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Abstract

Future high energy linear colliders require sophisticated diagnostic tools
for measurement of beam size and position. Diagnostic devices have been
developed according to these specifications. They form parts of the linear
collider test facilities that are presently being commissioned or already
operated in various high energy physics laboratories.

This thesis presents monitoring systems for the longitudinal charge dis-
tribution of the electron pulses. Since the specified short pulse lengths
are at the limit of time resolving electronics, measuring techniques for
the frequency domain have been developed. The experimental techniques
are discussed and measurements presented.

Zusammenfassung

Zukiinftige  Hochenergie-Linearcollider  erfordern  anspruchsvolle
Strahldiagnoseinstrumente fiir die Messung der Strahldimensionen
sowie der Strahlposition. Diagnoseinstrumente wurden diesen An-
forderungen entsprechend entwickelt. Sie bilden Teile der Linearcollider
Testanlagen, die gegenwirtig in mehreren Hochernegiephysiklabors in
Betrieb genommen oder bereits betrieben werden.

Diese  Arbeit stellt Messanordnungen fiir die longitudinale
Ladungsverteilung der Elektronenpulse vor. Da die angestrebten kurzen
Pulsléngen den Grenzbereich zeitauflosender Elektronik darstellen,
wurden Messmethoden fiir den Frequenzraum entwickelt. Die experi-
mentellen Techniken werden diskutiert und Messungen vorgestellt.
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Introduction

With the operation of LEP! at a center of mass energy of 200 GeV, the limit
for circular eTe™ accelerators will be reached. In order to extend the physics of
electron-positron annihilation to higher energies, the development of linear col-
liders is crucial.

Hadron colliders are well suited for explorative studies since they cover a wide
energy range. However, to understand new physics and new particles, detailed
studies at ete™ colliders are essential. A fine example is the discovery of the
J/W¥ as narrow resonance J in hadron collisions in Brookhaven. Its interpretation
as a charm-anticharm state ¥ was only possible due to detailed studies at eTe™
storage rings.

Electron-positron annihilation has the immense advantage, that the parameters
of the initial state are very well defined. Electrons can be considered as point-
like particles down to 1078 m. Their energy, polarization etc. can be measured
with high precision. The event topology of eTe™ collisions is simple compared to
hadronic collisions. Hadrons consist of quarks and gluons. Their momentum is
distributed among the constituents according to the structure functions. Hence
the initial state is not well defined. In addition, proton-proton collisions produce
an immense hadronic background. A typical event at the 14 TeV pp collider
LHC? will contain several hundred hadronic tracks and, moreover, the high de-
sign luminosity of 103* cm2s~! will result in the superposition of about 25 events
per bunch crossing. The search for rare events is therefore an extremely difficult
task.

While in the case of eTe™ collisions the experiments and the analysis are much
easier, here the accelerator itself is a very challenging project. Storage rings with
a higher center of mass energy than LEP cannot be operated at reasonable costs,
since losses due to synchrotron radiation increase dramatically. The alternative
route was first proposed by M. Tigner in 1965 [1]: electrons and positrons from
two linear accelerators are brought to head-on collision. This idea has been thor-
oughly studied during the last years by working groups all over the world. The

!Large Electron Positron Collider
2Large Hadron Collider



first working high energy ete~ linear collider was the SLC? machine which is
presently running at a center of mass energy of 91 GeV. Building a machine with
a center of mass energy of 500 GeV and a luminosity of 10%* cm? s~ would be
a first step towards TeV energies. Such a machine could be used for detailed
studies of the top quark system, for finding or excluding the Higgs boson up to
a mass of about 350 GeV and for the search for supersymmetric particles.

Various technical approaches to the problem of a high energy e*e™ linear col-
lider are presently being evaluated with respect to their feasibility at reasonable
costs. They differ mainly in accelerating frequency, time structure and beam
dimensions. Conventional, normalconducting accelerating structures such as the
3 GHz technology already used at SLC, can be extrapolated as proposed for
the SBLC*. Higher frequencies are envisaged for the NLC®, JLC® and VLEPP?
machines. The wakefield accelerator CLIC® is to be operated at 30 GHz. The
TESLA? design is the only linear accelerator based on superconducting cavities.
Its accelerating frequency of 1.3 GHz is comparatively low [2].

Test facilities for linear accelerators are presently being commissioned or already
operated in various high energy physics laboratories. The layout of these pro-
totype linacs should resemble that of a future 500 GeV machine as closely as
possible. Measuring the parameters of the electron beam will then show if the
specifications can be achieved.

In addition to the high energy physics potential, some machine designs offer the
possibility to drive a free-electron laser (FEL). Such a high-brillance X-ray source
is proposed for example both for the TESLA test facility linac (TTFL) [3] as well
as for the TESLA machine [2]. Beam parameters such as bunch dimensions,
bunch charge and emittance are in this case even more important and the toler-
ances tighter than for the high energy physics option. If the beam does not fulfill
these very strict requirements, a free-electron laser will not work at all.

Beam diagnostics has been developed for the TESLA test facility to determine
the beam emittance, current, position and dimensions. These devices are in-
stalled at the TESLA test facility linac to monitor its performance. Some of the
beam monitors themselves, for example the bunch length monitors, had to be
developed and are therefore themselves subject to experiments.

