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Abstract

Optical transgition radiation (OTR) measurements have been performed on the LInac Su-
perconductive Accelerator LISA beam at the Frascati National Laboratory in 1996. The
profile and the energy of a macropulse were measured for an electron beam of 12 MeV
nominal energy. Results and data analysis are presented.



1 Introduction

The Optical Transition Radiation, OTR, isroutinely used for high energy beams diagnos-
tics. [1][2][3][4].

Trangition radiation, TR, wasfirst predicted by Frank and Ginzburg in 1945 [5][6]. TR is
produced whenever a charged particle crosses the boundary between two mediawith dif-
ferent dielectric constants.

The transition radiation in the optical band is called optical transition radiation. OTR is
obtained putting athin metallic foil along the trgjectory of charged particles. The charac-
teristics of a particle beam can be analysed using the TR emitted by the beam crossing a
thin metalic target. The transverse position of the emitting particles can be observed in
the object plane of an optical system. The angular distribution of OTR brings also infor-
mations on the energy and divergence of the emitting particles.

The advantages of thisoptical techniqueover theclass cal phosphor film or chromium
aluminium doped stopping flagsaremultiple. The TR intensity does not depend on thetar-
get thickness, the OTR targets are much thinner than the other ones so beam scattering and
X-ray production are reduced. This makes OTR an amost non destructive technique.
Being OTR a phenomenon in the sub-picosecond scale, time resolved measurements can
be performed, like micropulse length or beam parameters variations along a macropulse
measurement’s.

The TR intensity spectrum for avacuum-perfect conductor transitionisflat. For diagnostic
purpose the visible frequencies of TR can be revealed using astandard CCD. The number
of emitted photons per electron isof the order of thefine-structure constant over thevisible
spectrum, so to exploit the advantage of OTR, avery sensitive deviceis needed, or ahigh
intensity beam.

In the next section it will be described how OTR can be used as a diagnostic tool and its
typical experimental set-up. Some experimental results and data analysis obtained on the
electron beam of the LInear Superconductive Accelerator (LISA) at the LNF will be pre-
sented[7].

2 Diagnosticwith OTR

The conceptual design of an OTR system consists in a thin metallic target positioned at
45° with respect to the beam direction and an optical system which conveys the emitted
radiation on a CCD camerato monitor the radiation pattern, see figure 1.

The backward emitted OTR is centred on the specul ar reflection direction, i.e. nor-
mal with respect to the beam direction and it has an angular aperture proportional to 1/+.
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Figure 1: OTR radiation pattern

Theintensity of the backward-emitted TR in afrequency interval dw and in a solid angle
d€) in the case of a single interface crossed by an electron at 45° incidence (vacuum-to-
perfect conductor case) is given by the following equations [8]

*L € 32 (sinf — [3/\/500599)2 (1)
dQdw  2m2c |(1 — B/v/2sinfcosp)? — 32 [2cosp? |2
d*I, _ e? 51 (cosfsing)? 2
dQdw  2m2c (1 — B/v/2sinfcosp)? — 32 /2cosp? |2

We have called || the parallel planeand L the perpendicular planeto the radiation plane,
defined by the normal to the reflecting plane 7z and the wave vector k. The observation
angle 0 is the angle between k and the observatory. The azimuth of observation ¢ isthe
angle between the x axis and the & projection on the separation plane (see figure 2a).

Asit can beseen infigure 1, theradiation is emitted in an empty cone centred on the spec-
ular direction of the beam. The coneis dlightly asymmetrical due to the obliqueincidence
onthetarget. A section of the conerevealsthe OTR pattern with two asymmetrical |obes.
The asymmetry between the lobes is maximal for ¢ = 0 and their distanceis§ = 2/~,
where § isnow the angle of emitted rayswith respect to the direction of specular reflection
of the electrons. The two lobes get more peaked as the beam energy increases. The figure
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Figure 2: (a) reference system; (b) section a » = 0 and ¢ = 60° (dashed) of otr angular
distribution for v = 23 and 45° incidence.

2b shows the theoretically calculated curvefor v = 23, expected value for LISA machine
(see below) the two peaks distanceisd ~ 2/v ~ 2/23 ~ 0.087rad. To collect enough ra-
diation an optical system with high angular acceptance isthen required. The TR intensity
is dependent on the dielectric constant ¢, but in the vacuum-perfect conductor transition it
is|¢| = oo for every w, that meansin this case the resulting frequency spectrum is flat.
For impact angles nearby 45° the OTR curveisjust shifted in ¢ of the same angle. So, the
expected OTR angular distribution resulting from the folding of egs. (1) and (2) with the
divergence distribution shows anon zero intensity in # = 0 and the two peaks do not vary
their height but they dightly enlarge. The strength of the effect depends on the energy and
on the divergence of the beam. For values of v = 23, the angular distribution of OTR
is relatively insensitive to divergence angles smaller than 1mrad. In this case the OTR
angular distribution resulting from the whole beam does not differ substantially from the
theoretical OTR curve of asingle electron.

