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Studies of intensity noise at the Synchrotron Ultraviolet Radiation
Facility III
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Suppression of beam instabilities has become an important goal at synchrotron radiation light
sources, where highly sensitive applications like metrology, Fourier transform spectroscopy, and
microscopy are now in use. We describe measurements connecting beam size and position changes
to the onset of the saw-tooth instability and an instability generated by attempts to enlarge the
vertical beam size for lifetime improvements.@DOI: 10.1063/1.1436538#
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I. INTRODUCTION

Most earlier applications of synchrotron radiation we
not very sensitive to source intensity fluctuations. Four
transform spectroscopy,1–5 however, is very sensitive to in
tensity noise in the audio frequency range, depending on
scanning speed of the instrument. A Fourier transform in
red spectrometer installed at the Synchrotron Ultraviolet
diation Facility ~SURF! II in 19976 indicated a significant
amount of intensity noise. Much of that noise was attribu
to bunch length oscillations7 or the saw-tooth instability,8,9

which is driven by the higher-order modes of the rad
frequency cavity. Later it was discovered, that the intentio
excitation of the vertical betatron oscillation with a broa
band noise source caused intensity noise as well. This o
lation is driven to increase the electron bunch volume a
thereby the beam lifetime.10 The saw-tooth instability cause
both changes in the transverse and longitudinal beam siz
well as changes in the orbit radius. The excitation of
vertical betatron oscillation using the broadband noise sou
causes the vertical beam size to fluctuate, because of am
tude and phase variations at a given frequency. The cha
in transverse beam size and orbit radius induce inten
noise in the collected synchrotron radiation. Through sev
improvements to the radio-frequency system and an incre
in the electron energy, leading to more efficient damping,
can now tune the upgraded SURF III machine11 to suppress
the saw-tooth instability. Replacing the broadband no
source with a narrow-band frequency generator, tuned a
matically with a feedback loop to keep the vertical beam s
constant, solved the second problem. After eliminating th
two contributions to the intensity noise, SURF is now pr
viding synchrotron radiation with unprecedented stability.

a!Electronic mail: uwe.arp@nist.gov
1410034-6748/2002/73(3)/1417/3/$19.00
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II. ORIGIN OF INTENSITY NOISE

The equilibrium bunch length is given by12

ss5
bcuhcu
2p f syn

sE

E0
, ~1!

with electron speedbc , momentum compactionuhcu, syn-
chrotron oscillation frequencyf syn, and relative energy
spreadsE /E0 . During the saw-tooth instability the bunc
length oscillates9 and the longitudinal bunch distribution wil
not be Gaussian anymore. Therefore we use a root-m
square definition of the bunch length for the nonsteady c

^ss~ t !& rms'
b~ t !cuhcu
2p f syn~ t !

sE~ t !

E~ t !
. ~2!

The energy spread, beam energy, and synchrotron oscilla
frequency change during the relaxation oscillations. T
fluctuation in beam energy translates into a change in
orbit radius, because of the constant magnetic guide fi
B:12

r~ t !5
E~ t !b~ t !

eBc
. ~3!

The changes in beam energy spread and energy cause v
tions in the horizontal beam size, which is given by12

sx~ t !5Aex~ t !b̄x~ t !1S sE~ t !

E~ t ! D 2

h̄~ t !2, ~4!

with the horizontal emittanceex , the average horizontal be
tatron function b̄x , and the average horizontal dispersio
function h̄.

In summary the bunch length oscillations are accom
nied by changes in the synchrotron oscillation frequency
beam energy spread. The changes in beam energy sp
cause both changes in the equilibrium orbit or energy
cause of the constant guide field and changes in horizo
7
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beam size. Both the changes in the horizontal beam siz
well as the orbital radius cause intensity noise in the c
lected synchrotron radiation.

III. DIAGNOSTICS DEVICES

A. Intensity noise detection

Beam size and position variations will affect instrumen
that depend on the brightness or the radiance of the sou
To some degree, most applications are sensitive to this q
tity. In the optical setup we used, the synchrotron radiatio
imaged onto an aperture, overfilling it, and a photodiode
placed behind the aperture to determine the amount of ra
tion passing through its opening. Obviously, the amount
radiation passing through the overfilled aperture will depe
on the image size and position, thus the size and positio
the actual beam. Experiments performed in which an un
filled aperture was used, showed little or no noise. The p
todiode current is amplified and displayed on an oscillosc
~Fig. 1, top!, but also fed into a spectrum analyzer~Fig. 1,
bottom! to analyze the beam stability. For SURF it has be
shown that the saw-tooth instability coincides with grea
enhanced microwave emission in thex-band microwave
range,9 which is caused by spontaneous microbunching.

FIG. 1. ~Top! Photodiode signal vs time during the saw-tooth instability
detected with our noise detector.~Bottom! Frequency analyzed photodiod
signals for different operating conditions of SURF at 361 MeV. Saw-to
instability abundant and broadband excitation of the vertical betatron o
lation ~—!; saw-tooth instability suppressed and broadband excitation~¯!;
saw-tooth instability suppressed and narrow-band excitation~ !;
same measurement with synchrotron radiation blocked to determine
noise floor~-¯-!.
Downloaded 04 Mar 2002 to 129.6.189.50. Redistribution subject to A
as
l-

ce.
n-

is
s
ia-
f
d
of
r-
-
e

n

In Fig. 1 the two origins of intensity noise in the co
lected synchrotron radiation at SURF are clearly illustrat
the saw-tooth instability and the broadband excitation of
vertical betatron oscillation. By tuning the accelerator a
replacing the broadband excitation with a narrow-band f
quency generator we could all but eliminate intensity noise
SURF. This opens the way for noise sensitive synchrot
radiation applications as, e.g., Fourier transform spect
copy.