3Stanford Linear Collider

4S-Band Linear Collider

5Next Linear Collider

6 Japanese Linear Collider

"Vstrechnie (Colliding) Lineinye (Linear) Electron Positron Puchki (Beams)
8Compact Linear Collider

9TeV Energy Superconducting Linear Accelerator



One possibility to obtain information about the bunch size is the use of tran-
sition radiation. The optical part of its spectrum can be used to measure the
transverse beam profile. As an example for its application to beam diagnostics,
a setup for optical transition radiation at a particle accelerator is presented and
some possible measurements are discussed.

To obtain the bunch length, time resolving techniques (streak cameras) can be
used. For the short bunch length of an electron linear accelerator, the resolution
limit of streak cameras is reached. If measurements in the time domain are no
longer possible, a principally different measurement technique must be applied.
The alternative is to measure in the frequency domain rather than in the time
domain. This method is based on the fact that the long wavelength part of the
radiation spectrum of a bunch carries the information about the bunch length
and shape. This argument holds for wavelengths of the order of the bunch length
and longer. The experimental problem is then the measurement of spectra in the
long wavelength range. For bunches of a few picoseconds, the relevant part of the
spectrum is found at wavelengths of several millimeters. For shorter bunches as
proposed for FEL option, the wavelength range shifts to the far-infrared. Since
spectroscopy becomes easier at shorter wavelengths, these methods work the bet-
ter the shorter the bunches are.

In this thesis, transition radiation has been used for electron beam diagnostics.
First the formalism for radiation processes due to a moving point charge as well
as for a bunch of charged particles is developed. Quasi-optical techniques for elec-
tromagnetic radiation at wavelengths of several millimeters are presented. Two
types of spectrometers for millimeter waves have been developed for use at the
TESLA test facility linac. They are described in Chapter 3. Chapter 4 deals with
the application of radiation in the optical frequency range for beam diagnostics.
A setup was built in the DESY transfer line to evaluate the potential of transition
radiation for optical diagnostics. Measurements of the transverse beam param-
eters are presented. Chapter 5 deals with the application of millimeter-wave
radiation to beam diagnostics. These measurements refer to the longitudinal
bunch dimension. Bunch length measurements carried out at the CLIC test fa-
cility at CERN, at the S-DALINAC facility in Darmstadt and at the TESLA test
facility at DESY are presented.






Chapter 1

Radiation from Charged Particles

Electromagnetic radiation is emitted by charged particles under various circum-
stances. These various sorts of radiation, although similar in certain aspects,
are due to entirely different physical processes and each of them requires specific
formal treatment.

Synchrotron radiation is the only kind of radiation that can be emitted while the
particle is travelling in vacuum. This happens only if the particle is accelerated.
If a particle travels at constant speed in a homogeneous medium, Cerenkov ra-
diation is the only form of radiation that can be emitted. This happens under
the condition, that the velocity of the particle is larger than the phase velocity
of light in the medium (Cerenkov condition). If the medium is not homogeneous
or varies in time, transition radiation is emitted. This kind of radiation is due to
boundary conditions at the interface of media with different dielectric properties.

1.1 Radiation from a Moving Point-Charge

Consider a point-charge e moving on an arbitrary trajectory r(t) at arbitrary
velocity v(t) in a homogeneous and infinite medium with permittivity €,. The
following treatment is based on the Liénard-Wiechert potentials for a moving
point-charge that are derived in textbooks, e.g. [4]. We will only consider the
case sketched in Fig. 1.1, where r < Ry (far-field approximation):

R~ Ry—r-n. (1.1)

In this case, the vectors E and H at the observation point are transverse and the
Poynting vector S is directed along n:

S = ExH
Ho
= %|H\2n. (1.2)



Observer

rt) e

Figure 1.1: Notation used to derive the equations for radiation from a moving
point-charge e.

The vector potential A is given by the Liénard-Wiechert potential':

foecB
A(r,t) = 1.3
00 = | ] (1.3
It is convenient to consider the spectral decomposition of A(r,t):
Aw) = ,uoec/ p exp{iwt}dt. (1.4)
82 (1-y&B-n)R] .
We now make the substitution
R(t")
t =t 1.5
* c/\/er (1.5)
Sdt = dff + Y dR(L) 3y
c dt

= (1—\/5[‘3 n)dt

and obtain using (1.1)

'quC/—exp{z (wt' + fRo @r-n)}dt'. (1.6)

We can then make the simplification that the term (Ry — r - n) ! varies very

W/

slowly compared to exp{—i="n-r}:

oec 1
871'2 Ro

Alw) = exp{ "V Ry} [ Bexpiut - MT\/an-r(t’))}dt’. (1.7)

!The derivation is based on the vector potential for the magnetic field which makes the
calculation more convenient than in the case of the electric field.



To simplify this expression we define the wave vector k by

K= Ve, (1.8)

C
and write ¢ instead of ¢':
k-
Aw) = % eXp{’ RO} [ Bexp{itut — K x(t)}at. (1.9)
T

From this, H(w) can be obtained:

H(w) = iv X A(w)
- %exp{i;o- Ro} iw\c/a /(n x B) exp{i(wt — k - r(t)) }dt. (1.10)

We obtain then a general equation from which the radiated energy per unit fre-
quency and unit solid angle for the various radiation processes can be calculated?:

2w ,
waa — °R
Ho 2 2
n/ 22 H@P R
_ SuhVE . 2
T 16m%ec /(nxﬁ)eXP{’(wt k-r(t)}ydt| . (1.11)

Equation (1.11) is a fundamental equation for all radiation processes caused by
a moving point-charge in the far-field approximation.

Starting from this, now the special case of uniform and linear motion with
r(t) = vt will be considered. Using

|n x B| = Bsinf (1.12)
and
k- r(t) = wt(B/e, cosh), (1.13)
( 1.11) can be written as
d2W 2\/5 ) 2
Toda 16%3600 3 sin? § ‘/exp{zw(l — B\/e, cos B)t}dt| . (1.14)

The integration boundaries have to be set according to the specific problem.
Starting from (1.14) we will now consider various radiation processes in detail.

2Note, that only positive frequencies have a physical interpretation and therefore
[ =P dt = 4n [° [H(w)[? dw.



1.2 Cerenkov Radiation

Cerenkov radiation is the only kind of radiation that can be emitted by a charge
with uniform and linear motion in a homogeneous, infinite medium.

The case of an infinite trajectory corresponds to evaluating the integral in (1.14)
from -oo to 4o0:

2

d2 2 92 " +T/2
W _ew \/8_52 sinzeTlim ‘/ / exp{iw(l — By/e, cosO)t}dt) . (1.15)
—0 |J-T/2

dwdQ  16m3e4c

For |T'| — oo, the integral yields
2nTw™'6(1 — By/r cos ) (1.16)
and the radiated power is given by

d’P  €w\/e
dwdQ  8m2eqc

B sin® 0 §(1 — B+/g, cos ). (1.17)

The delta function determines the Cerenkov angle:

1

Ve

cosf = (1.18)

Radiation is only emitted if

) 1.19
= (1.19)
that is if the velocity of the particle is higher than the velocity of light in the
medium (Cerenkov condition).

1.3 Transition Radiation

Transition radiation is emitted as a charged particle moves through or close to
an inhomogeneous medium or if the medium varies in time. A purely formal
derivation of the equations for transition radiation can be found in e.g. [5], [6],
[7]. In order to provide a more intuitive physical derivation rather than solving
Maxwell’s equations with boundary conditions, the relevant formulas are here
developed following [8].

1.3.1 Derivation of the Ginzburg-Frank Formulas

The here relevant case, that a point-charge moves from a medium with permittiv-
ity £, to vacuum (g, = 1) can be treated analytically (the inverse process follows
directly as will be seen). We will in the following derivation assume that the

8



E
k H
) v 5 z
e
medium vacuum
g >1 =1

z=0

Figure 1.2: Point-charge e escaping from a medium with permittivity ¢, into
vacuum (g, = 1). The emission of forward transition radiation is indicated by
the wave vector k and the electric field vector E. The observation point is in the
vacuum at an angle # with respect to the velocity of the particle. The problem
is symmetric in x and y.

velocity of the particle is uniform and linear and that the Cerenkov condition is
not fulfilled. The velocity v of the charge is taken to be normal to the interface,
say along the z-axis as sketched in Fig. 1.2.

It is convenient to treat the two half spaces seperately. The equations for the
fields and the radiated energy have to be integrated from 0 to +oco for the right
half space (vacuum) or from -oco to 0 for the other half space (dielectric or metallic
medium).

Let us consider the right half space in Fig. 1.2. The total magnetic field observed
at a large distance is given by the superposition of three contributions:

H(w) = Hi(w) + Hy(w) + H3(w). (1.20)

As sketched in Fig. 1.3 and 1.4, Hy(w) is the magnetic field of the wave that is
emitted into the vacuum after refraction at the interface, Hy(w) is the field of the
wave directly emitted in the vacuum and Hjz(w) is the field of the wave that is
emitted in the vacuum and reaches the observation point after reflection at the
interface.

H,(w) can directly be obtained by integrating (1.10) from 0 to 400 with €, = 1:

k
H, (i) — e exp{iko

. RO} ) 00 '
= SnZc Ry %W/O (ng x v)exp{i(w — ko - v)t}dt.  (1.21)



medium vacuum
£ >1 £ =1 H
N1
nl !
8 o Eq

X \Y; z

1B

0o

=0

Figure 1.3: Magnetic and electric fields, that are emitted inside the medium and
reach the observer in the vacuum after refraction at the interface.

Figure 1.4: Fields contributing to the total intensity radiated into the vacuum
half. E, and H, are directly emitted in the direction of the observer, E3 and Hj3
reach the observer after reflection at the interface.
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The field H3(w) is given by a corresponding expression multiplied with the re-
flection coefficient r) for a magnetic field orientated in the plane of incidence:

e exp{iks - RO}
8m2¢ Ry

erc080 — /e, —sin? 0 (1.23)
7‘|| = . .
g, cosf +1/e, —sin? 0

More care must be taken with the calculation of the field H;, which reaches the
observer after refraction at the interface as sketched in Fig. 1.3.

Hg(w) = T|| .

(n3 x v)exp{i(w — ks - v)t}dt, (1.22)

where

We first calculate the electric field due to a moving charge in the vacuum. Its
amplitude in the vacuum is given by

E = cuoH, (1.24)
where H is given by
e exp{zkg RO}

872c

H(w) =

—(ng X v)exp{i(w — ko - v)t}dt.  (1.25)

The electric field is emitted into the medium in direction of —n,, undergoing
refraction at the interface. Its amplitude is obtained by multiplying the field in
the vacuum with the Fresnel coefficient ¢ /,/¢, for the transmitted magnetic field
orientated perpendicular to the plane of incidence, where

2¢, cos ©

£,c080 + /e, —sin? O

1+ T = t”. (1.27)

b= (1.26)

and

The inverse process, that a moving charge inside the medium causes a field in
the vacuum, can now be calculated using the reciprocity theorem [6]:

if j4 and jp are current densities at points A and B, and E4(B) is the field due
to ja at point B and vice versa, then we have

/ JuER(A)dVy = / jsEA(B)dVs. (1.28)

For the problem discussed here, the current densities in the medium and in vac-
uum are

ja=jp=ev. (1.29)

11



We have calculated the amplitude of the electric field Ej in the medium, and can
therefore obtain the amplitude of the electric field E; at the observation point.
Taking into account the angle of refraction we obtain

IE,|sinf = |Eo|sin ¢, (1.30)
where

Ing x v| = wvsiné'

In; x v| = wvsiné. (1.31)

We obtain then the field E; at the observation point. Using (1.24) the magnetic
field H; is given by
t e exp{iko- Ro}

H,(w) = \/587T . R, ; (n1 x v) exp{i(w — ko - v)t}dt. (1.32)

We have now calculated all three fields that contribute to the total magnetic field.
From the total magnetic field, the radiated energy per unit frequency and unit
solid angle is obtained according to (1.11):

d*W Amr 2
H H H ?
T = T JH0) 4 Fa) + () B
2
e?3%sin? § 1 oy (1.33)
1673¢4c 1—50050 1+ﬂcos€ Er1- 3 /sr—sm 0

Using the expressions for the Fresnel coefficients as given above, one obtains for
the intensity radiated into the right half space (vacuum):

(e, —1)(1 — B2 — By/e, — sin?0)
(e, cosf + y/e, —sin? ) (1 — B4/e, — sin” f)

1 (1.34)
Here, 6 is the angle between v and k, such that # = 0 corresponds to radiation
directed along the positive z-axis. The radiation emitted into the half space which
the particle is entering is called forward transition radiation.

*W _ e’B?  sin®’fcos? 0
dwdQ)  4m3ege (1 — (2 cos? f)2

The corresponding relation for the case of a point charge entering a medium
from vacuum is simply obtained by replacing 3 by -3 as sketched in Fig. 1.5.
The radiation emitted into the vacuum is then given by

2
*W _ e’B*>  sin’fcos® 0 (e, — 1)(1 — 3% + By/e, —sin?0)
dwdQ  4meoc (1 — B2 cos? 0)? (ercos B + \/e, —sin?0) (1 + By/e, — sin” )

1 (1.35)
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Figure 1.5: Point-charge e entering a medium with permittivity ¢, from vacuum
(- = 1). Backward transition radiation is emitted into the vacuum at an angle
0 between k and the negative velocity of the particle. The problem is symmetric
in x and y.

where 6 is now the angle between -v and k.

Equations (1.34) and (1.35) are known as the Ginzburg-Frank formulas for tran-
sition radiation at the interface between an arbitrary medium and vacuum. Tran-
sition radiation is also emitted into the medium. The corresponding equations
can be obtained by exchanging the two media in the preceding derivation while
leaving the direction of the v unchanged.

Some conclusions can be drawn so far. Transition radiation is produced both
due to the entry process from vacuum into a medium and due to the exit process
from a medium into vacuum. From either process, both forward and backward
transition radiation are produced. The spectral composition of the radiation
is determined by the value of €,(w). The radiated intensity is proportional to
e, — 1|>.2 The more the dielectric function of the medium differs from e, = 1,
the more transition radiation is emitted. Transition radiation is polarized with
the electric vector lying in the plane defined by k and v (observation plane).

1.3.2 Special Case: Interface Vacuum-Metal

Based on the general formalism, we will now discuss some special cases of the
Ginzburg-Frank formulas. In particular, we will restrict the discussion to the case
of the interface between vacuum and a metal.

3In the most general case of two arbitrary media, the radiated intensity is proportional to
lers — 5r2|2. The more the dielectric functions differ, the more transition radiation is emitted.
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The dielectric function of a metal depends on the frequency range of interest.
For frequencies not higher than in the optical range, in general metals can be
regarded as perfect conductors with €, = co. This formula can be applied for the
here relevant optical and lower frequencies. Since these waves do not propagate
in a metal, they are only emitted into vacuum.

For higher frequencies, ¢, must be obtained from

w2

where w,, is the plasma frequency of the metal.

In the following sections, only frequencies for which the metal is a perfect con-
ductor will be considered.

1.3.3 Normal Incidence: Non-Relativistic Limit

In the non-relativistic limit (8 < 1and f < 1/,/€;), one obtains from (1.33)
and (1.27)
dZW 62 52 2
dwdQ  16m3¢,c
The radiation from the entry process into a medium and from the exit process
into vaccuum is identical. For the special case of a metal-vacuum interface and

frequencies, for which the metal is a perfect conductor, (1.37) becomes

ﬂ(1 — &)

- (1.37)

sin? @

d*w _ e?3?sin? 4

— 1.38
dwd2 4mdege ( )

1.3.4 Normal Incidence: Ultrarelativistic Limit

We will now consider the ultrarelativistic limit (8 ~ 1). To simplify the discus-
sion, we again consider the case e, = oo. For small angles 6, equation (1.33)
simplifies to
% e 32 sin? @
dwdQ  16m3goc (1 — Bcos )2’

The corresponding expression for the transition from vacuum into a medium is
given by

(1.39)

e? 32 sin? 6

— = 1.40

dwdQ ‘ ”‘ 16m3epc (1 — [ cos 0)? (1.40)
and differs from (1.39) only by the reflectivity B = ‘r”‘ For e, = o0, we
have R = 1 and the radiation from both processes is again identical.
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In the ultrarelativistic case, the radiation has its maximum at angles

= /1 - g2 (1.41)

0~

= |+

We can therefore write
sin? ~ 62
02

cos’f ~ 1-— B (1.42)

and obtain from (1.39) for the radiated energy

dQW _ 62ﬂ2 02
dwdQ — 4dmdepc[02 + (1 — B2

(1.43)

Integrating over the solid angle yields the total emitted energy per unit fre-
quency [6]:
dw e? 1
= n :
dv  4m?gqec 1 — (32

(1.44)

1.3.5 Oblique Incidence on a Single Surface

So far, we have discussed the case where the particle trajectory is normal to the
interface. We will now consider the case, where the particle moves through an
interface at an arbitrary angle. Without loss of generality, we can let the particle
trajectory be inclined by an angle ¢ with respect to the z-axis as sketched in
Fig. 1.6.

The plane of incidence is defined by v and the vector normal to the interface.
The observation plane is defined as before by n and the vector normal to the
interface. The calculation is done as before, but we have now to calculate the
components parallel and perpendicular to the observation plane separately:

EW (W 2w
ddS) (dwdQ)” * <dwdQ>L' (1.45)

In general, the parallel and perpendicular components are not equal and the total
radiation seen at the observation point is elliptically polarized.

We consider the projection of the vectors on the observation plane as sketched
in Fig. 1.7. For the component parallel to the observation plane we obtain the
expression
<d2W> _ e? B X no 4y By X n3 Y By x m
dwdQ )~ 1673 |1— B - =8 n; al—B-n./E|’

(1.46)
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Figure 1.6: Particle travelling from a medium into vacuum. The particle trajec-
tory is inclined by an angle i) with respect to the z-axis.

z
N3 n,
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g =1 g
1

0| medium
g, >1

Figure 1.7: Projection of the vectors ny, ny, n3 and 3 in the observation plane.
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where (3| is the projection of 3 in the observation plane. The Fresnel coefficients
are given by (1.23), (1.26) and (1.27), where we have to write 6, instead of 6.

The component perpendicular to the observation plane is given by

d2W 62 9 1 1 tL 1
= 3 B1 T+ —
dwdQ ) | 16megc 1—08-ny 1-8-n3 /6, 1-B-n,/&
(1.47)
with
cosf, — /e, —sin? 4, (1.48)
r, = s .
cost, + /e, — sin? 6,
2,/€r cos ),
t, = : (1.49)
cos b, + /e, —sin? 6,
14
l+r, = —. (1.50)

VEr
Equations (1.46) and (1.47) are the general expressions for oblique incidence.

For 3, = 0 and 3 = (3 they yield again the Ginzburg-Frank formulas for normal
incidence derived before.

1.3.6 Oblique Incidence: Non-Relativistic Limit

Neglecting the terms (8 - n;), (8 - ny) and (B - n3) in (1.46) yields
2

call 16, % (ny+ "L ny)
= n, + rng —
dwdQ) i 167r35 c | 2 I8 VeEr '
W
(dwd9> = 0 (1.51)
L
We can as well write (1.51) as
i e, t |
= = 20,11
dwdS) (dwdQ) 16732, cﬁ S e
sin?  cos? 0
= B, 1) (1.52)
47T3‘5 ¢ e, cos @ + y/&, — sin ¢9|2
For ¢, = o0, we obtain again

*W  e*f2sin* 0
dwdQ  Amdege
Writing 3 instead of (3,, this is the same result as obtained for normal incidence

in the non-relativistic limit. The radiation from the entry and the exit process is
identical.

(1.53)
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1.3.7 Oblique Incidence: Ultrarelativistic Limit

Again, we consider the case ¢, = oo0. We have to treat the transition from the
medium into vacuum and the inverse process separately.

Neglecting the second and third term in (1.46) and (1.47) leads to

<d2W> _ e? <,3||><n2 )2

dwdS) ! 16m3e9c \1 — B - ny

< W ) e ( B, x n )2 (154)
dwdQ2 ) | 16m3gc \1 — B -ny ) ~ ’

The total intensity is given by

W (dQW) +<d2W>
dwdS) dwdS2 ! dwdY ) |
e? (B x ng)* + (B, x ny)?
1673eoc (1 -7 ny)?
e? (B x ny)?
16m3g5c (1 — B ny)?

(1.55)

The radiated energy is in this approximation independent of the angle of incidence
and of the permittivity of the medium.

For the transition from the vacuum into the metal, we obtain a different result.
In equations (1.46) and (1.47), the second term becomes most important since
(B - n3) is close to unity. This has the important consequence, that the most of
the radiation is emitted at the angle of reflection. We obtain

a?w B e? . ,3|| X ng
dwd2), ~ 167%0c| 11— B ny
d°wW e 9 1 2
= — _ 1.56
<dwd9>L T6m0c - " T= By (1.56)
The total intensity is given by
d*w B d*w n d*w
dwdQ — \ dwdQ ! dwd() ) |
_ e2 R (3 X nj 2+ﬁi(RJ_—R||) (1 57)
1673¢qc 1= B - n3 (1 =B -n3)? '

Note, that for normal incidence (R, = R)j), the same result is obtained as before
(1.40).
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1.3.8 Transition Radiation from a Foil

Finally we will consider the case of a metal foil in vacuum, that is the case of two
parallel surfaces. The problem can be treated by deriving the general formulas as
done for a single surface before. The formalism becomes exceedigly complicated
since multiple reflections at the interfaces must be taken into account [7].

Again, we will consider the case of a metal foil in vacuum and frequencies not
higher than in the optical range. In this case, no radiation can propagate inside
the foil. The entry and the exit process are completely independent and the for-
mulas obtained for a single interface can be applied.

Figure 1.8 shows the emission of transition radiation for the case of normal in-
cidence on a perfectly conducting foil. Backward transition radiation from the
entry process of the particle into the foil is emitted centered around the negative
z-axis. Forward transition radiation from the exit process out of the foil is emit-
ted centered around the positive z-axis.

Figure 1.9 shows the very important case where the foil is inclined with respect to
the particle trajectory. While the direction of the forward transition remains un-
changed, backward transition radiation is now emitted at the angle of reflection.
For an angle of 45° with respect to the particle trajectory, backward transition
radiation is emitted at 90° with respect to v. This allows to separate the radi-
ation from the electron beam and make use of it for all sort of measurements.
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Figure 1.8: Transition radiation from a metal foil surrounded by vacuum. The
foil is normal to the particle trajectory. Forward transition radiation is centered
around the positive z-axis and backward transition radiation is centered around
the negative z-axis.
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Figure 1.9: Transition radiation from a metal foil surrounded by vacuum. The
foil is inclined by an angle ¢ with respect to the particle trajectory. Forward
transition radiation is still centered around the positive z-axis while backward
transition radiation is now centered around the angle of reflection.
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Figure 1.10: Notation used do derive the formalism for synchrotron radiation.

1.4 Synchrotron Radiation

We will now consider the case, where a point-charge is travelling in vacuum. If
the particle is travelling linearily at constant speed, no radiation process is pos-
sible. If the particle is moving on a non-linear trajectory, synchrotron radiation
is emitted.

We start again from the general equation for the radiation field of a point charge
moving on an arbitrary trajectory (1.11). We will restrict the discussion to a
circular orbit with radius of curvature p (Fig.1.10). We further use the approx-
imation that the particle is moving at # ~ 1, and therefore the radiation is
emitted at small angles § =~ 1/7. The observer sees a radiation pulse during
the short time ¢ =~ p/(¢y). The evaluation of the integral in the general equa-
tion (1.11) is complicated and can be found in e.g. [4], [9]. The radiated energy
per unit frequency and unit solid angle is

02

W € wp\2 (1 2
oi = e (2) (2 +) [0+ iy gtate) - 059

Here, K33(¢) and K7 3(§) are modified Bessel functions. The first term in the
brackets corresponds to radiation polarized in the plane of deflection, the second
term corresponds to radiation polarized perpendicular to the plane of deflection.
From the properties of the Bessel functions one can conclude, that the radiation
is mainly found in the plane of deflection. It is sharply peaked at a small angle
in forward direction. The radiated energy scales with v*.

The total power emitted by an ultrarelativistic electron on a circular trajectory
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is given by [10]

1 2 ce?~*
07 Urey3 p2
The spectral distribution is given by
dP P,
- —-Yg (ﬂ)
dw  w, \w,

where the critical frequency is defined by

and the function S () by

$(2) =% (5) [ wmtone
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1.5 Multiparticle Coherence Effects

In the previous sections we have developed equations for the radiated intensity
emitted by a single particle due to various processes. At particle accelerators,
large numbers of particles are accumulated in bunches. This can lead to coherence
effects at wavelengths that exceed the bunch size. The arguments developed here
hold for any kind of radiation.

1.5.1 Multiparticle Coherence Calculations

We will denote the radiation intensity emitted by a single electron at a wave-
length A by I;()\) and the intensity emitted by a bunch of N particles by L, ()).
In order to obtain the total radiation emitted by a bunch of N particles, the radi-
ated intensity of each single particle has to be summarized. In a naive treatment,

the result is simply
Itot()\) = NI1 (/\) (163)

In a full calculation however, the fields of the single particles have to be summed
paying attention to the phase [11],[12],[13]. Figure 1.11 shows the notation used
for the following derivation. We consider a symmetric bunch centered at r = 0.
The distance between the center of the bunch and the detector is R. We assume
that the relative position of the electrons does not change during the emission.
The electric field from the j** electron seen by the detector is given by

E;(A) = Ey()) exp{2min, - r;/A}, (1.64)

where Ey()) is the field due to a reference electron at 7 = 0 and n; is the unit
vector directed from the detector to the j™ electron. Summing over all electrons
in the bunch yields

Ei(N) = E1 (V) i exp{2min; - r;/A} (1.65)

and hence the total emitted intensity is given by

2
N
Liot(A) = Li(A) | D exp{2min; - r;/A}| . (1.66)
j=1
We can rewrite the squared sum as
N N
Liot(A) = L(A)Y exp{2min; -1;/A\} > exp{—2miny - ry/A}
j=1 k=1
N N
= Li(A) D exp{2mi(n; -r; —ny-ry)/A} + Y exp{2mi(n; - r; — ng - 1) /A}
Jrk=1 jrk=1
j=k J#k
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Figure 1.11: Coherent radiation from an extended electron bunch.

