f ff fp(x, x', y, y') dx dx' dy dy' .

	

(1)

We can also define integrated partial density functions
by :

D(x, x') = ffp (x, x', y, y') dy d y' ;

	

(2a)

D(y, y') = f fp(x, x', y, y') dx dx' .

	

(2b)

The two parts of eq . (2) give the horizontal and vertical
phase space functions of the particle beam.
Now consider two narrow slits, A and B, located Za

and Zb from the source and positioned at some point
Xa and Xb from the center line (see fig. 1) . When the
two slits are projected back onto the phase space of the
source using the standard matrix transformations for
drift spaces,

they select a unique point on the source phase space
ellipse given by

xl = ( XaZb - XbZa)/(Zb -Za)
and

xl=(Xb-Xa)/(Zb-Za)'

	

4

Similar relationships hold for y and y' . (A comment on
notation is appropriate here . The horizontal and vertical
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Fig. 1 The projection of the two slits onto the source phase
space . Data is collected by first fixing slit A and then recording
the measured intensity as slit B is stepped. Slit A is then moved
and the procedure repeated until the entire phase space area
has been rastered over For a given position of slit A, X A, and

slit B, XB, the point x l , xi in phase space is sampled .

beam properties are measured separately, with two sets
of horizontal slits and two sets of vertical slits, respec-
tively . Horizontal slits are apertures that limit the hori-
zontal extent of the beam and are used to measure the
horizontal beam properties ; the vertical slits function
similarly.)

By recording the X-ray intensity that passes through
the two slits, the entire function D(x, x') or D(y, y')
can then be mapped out by repeatedly positioning the
first slit and scanning the second slit . Note that because
we are using slits, the integrations in eq . (2) are auto-
matically performed in the measurement, and alignment
of the slits is not as critical as in the case of crossed-slit
or pinhole measurements .

All measurements described here were made using
monochromatic radiation with CESR running at 5.43
GeV. The monochromator, consisting of two water-
cooled Si(311) crystals in a non-dispersive geometry,
was adjusted to diffract the first harmonic of the undu-
lator (see fig. 2 for a schematic of experimental arrange-
ment). Initial measurements were made at very low
stored currents ( < 2 mA in seven-bunch mode) to en-
sure that the first optical component was not thermally

Fig . 2 . Schematic of the experimental arrangement for emit-
tance measurements The distances from the source to slit A
and slit B were 18 .54 and 25 97 m respectively Slit sizes, a,
were 100 win for the horizontal emittance measurements and

25 win for the vertical emittance measurements
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Table 1
Contributions to measured divergence and source size

a) Approximation of a square function with a Gaussian function .

strained . Thermal strains could cause an increase in the
angular spread of the output beam and hence an error
in our emittance determination. To measure the emit-
tance under higher beam currents and still maintain
relatively low thermal loads on the monochromator,
large currents were stored in a single bunch rather than
the standard seven bunches. In this way a large total
currents, say 35 mA, could be simulated by having only
5 mA of beam in the storage ring . Implicit in this
simulation is the assumption that any growth in beam
emittance is due to intrabunch interactions and not to
interbunch phenomena.

3. Contributions to the measured phase space

Numerous contributions to both the measured source
size and source divergence must be removed in order for
the true particle beam emittance to be determined . In
this work we will assume that the individual contribu-
tions can be added in quadrature (although they may
not all be Gaussian in nature). The measured source
size and divergence (am and a�', respectively) can be
written for either the horizontal and vertical directions
as :

a

	

= 1:
a2 ; aro2=

	

cr,2 .

Tables 1-3 give the explicit form for each a, and a,' and

Table 2
Calculated values of storage ring parameters
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their numerical values . As can be seen from table 1, the
finite slit width has little effect on the measured source
size and divergence ; the dominant contribution comes
from the particle beam emittance, i.e., aparttole and
aparucle ,

4. Analysis of the experimental data

A total of four runs in single-bunch mode were
carried out to determine the horizontal emittance: three
were at low currents (1-5 mA) and one at a higher
current (25-30 mA). The high-current run was the least
reliable because of fluctuations and instabilities in the
beam position . Because of beam-position instabilities
only one low-current, single-bunch measurement of the
vertical emittance was acceptable. All runs were made
with an undulator magnet gap of 2.4 em (K=0.54) on
the peak of the fundamental (E = 7.2 keV), with the
exception of one horizontal emittance run, which was
made at the third harmonic (E = 17 keV) with a magnet
gap of 1 .8 cm (K= 0.98). Two methods, called intensity
scaling (IS) and Gaussian fit (GF), were used to analyze
the experimental data and are outlined below.

4.1 . Intensity scaling

Consider, for example, the horizontal case, and the
following upright Gaussian distribution centered at the

Table 3
Physical dimensions

Parameter

	

Value

ahonzontal
a vermal
Za

Zn

0.100 mm
0 025 mm
18 .54 m
25 .97 m
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Term Source Expression Horizontal Vertical

apar beam emittance eß 1 .125 mm 0 .070 mm
ad~, dispersion (ar /E) 0.015 mm 0.000 mm
arad radiation (1/41x) XL 0.001 mm 0.001 mm
0,1 t slit size a/,/-(2,T ) a) 0 040 mm 0.010 mm

°Par beam emittance (e/ß) 0.058 mrad 0 014 mrad
dispersion 17'(Q,/E) 0.045 mrad 0.000 mrad

Grad radiation (a /L ) 0.009 mrad 0 .009 mrad

aav slit size (a/Z a)(1/ 21r) a~ 0.002 mrad 0 .0005 mrad

Parameter Horizontal Vertical
e (m-rad) 6.5X 10-s L0 X 10-9
m(-) 1948 4.89

0.335 0.118
~7 (m) -0.022 0.00
n' 0.065 0 .00
a~/E 6.97X10 -4 697X10 -4
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origin of the coordinate axes x, x' :
2 ,2