3 Experimental arrangement

The OTR diagnostic tool has been used on the Frascati Accelerator LISA.
An accurate description of LISA isgiveninref. [9]. Figure 3 shows a schematic view of
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Figure 3: Schematic view of LISA linac with the position of the OTR diagnostic system.

LISA and the position of the OTR experimental set-up.
The main LISA e ectron beam parameters during our measurementsare listed in the
following table.

beam energy 12MeV
normalized emittance < 710 °mrad
dispersion energy 2.107°
macropul se length > lms
micropulse repetition rate | 20ns

average current 1+2mA

The OTR diagnostic device was set after the first quadrupole following the superconduct-
ing cavities. The beam has at that point anominal energy of 12/ eV,

The CCD recording the beam profile of asingle macropul se was remotely controlled. The
OTR emitting screen was a Kapton foil 25.m thick, coated with a400.A aluminium film.
The emitted radiation coming from the accelerator vacuum pipe through a glass window
is collected by the optical system situated just after the window and conveyed to a CCD.
The distance between the target and the optical system is about 18¢m. The optical sys-
tem has an active diameter of 6.3¢m and afocal length of 3.6¢m. The camerahasa CCD
sensor made of 542 x 582 pixelswith dimension 12.8 x 8.4um?,and with a total area of
6.9 x 4.9mm?. The dataare recorded in 256 x 384 matrices. The spatial calibration was
based on known fiducialsin the object plane.

The 45° angle of the TR target, the center and the axis of the optical receiving system
has been positioned with agreat care. A reference probe laser beam has been used in the
alignement procedure.
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Figure4: (a) Typical image of the transverse beam profile; (b) Intensity plot averaged over
50 intervals versus the normalized coordinater.

4 Measurementsand Results

The OTR images have been recorded for different beam parameters values. The results
that follow have been obtained for 1m A of average currentand 0.5m s of macropulselength.

4.1 Beam Cross-section

An accurate analysis of the beam transverse profile has been done. With the OTR tech-
nique, the transverse distribution of the beam has been measured with arelative precision
around 2%. Figure 4a shows a typical beam profile. A projection of the 3-D Gaussian
curve was done on the x and y axis. The resulting widths evaluated by a Gaussian fit are
respectly o, = (1.80 + 0.03)mm and o, = (2.76 £+ 0.07)mm.

The regularity of the beam has been checked by using the variable r defined by

ro= \/[(:1; —x9)/0:)? + [(y — yo)/oy]?. It has been found ao, = 1.03 £+ 0.03 without
correlations, as shown in figure 4b.

The Gaussian beam wasdivided inthin’dices of 0.5mm width. For every 'dice’ aprojec-
tiononthex axisand afit wasdone. All the standard deviationsfoundfor eachy coordinate
have been plotted. The plot in figure 5 shows the substantial beam homogeneity.
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Figure5: standard deviations of every beam 'dice’ versus their baricenter coordinatey.

4.2 OTR Angular Distribution

The OTR angular distribution can be measured positioning the CCD sensor in the focal
plane of the optical system. An example of the pattern is shown in fig. 6a, obtained sub-
tracting the background from the original image. The expected circular shape with alarge
diameter dueto the low energy electron beam isclearly visible. Infact, itstransverse pro-
file (fig. 6b) hasthe two characteristicintensity peaksat an angle = v~!. Thisoffersthe
possibility to evaluate the beam energy.

The divergence of the LISA beam is so small as the single electron OTR angular
distributionis not changed, as results from figure 6b wheretheintensity 1(6) near § = 0 is
practically zero. The LISA beam has a nomina emittance of 4710~ "mrad, so being the
standard deviation o of the order of millimeters, we expect a divergence o’ of the order of
0.4mrad. Inthis case the OTR curve can give a good energy evauation and no informa-
tions on beam divergence.

Deviations from the expected OTR angular distribution can be observed for large angles,
where the collection efficiency of the optical system decreases.

Different sections of the OTR angular distribution have been studied, at the angles
¢ = 0°,45°,60°. The values obtained for v are consistent and give an average value of
~ = 22.3+0.01. It has aso been noted the dependence of the asymmetry of the two peaks
with the angle .
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Figure 6: () OTR images registered in the focal plane; (b) section of previous image at
p = 0.

5 Conclusions

The analysis of the transverse beam profileusing OTR is of excellent quality, asit permits
the observation of otherwise non visibledetails. In particular all the parametersof the two-
dimensional Gaussian distribution of the beam profile have been measured.

It has been demonstrated the possibility to evaluate the beam energy even at such low en-
ergies.
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