N
= Il()\)N + Z exp{27ri(nj Ty — g - I'k)/)\} (167)
j.k=1
J#k

We can also write (1.67) as

L) = LOYIN + N(N = 1) 7], (1.68)
where we define
FO = N(+—D 3 expl2mi(n; -3~ my 1)/ A (1.69)

For a large number of particles (N — 00), f(A) can be derived from a continuous
particle density S(r) and then be expressed by the Fourier integral

£ = ‘ [ 5)exp{orin-x/A}dr g (1.70)

f(A) is hence given by the Fourier transform of the charge distribution function
squared. The distribution function S(r) is symmetric about r = 0,

S(r) = S(-r), (1.71)
and normalized such that
+o0
/ = S(r)d*r = 1. (1.72)

The factor f()) is called the bunch form factor. For wavelengths larger than the
bunch length, the form factor approaches unity. In this limit, the particles in the
bunch radiate coherently and the whole bunch behaves as a macro-particle with
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charge Ne. The radiated intensity in this wavelength range scales with (Ne)?.
For wavelengths much smaller than the charge distribution, the form factor ap-
proaches zero and the particles radiate incoherently. The radiated intensity in
this part of the spectrum scales with Ne?. The coherent part of the spectrum
therefore carries information about the charge distribution and is strongly en-
hanced compared to the incoherent part.

If R is much larger than the bunch size and for a cylindric symmetric bunch,
(1.70) simplifies to

f(A) = ‘/ S(r) exp{2min - z/\}dz : . (1.73)

In this approximation, for a transversely symmetric beam, the bunch form factor
depends only on the longitudinal charge distribution in the bunch.

1.5.2 Influence of Transverse Beam Dimensions

No radiation is emitted in the exact forward direction. It is therefore always
necessary to observe the radiation at a finite angle #. In this case the transverse
beam dimensions contribute to the form factor. For a cylindrical bunch of radius
p and length [, the form factor is given by

| Ji(2mpsin(0/A) sin 7l cos(0/X) 2
T = 2rpsin(6/X)  wlcos(6/N) |

(1.74)

where J; is the first-order Bessel function. For § = 0 the form factor is given
by the function sin(z)/z. For large angles or large transverse beam size, the
measured bunch length is longer than the actual one. The effect of the transverse
bunch dimensions can be neglected if the condition

2mptanf

l 1.
338 (1.75)

is fulfilled [14].

1.5.3 Application to Specific Charge Distributions

The coherent spectra of some analytic distribution functions are calculated in
order to illustrate their dependence on bunch length and shape. Figure 1.12
shows in the upper part various charge distributions and in the lower part the
normalized coherent spectra. A flat charge distribution results in a sin(x)/z-
shaped spectrum, a Gaussian distribution results again in a Gaussian spectrum
and a triangular distribution results in a (sin(z)/x)?-shaped spectrum. All these
spectra are similar in the width of the first maximum and in the first minimum.
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Figure 1.12: Upper plot: flat distribution with 3.3 ps full length (solid line);
Gaussian distribution with o = 1.65 ps (dotted line); triangular distribution with
3.3 ps full length (dashed line); double-peak with 3.3 ps full length (dashed-dotted
line). Lower plot: corresponding spectra.

Given that the secondary maxima in the case of a flat and triangular distribution
are smaller than the central maximum and therefore cannot easily be observed,
these charge distributions can hardly be distinguished from their spectra. A
double-peak distribution shows a drastically different spectrum with pronounced
secondary maxima.

Although in principle the bunch shape can be obtained from the shape of the
spectra, most charge distributions have a similar slope of the first maximum and
can therefore in practice not be distinguished.
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Figure 1.13: Upper plot: Gaussian distributions with o = 0.825 ps (solid line),
1.65 ps (dashed line) and 3.3 ps (dotted line). Lower plot: corresponding spectra.

1.5.4 Application to Various Bunch Lengths

While the exact shape of the spectrum gives some information on the bunch
shape, the position of the minima permits determination of the bunch length. For
a flat distribution, for example, the sin(z)/z-shaped spectrum has its minima at
wave numbers 7 = n/l, n =1,2,3..., where [ is the full length of the bunch. For a
Gaussian distribution, the spectrum is again a Gaussian where o, = 1/0,,. Since
in practice often only the first maximum can be measured, a Gaussian distribution
is a reasonable approximation. In Figure 1.13, Gaussian charge distributions of
various length and their normalized spectra are shown. From the width of the
Gaussian in the frequency domain, the bunch length can directly be obtained.
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Chapter 2

Millimeter-Wave Optics, Devices
and Systems

The radiation emitted by a particle bunch is only coherent at wavelengths of
the order of the bunch length and longer. Measurements of coherent radia-
tion have been reported in the far-infrared regime ([14],[15],[16] and references
therein), but for picosecond bunches the onset of coherence is in the millimeter
wavelength range. Applying optical techniques to millimeter-waves is called the
quasi-optical approach. Longer wavelengths have to be handled using standard
waveguide techniques which means necessarily a limitation in bandwidth. Since
bunch length measurements require spectroscopy over a wide wavelength range,
the quasi-optical approach was chosen.

In the wavelength range of several millimeters, diffraction is often a limiting fac-
tor since the beam diameter is small compared to the wavelength. It therefore
acts as a pinhole and the radiation is divergent already after emission.

2.1 Signal Detection

The choice of a detector for coherent transition radiation is essentially determined
by the bunch length that is expected. A broadband detector is required which
covers as much of the coherent spectrum as possible.