1(x,x')=I,exp- X2+x,
[ 2 ax	2a,; I

where to is the peak intensity measured when the posi-
tions of both A and B slits are positioned on the source
central ray, and I(x, x') is the measured intensity at
the phase space point (x, x'), corresponding to a generic
position of the two slits (see eq. (3)) . By choosing
various intensity levels on the experimental curves, to-
gether with the relative slit coordinates XA and XB, the
corresponding phase space coordinates are calculated.
All the points (x,, xs) defined as

x

	

, _

	

x'
xs

1/2 1n(í0/1) '
XS

	

2 ln(IO/I)

should lie on a ellipse with axes ax and az - in the
(x, x') plane, i.e .,

The intensity scaling procedure defined by eq. (7) is
general, i.e ., it applies to any Gaussian distribution,
which may be tilted or translated relative to the coordi-
nate axes x and x' . The resulting expression, which
takes the place of eq . (8), is then a quadratic equation
describing a tilted or translated ellipse . A plot of x, vs
XS' is illustrated in fig . 3a for one of the horizontal
emittance measurements. Fig. 4 is a similar plot for the

v
0L

0 .10

0 .05

0.00

-0 .05

-0.10 -2 -1 0 1
x (mm)

D.M. Mills et al / Emittance measurements of CSSR

2

vaL

v
0L

0.02

0 .01

0 .00

-0.01

-0 .02

Fig. 4. The vertical phase space data plotted using the intensity
scaling (IS) analysis technique taken at 1 .7 mA using 7.2 keV
X-rays . The measured (uncorrected) la values for the vertical
beam size and divergence were 0.14 mm and 0.017 rad respec-

tively.

vertical case. The ellipses, chosen by trial and error, are
the best visual fit to the points . All the ellipses are
upright ; small tilts (less than 2') were not significant,
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Fig . 3 (a) The horizontal phase space data plotted using the intensity scaling (IS) analysis technique. The data were collected with 1
mA of beam in the storage ring using 17 keV X-radiation from the undulator. The measured (uncorrected) la values for the
horizontal beam size and divergence were 1.20 mm and 0.080 mrad respectively . (b) The horizontal phase space plotted using
Gaussian fit (GF) analysis procedure. The data were collected with 2 mA of beam in the storage ring using 7.2 keV X-rays . The

measured (uncorrected) la values for the beam size and divergence for thus case were 1.33 mm and 0.062 mrad respectively .



being well within the experimental errors and the preci-
sion of the distances Za and ZB. This result is a
confirmation that the derivative of the beta function is
nearly zero at the undulator position .

4.2 . Gaussian fit

A computer program was also used to obtain a
two-dimensional Gaussian fit of the experimental scans
after conversion of the slit positions and distances to
phase space coordinates . The values of am and am were
extracted from such a fitting. In addition to these two
parameters, the program yielded four additional param-
eters: peak intensity, phase space origin and tilt of the
Gaussian distribution . The program iterated the calcula-
tion to yield a minimum Xz value. The fitting could
also reflect an averaging over the crossed area (the
experimental window) of the A and B slits . Fig. 3b
shows the data analyzed in this fashion.

5. Results

Tables 4 and 5 give the results of the above data
analysis and, for comparison, the data obtained in the
visible range with a CCD [5]. A comparison between the
results of the CCD optics and scanning slits methods
warrants the following comments . The agreement be-
tween the horizontal emittance results is satisfactory
when the values of the source size and the divergence

Table 4
Horizontal emittance
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are compared . On the other hand, in the vertical direc-
tion, the value of the source size (and hence the emit-
tance) obtained with the scanning slits methods is twice
as large as that measured by means of the CCD optics .
Such a large discrepancy might be explained by errors
arising mainly from the estimate of the optical system
resolving power and/or from fluctuations of beam posi-
tion during the measurements done with scanning slits .
The resolving power of the CCD optical system was
estimated to be 150 win - twice the given source-size
value. The presence of fluctuations in the beam position
during most, if not all, of the slit scans was confirmed
by using a highly sensitive beam position monitor.
While the beam was stable in the millisecond-second
time range, fluctuations with a total excursion of 30-40
ltm and a periodicity of about 4 min were observed
together with a slow beam drift over a time range of a
few hours. Such fluctuations certainly affected the scan-
ning slit measurements, which required 40-45 min, and
would result in an apparent increase in source size . The
combination of these two sources of error is sufficient
to bridge the gap between the two values of the source
size .
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Method vin am Qpar apar Emittance Conditions
[mm] [mrad] [rnm] [mrad] (nm rad)

IS 1 .33 0.062 1 .33 0.042 55 2 mA, EX_, = 7 .2 keV
GF 1 .33 0 .063 1 .33 0,042 55

IS 1 .20 0.080 1 .20 0.065 79
GF 1 .22 0 .08 1 .22 0.069 83 1 mA, EX_ray =17 keV

IS 1 .33 0 .058 1 .33 0.036 47 25-30 n1A, EX-r,�,, = 7 .2 keV

CCD optics 1 .22 0 .061 75 low currents
Calculated 1 .13 0.058 65 low currents

Table 5
Vertical emittance

Method am om apar apar Emittance Conditions
[mm] [mrad] [mm] [mrad] [nm rad]

IS 0.14 0.017 0.14 0.014 1 .96 1 .7 mA, EX-,., = 7 .2 keV
GF 0.16 0.018 0.16 0.015 2 .40

CCD optics 0.067 0.014 094 low currents
Calculated 0.071 0.016 0.070 0.014 - 1 low currents
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