B. Triggered beam imaging

The data in Fig. 1 unambiguously show that intens
fluctuations are caused by both the saw-tooth instability
the broadband excitation of the vertical betatron oscillati
In addition, direct visual inspection and captured be
images13 showed large scale transverse size fluctuations d
ing the noisy periods.

Our discussion in Sec. II connects horizontal size var
tion to orbital radius variation during the saw-tooth oscill
tion. Our beam imaging instrument~Ref. 13! was capable of
measuring both quantities simultaneously. To capture
maximum variation of both beam size and orbital positio
we triggered this instrument off the microwave bursts th
accompany the saw-tooth instability. Using a delay genera
the image acquisitions were done at various times after
microwave emission, checking for correlation of beam s
and position with the delay time. The charge coupled dev
camera used was capable of progressive scan imaging
short integration times down to 1.25ms. This is faster than
the synchrotron oscillation period of about 2.5ms. However,
as already stated in Ref. 9, the quadrupole mode of the bu
oscillation is dominating thus operating at twice the synch
tron radiation frequency, which is too fast for our imagin
system. Anyway, we did observe a very large variation
beam size and a strong correlation between instantan
beam size and orbit radius~see Fig. 2!. Other measurement
during stable operation of SURF using the same instrum
showed an undetectable variation in beam size.

IV. CONCLUSION

A noise detection system to determine intensity noise
synchrotron radiation beams was introduced and applie
understand the beam noise at SURF III. Using this detec
system we were able to tune the accelerator in a way
suppress the saw-tooth instability. Furthermore it was disc
ered, that the intentional excitation of the vertical betatr
oscillation using a broadband noise generator introdu
noise as well. This led to the introduction of a narrow-ba
frequency generator, which is used together with an au
matic beam size measurement system to keep the ver
beam size constant by adjusting the excitation frequen
Through timed imaging we could prove that our explanat
for the origin of the intensity noise during the saw-too
instability is correct: bunch length fluctuations cause chan
in the beam energy spread, beam energy, and synchro
oscillation frequency. The changes in beam energy spr
cause fluctuation of the horizontal beam size. The change
beam energy cause variation in the orbit radius. Both of th
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FIG. 2. Horizontal full width at half maximum vs mean orbit radius or energy@connected through the constant magnetic guide field, see Eq.~3!# for various
delays between microwave emission and image acquisition. We did not detect any correlation between time delay and beam position or size,
because our imaging system did not have sufficient time resolution. Clearly visible, however, is the correlation between orbit radius and beam sr an
unstable beam: stable beam~d!, unstable beams atDt: 0 ms ~s!; 0.1 ms~j!; 0.3 ms~h!; 0.5 ms~m!; 0.7 ms~.!; 1 ms ~n!; 2 ms ~m!; 3 ms ~l!; 4 ms
~L!; and 5 ms~1!.
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effects can cause noise in the collected synchrotron radia
The broadband excitation introduces noise because of am
tude variations at any given frequency as well as ph
changes, also causing changes in the transverse beam

ACKNOWLEDGMENT

Support by the staff of the SURF III facility, especial
Alex Farrell, is gratefully acknowledged.

1R. Biscardi, G. Ramirez, G. P. Williams, and C. Zimba, Rev. Sci. Instru
66, 1856~1995!.

2J. A. Reffner, P. A. Martoglio, and G. P. Williams, Rev. Sci. Instrum.66,
1298 ~1995!.

3J. Yarwood, T. Shuttleworth, J. B. Hasted, and T. Nanba, Nature~London!
312, 742 ~1984!.

4W. D. Duncan and G. P. Williams, Appl. Opt.22, 2914 ~1983!.
Downloaded 04 Mar 2002 to 129.6.189.50. Redistribution subject to A
n.
li-
e
e.

.

5G. P. Williams, P. Z. Takacs, R. W. Klaffky, and M. Shleifer, Nuc
Instrum. Methods Phys. Res. A246, 165 ~1986!.

6A. R. Hight-Walker, U. Arp, G. T. Fraser, T. B. Lucatorto, and J. Wen,
Accelerator-Based Infrared Sources and Applications, edited by G. P.
Williams and P. Dumas~SPIE, Bellingham, WA, 1997!, Vol. 3153, pp.
40–48.

7G. Rakowsky, IEEE Trans. Nucl. Sci.NS-32, 2377~1985!.
8G. T. Fraser, A. R. Hight Walker, U. Arp, T. Lucatorto, and K. K
Lehmann, AIP Conf. Proc.417, 48 ~1997!.

9U. Arp, G. T. Fraser, A. R. H. Walker, T. B. Lucatorto, K. K. Lehmann, K
Harkay, N. Sereno, and K.-J. Kim, Phys. Rev. ST Accel. Beams4, 054401
~2001!.

10G. Rakowsky and L. R. Hughey, IEEE Trans. Nucl. Sci.NS-26, 3845
~1979!.

11M. L. Furst et al., in Proceedings of the 1999 Particle Accelerator Co
ference, edited by A. Luccio and W. MacKay~IEEE, Picataway, NJ,
1999!, p. 2388.

12H. Wiedemann,Particle Accelerator Physics~Springer, New York, 1993!.
13U. Arp, Nucl. Instrum. Methods Phys. Res. A462, 568 ~2001!.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp


