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The optical transition radiation emitted
by electron irradiated aluminum,silver,gold-
coated plates and self-supported metallic and
mylar films has been investigated experimental
1y using 45° incident electron beams with
intensities from 100 pA up to 10 mA,and ener-
gies from 35 up to 72 MeV. Beam diagnostics
(intensity,profile,centering,energy) were ma-
de using an appropriate optical arrangment to-
gether with a two-parallel foilsdevice in
which the interference phenomena in transition
radiation emitted at both interfaces was ex-
ploited.

The intensity of light integrated in a
small aperture at the center of the interfe-
rence pattern presents a strong particle-ener-
gy dependence(of the form~E8)which was used
in the optimization of the phase adjustment
of the electron bunches in the linac at small
current intensities.Moreover, study of the vi-
s§ibility of fringes yields to an estimate of
the transverse momentum spread of the elec—
tron beam and to the r.m.s. angle of multiple
scattering in a given material.

Introduction

It is now well established that,when a
uniformly moving charged particle crosses an
interface separating two media with different
optical properties,it emits the so-called
transition radiation,a specific effect which
was predicted more than 25 years ago by Frank
and Ginzburgl after the discovery of the
Cerenkov effect.Actually,this radiation can
be considersd as a Cerenkov effect of the se-
cond order and is produced,more generally,
whenever a charged particle passes through an
electrically inhomogenous medium? .

In recent years,this effect was studied
both theoretically and experimentally,mainly
in the X-ray region of the spectrum;the appli-
cation to the detection and identification of
individual particles was the main goal of
scientists concerned with nuclear physics,
hizh energy phys<ics instrumentation,cosmic
rays or astrophysics.

This paper reports results of measure-
ments of the effect in the optical region of
the spectrum for electron beams instead of
individual particles interacting with matter
and outlines the applicat:on of transition
radiation to particle diagnostics.

This work was supported by the Commissariat
& 1'Energie Atomique 2.3.N. 3aclay (France).
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Theoretical background

Single interface

If a single particle of charge e and nor-

malized energy y crosses an interface from the

medium to the vacuum,the intensity of the
transition radiation emitted into the vacuum

(forward emission) in a frequency range duw
and a solid angle dNnis given by

2 2 2
d W _ e o (1)

dwdl N e (ofs y?) 2

where « is the angle of emission with respect
to the charge velocity.

This simple formula was derived from the
more general expression given by Garibyan3 for
the normal incidence and is only valid for
ultra relativistic particles and in the case
where the complex dielectric constant of the
medium is such thatli€|>1.

The radiation is of the dipole type and
is consequently linearly polarized,the elec-
tric vector lying in the plane containing the
normal to the interface and the direction of
emission.The intensity maximum occurs in a
direction making an angle oy = y-' with res-
pect to the normal to the interface.Tt should
be noted that ,under the above mentioned con=
ditions,the intensity of radiation given by
equation (1) does not depend on the angle of
incidence of the electron nor on the optical
properties of the traversed medium.

When the particle crosses the interface
from the vacuum to the medium,the intensity
of the transition radiation into the vacuum

("backward"emission) is obtained by multiply-

ing formula (1) by a Presnel term F Y,x,w )
for reflection and corresponding to the actual
angle Yof incidence of the particle; « is now
the angle of the emission with regpect to the
direction of specular reflection.This proper—
ty can be understood using the pseudo-photon
formalism (Williams-Weizsdker method).

Two parallel interfaces at a distance L

In this case (figure 1)the front face
of the second foil plays the role of a mirror
for the forward radiation produced by the
first foil.The radiation field adds in phase
with the backward radiation of the mirror
since both are produced by the same traver—
ging electron.

The resulting interference pattern is centered
around the direction of specular reflection.
The phase difference between the two sources
of radiation in any direction making an



angleXwith the direction of specular reflec-
tion is given by

2 2™ (1~ B cos «) (2)

¢ - %%

where L is the length of the electiron path
between the foils and B the electron velocity
expressed in units of c.

0
Figure 1 : Two parallel foils = 45)
metal - vacuum and vacuum - metal case.

Formula (2) is eagily derived by conside
ring two sources localized on the foils and
oscillating with a phase difference related
to the time of flight of the electron from
one fo*l to the other.

In this case,the intensity of transition
radiation is given by equation (3)

2, 2 ) 2 r
a'w _4e | W & 2nl -2 2
wan~ T ¢ Fl¥s=, )(“Y‘r':;g’zg? sin tﬁ(y +o )}

Owing to the high directivity of radia-
tion in the case of wltra relativistic elec-
trons,the Fresnel term can be considered as «
independent.

It should be noted that this interferen-
ce phenomenon is analogous %o the interferen-
ce phenomena obtained ‘n pure optical experi-
ments by the"division of amplitude " techni
que in a plane parallel plate ( transmission
type interference).is *t ig well known, in
such experimensz,fringes localized at infini-
ty {also often called fringes of equal incli-
nation) are observed even in the case of
extended sources of radiztiond ( in ocur case,
the electron beam imp*ngoing on the foils
extends across the transverse d*reot‘on@.

The interference corder is given by

D =—%’3\ (y‘2+ &) (4)

The andar radii of intensity maxima Oy
and minima x =~ are riven by

Ve
2 5)
a = — —— \
M,m (p-p) L
where p is an integer k for &« and p =k +0.5
for Oy
At the center of the patterm,the inter-
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ference order is generally fractional and ta-
kes the form

-2

Y

e

(6)

Po

Y
n

N

Experimental arrangement

The experimental work was performed on
the Saclay 80 MeV electron linac.

The samples were prepared by vacuum depo-
gition of aluminum,silver and gold on mylar
foils 3.5 m#m thick. Thicknesses of the metal
coatings were estimated to be about 0.4 mm
using a weighing procedure.

These samples were stretched over a ring
using a drumhead tightening principle.

In the study of the properties of transi-
tion radiation,thicker substrates { quartz
plate 0.4 mm thick) were used in place of the
second traversed foil, in order to obtain
better mirror properties.

"Bulk " materials of different thicknes-
ses were also used,i.e. aluminum foils from
0.75#m up to 15 4m,silver foils from O.54m up
to 34m and gold foils of O.lum thickness.

The thinner foils used,manufactured by
Goodfellow Metals Limited,had a precision on
thickness of 10 % and a purity of 99.7 %.
Unlike the backed foils ,they were glued on
the ring holders.As these thin self-supported
foils were always used in place of the first
traversed foil givins thus the forward radia-
tion,the poor flatness obtained by this tech-
nigue was not considered as an important fai-
lure.

Moreover,unlike the backed foils,these self-
supported foils could be irradiated by high
current densities without suffering any damage.

The foils in which the " backward "
radiation was produced were fastened to a ro-
tating disc ( figure 2) and were positioned in
the path of the veam by rgmote control at an
angle of incidence Y = 45

Fimure 2:Rotating disc supporting the foils.



In the irradiation chamber was plaged
either one of these foils inclined at 45 +to
the beam direction or two parallel foils ha-
ving the same inclination.

The elements of the optical arrangement
have been degcribed in some details in a pre-
vious paper °.We recall the principal features
of this arrancement.

a) A scanning mirror is used in order to
record the angular transition radiation pat-
terns both in the incident plane of the samples
(plane containing the electron trajectories
and the normal to the samples) and “n the pla-
ne perpendicular to the latter.This mirror and
a multiturn potentiometer are driven by a
Pl od

e

STEepping mOilT.

b) Radiation emitted at a given angle «

is formed by a lens into a ring of radius

R=f tan « ( f= 142cm is the focal distance of
the lens)whatever the distance between the
electron trajectory and the optical axis of
the apparatus.A diaphragm of radius R positio-
ned in the focal plane of this lens permits
the registration of photons emitted in a given
angular interval ( O~ o). This arrangement is
commonly used in gas Cerenkov counters and was
gset -up in reference 6. The angular distribu~
tion can be stud‘ed either by the use of the
scanning mirror ( the light selected by a dia-
phragm being detected by a 56 JUVP photomulti-
plier),or by a direct photographic registra-
ticn in the foorld plone of the lene and micro-
deneitemeter analysic 7 .

C) The Smaso
Tormed with o mn

2 the irvadiated foils div
ication & to unity in
-
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a) > plane orded either with a TV
Camera O n DLRGUC N tie
Npr E L. . = I . f T
AYA systen of two~crow .ed slits located

in Whis dnage plans perd s
of the bean prolfile.
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) A referencs cross luminated by a
lamp is located in this image plane in order
to achieve the precise beam positioning.

f) The selection of a given wavelength
interval or the study of the transition radia-
tion spectrum was made using either interferen-
ce filters or a Ebert-Fastie-25cm -~monochroma-
tor,

g) All the optical elements were positio-
ned along the line of sight of the accelerator
using as a reference the light emitted by the
czthode of the electron gun.

Mean-intensities of the accelerated elec~
tron beam were in the range 100 pA —lOﬁA.

The energy of the beam could be varied
from 35 up to 72 MeV.

The Energy of the beam was measured =t the
optimum RF phase adjustment by the deflecting
magnet with a 1% resolution slit,and the ener-
2y variations were simply achieved by changing
the phase of the RF field in the last accelera
ting section by means of a stepping motor.

As it was pointed out in reference &,this
procedure aveids a number of problems inclu—
ding magnet hysteresis,.The instrumentation
used in the measurement of the y-dependencs of
transition radiation is shown in figure 3.The
fraction of transition radiation selected by
the remotely controlled diaphragm is detected,
after wavelength filtering,by the 2 ns. rise-
time~high gain photomultiplier;the output-
pulse voltage of the latter is displayed on
the sampling scope which is manually adjusted
to sample only at a time corresponding to the
steady-state of the machine.This adjustment
avoids transient beam-locading effects at high
intensity currents,

The resulting integrated signal forms the
Y-input of the X-Y recorder.The X-axis is dri-
ven by the analog output of the swept phase of
the fourth klystron and represents relative
beam energy with respect to the fixed maximum
energy.During the measurement,the output of
the toroidal current transformer is permanent-
ly controlled on a conventional scope.

Surmzir

ACCTLZRATING GECTIONI TRANOFORMER

PEAJE SRIFTER LTGH?

— S
l P.R.+ OPTICAL FILTER
k.

T.RHSONTTOR

|

i

| |t = ot [ 20|

! Ju
I

]

CONTROL ~ ROON

Figure 3 : Tnstrumentation used in the measu-
rement of the y-dependence of transition
radiation.

Resulis

Figure 4 shows the angular distribution
of the "backward " transition radiation emit-
ted by a single vacuum—aluminum interface in-
clined 45° to the beam direction when a good
resolution is used and when the analyzing mir-
ror is scanned in the plane containing the
beam axis and the normal to the boundary.

20 10 0 10 20 o masd
figure 4:"Backward" radiation pattern
N= numbeX of Prhotons/ electrony

H

A =4530 y=125 ; ®,=0.5 m rad.
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The angular distance of the maxima was measured
on a number of similar patterms recorded at
different values of «p and drawing chords for
better accuracy in the determination of these
maxima.The extrapolation at vanishingly small
angles op and the comparison of the obtained
value of Y to the value given by the conventio-
nal momentum measurement lead to the conclusion
that the emergy could be measured by this tech-
nique with a precision better than 3%.

The experimental " backward"radiation
yield in the investigated wavelength region
{from 2500 up to 6000 & ) and for an aluminum
boundary is shown on figure 5.

ﬁl

a8

Wx10-1¢  watTt

2000 3000 4000 5000
Figure 5 : Absolute " backward" radiation
yield from an alumjnum boundary ¢ =45 ; y=125

Here,the radiation was jntegrated in a
cone with apex angle &y =3 y~ . The shape of
this speftrum demonstrate the general property
of a A" dependence.(We recall that,following
Garibyan's theory,the forward emission spec-~
trum extends in the X-ray region up to a cut-
off frequency W = Y‘”p ,where qu is the plas-

ma frequency of the medium). This property
agrees very well with the wavelength dependen-
ce predicted by transition radiation theory
gince the reflectance of aluminum in this wave-
length range is practically constant (% 90%).

Integration over A gives an overall ra-
diation yield of about 10 nW per #A of inci-
dent electrons.

Another characteristic property of tran-
sition radiation which was emphasized in refe-
renceg and 5 is that the radiation yield in-
creases but logarithmically with y provided

oo Y §>l.

Firure 6a is the photographic image of
the electron-irradiated foils and shows the
actual size of the electron beam since the ma-
gnification was just equal to wnity,as was a-
bove mentioned. The two foils arrangment was
uged here in order to avoid the registration
of the cathode light,and the radiation was in-
tegrated over all angles of emission.Moreover,
the beam profile was recorded using the two
crossed slits (defining an aperture of lmm? )
and photomultiplier detection.From this regis-
tration,the beam diameter was estimated to

AN A

about 3mm at half intensity.

Figure 6a : Image of the electron-irradiated
foils giving the actual size of the electron
beam; y=125;1=13mA;pulse width=2xs;frequency =
500 Hz;time exposure =0.25 s;film sensitivity=
3000 Asa.

Figure 6b shows the image of the electron-
irradiated foils displayed on the T.V. scope
(55850 type vidicon tube) and the illuminated
reference cross located in the image plane of
the foils.This spot was still visible at a
mean intensity of about 10nA .

Figure 6b : Image of the electron-irradiated
foils displayed on the T.V. scope.

Two-foils arranggent (L=25.5mm); y=125;T=13mi;
pulse width =%ﬁs;frequency=500 Hz;

In order to check the possibilities of
this system as a current-monitor at low inten-
sities,a study was made using the electrons
produced by fiseld emission in the RF coupling
device of the first accelerating section.These
electrons are further accelerated and radiate
when they cross the foils.

The output pulse voltage of the photomul-
tiplier is shown on figure 7.

Figure 7 : Low- intensity current monitoring.
{56 DUVP photomultiplier with 1800 ¥ bias)
horizontal:500 ns/emjvertical:50 oV / cm.

The peak intensity of this field emission
current was measured starting with higher in-
tensity currents monitored by the toroidal
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current transformer,and adjusting the attenua-
tion factor of a set of optihcal attenuators in

order to obtain the same output pulse voltage.

This procedure gave a peak intensity of about
0.444.Tt was still possible to record the
beam profile in this situation and the beam
diameter was estimated to about 12 mm.at half
intensity.

In the case of two-parallel To+ls arran-
gement in whxvh the distance L is much grea-
ter than 2Ay?, ie.when the interference order
at the center of the pattern is not too small,
one can observe a substantial number of frin-
ges of equal inclination .Figure 8 shows the
photographic registration of the interference
pattern in the case where py; = 0.76.

ern obtained
with the two-parallel foils arrangement
Foil l:zAluminum-ceoated mylar 3.5 m thick

Figure 8 : Interfercnce patt

Foil 11 :Alunms ngm—coa ted guartz O.4mm thick
L :13.5mm; ¢ :45° ;A:4390 & ;202140 1 5y:141.9
T:13 mAjpulse wvdth.l Sus;frequency:62.5 Hz;
Time exposure:2minjpolaroid film sens tiviiy:
30004sa.

The fringes could 21s0 be observed using
the technigue of the scann’nz mirror and pho-
tomultplier detection of the light integra-
ted in a small aperture of the diaphragm.In
most of cur applications,this versatile tech-
nique was prefered to the photographic regis-
tration which is more time-consuming.

The angular radii corresponding o the
succesgive maxima Xy and minima am were meagu-

red and zave an exeellent agreement with the
theoretical values deduced from eguation ¢

T: was also ovgerved that integration
over a large angle gave a radiation yisld
which was,to wwth n a few percun sytwice the
radiasion yield given by a gsingle foil.

On the other hand,the ‘ntensity of Ll ght
at the center of the pattern,integrated in a
given small aperture,has interesting proper-
ties related to its y-dependence.

? 3 shows the =zvolution of this in

i mure
teng!ty versus y.The maxima and minima cor-
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respond respectively to constructive and des-
tructive interference.

05

¥
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Figure 9: y.dependence of the relative inten-
sity of 1light at the center of the pattern for
the two-foils arrgngement.
L+9.9 mm; A +4530 It 3432130 i, 3, 2.8 mrad.

The most remarkable behaviour of this
registered pattern is the increased dependence
of intensity on y,as compared with the case of
the single foil.From figure 9,it can be seen
that,for certain ranges of y,a variation of
1% in y gives a corresponding variation of a-
bout 8% in the siznal.

A straightforward application of this
strong y-dependence was the optimization of
the phase adjustment of the electron bunches
in the accelerating sections.For a 1uA accele-
rated mean current,thas adjustment was achie~
ved in the range * of the RP phase shif-
ter.

The first minimum (py= 1) was extrapola-
ted to vanisningly small aperiures and the va-
lue of y obtained was in excellent agreement
with theory(theoret*cal value y=104.5;experi~
mental y =105.5 ).It can then be suggested
that a device using interference phenomena in
transition radiation could be az sinmple tool
for energy measurements wish a precision of
about 1%.

Sigure 10 shows the manifestation of
the strong y-dependence on the output pulse
voltage of the photomultiplier.

my

1

)

o] 025 05 Q75 1 [
Pioure 10: L:3.9 mmy A:4530 A& ;aXl
&, 12.8 mrad ;T 130 ma
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The rapid decrease after the rise-time
is related to the transient beam loading ef-
fect.

The visibility of fringes is a fungtion
of AAand Ay but also of <o > and <o:s -

which accout for the angular spread of the
beam and the multiple scabbering when it tra-
verses the first foil.The former parameters
vere determined and injected into a computing
program.The lztter,which are more important,
were determined by theory when a centered
Gaussian distribution for the angle of the
electrons emerging from the first foil was ta-
ken into account.

Experiments were made using successlve-
1y different calibrated thicknesses for the
first foil,using for instance a stack of one,
two or three identical aluminum foils 0.75um
thick.

Resolving e

of the form
2 6-—2
<fab ~ +n <’ast> = swhere n is the

number of pilled-up foils and thed r.m.s. an-
gle in the Gaussian distribution giving the
best fit Dbetween experiment and theory,yield
the following values at y=140 :

<a,: >1/2 =0.3% mrad and (cx:>1/2 =O.7mra9ﬂ,m

uation
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