Detectors for far-infrared and millimeter-wave radiation can roughly be classified
in mixers (heterodyne detectors) and heat detectors. Heat detectors are mainly
used for quasi-optical systems which are required to work over a wide wavelength
range. While a variety of detectors are available for the far-infrared, bolometers,
pyroelectric detectors and Golay cell detectors are the only detector types that
work even at wavelengths of several millimeters.

A bolometer is a resistive element which absorbs radiation. The resistance
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changes as a result of the heating. If a bias current is passed through the device,
the change of the resistance results in a change in output voltage. Bolometers
are commercially available for operation at room temperature and at cryogenic
temperatures. While bolometers for infrared radiation can be operated at room
temperature, they usually have to be cooled with liquid nitrogen or liquid helium
to obtain sufficient signal-to-noise ratio in the millimeter range. Bolometers com-
monly used in the millimeter wavelength range are for instance made from indium
antimonide (InSb). They are mounted in a liquid helium cryostat and have a
sensitivity range from the far-infrared up to wavelengths of a few millimeters.

Pyroelectric detectors consist of crystals which possess an internal electric dipole
moment. Heating of the sample causes a change in the dipole moment and hence
a surface charge. If a pair of electrodes is applied to the probe, the radiation can
be detected by measuring the charge on the plates. Pyroelectric detectors work
in the far-infrared. They are also sensitive to longer wavelengths, but the small
diameter of a few millimeters generally determines a cutoff at wavelengths of the
order of the aperture.

Golay cells were developed during World War II in order to detect aircrafts by
measuring their heat radiation. The development of these detectors came to an
end when radar became available [17]. A Golay cell detector consists of a metal
foil inside a gas cell. The foil absorbs the incoming radiation, heats up and causes
a change in pressure in the gas cell. In the original Golay cell, one side of the gas
cell is coated with a reflecting material. The change in volume can then be read
out by an optical system, either by deflection of a light beam or by measuring
interference fringes.

In photo-acoustic detectors, the pressure change is detected by a microphone
which makes the system less sensitive.

For the measurement of picosecond bunches, a pyroelectric detector and a photo-
acoustic detector have been used which will now be characterized in detail.

2.1.1 Photo-Acoustic Power Meter

For the detection of millimeter waves, a power meter from Thomas Keating Ltd.
was chosen [18]. It has a flat response from 0.1 mm up to 10 mm wavelength
(3 THz - 30 GHz). The aperture of the detector is 30 x 60 mm?. The power
meter is a photo-acoustic detector consisting of a closed gas volume with a metal
foil absorber inside. A known fraction (49+2%) of the radiation directed onto the
window is absorbed by the foil, the rest is partly transmitted and partly reflected.
A hearing aid microphone powered by a 9 V battery is used to transform the
change in pressure into a voltage. An incoming radiation pulse results in a steep
increase of the detector output followed by a long decay. While the time constant
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Figure 2.1 Thomas Keating photo-acoustic detector. The radiation is directed
on the input window on either side of the device. The output voltage is obtained
from the BNC connector on top of the detector head. The two BNC connectors on
the left are directly connected to the foil and used for calibration. The microphone
is housed in the box on top of the cell.

‘ ‘ nominal ‘ calibrated ‘

aperture [mm)] 30

voltage response [VW™!] 0.125
noise equiv. power [WHz /2] [ 5 x 10~

output impedance [Q2] 2500
bandwidth [H7] 10
wavelength range [mm] 0.1-10

Table 2.1 Nominal and calibrated parameters of the Thomas Keating photo-
acoustic detector.
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Figure 2.2  utput voltage versus input power for 20 ms long pulses at 7 Hz.
The signal is obtained from an oscilloscope without additional amplification.

for the increase of the signal takes about 0.5 ms, the decay time is in the order
of 10 - 15 ms.

The Thomas Keating photo-acoustic detector allows absolute measurement of
the radiation power since it can easily be calibrated. For this purpose, first the
resistance R of the foil is measured via the two BNC connectors at the side of
the detector head which are directly connected to the foil. Then a square wave
current is passed through the foil via one of these connectors producing hmic
power in the foil

P =—. (2.1)

The output voltage , ; is then measured and the internal response in units of
VW ! obtained from

ot
= . 2.2
T o P ( )

To obtain the external response r , the result must be multiplied by a factor of 0.5
since the foil absorbs only (49 + 2%) of the radiation. If optical components (e.g.
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Figure 2.3  utput voltage versus pulse repitition rate for radiation from a carbon
filament lamp chopped mechanically at variable frequency. The duration of the
light pulses and hence the energy per pulse also changes corresponding to the
change in frequency.

windows or filters) are used that cause losses, these also have to be taken into
account. The calibration factor and the precision of the measurement depend on
the specific setup and the time structure of the radiation. Figure 2.2 shows a
typical calibration curve measured using an oscilloscope without additional am-
plifier. The pulse width for these measurements was 20 ms and the repitition rate
7 Hz. For these parameters, an internal response of 0.248 VW ! was obtained.

The power meter can also do absolute energy measurements for pulsed beams
with a pulse width of a millisecond or less and a pulse repitition rate of less than
about 40 Hz. The calibration is done in the same way as for power measurement.
The energy generated in the foil is given by

E =— t (2.3)

2
R
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where ¢ is the length of the pulse. The internal response in units of V. ! is
then given by

ot _ o tR
E %t
Not only the amplitude and width of an incoming radiation pulse determines the
detector output, but also the repitition rate. The power meter requires pulsed ra-
diation. A continuous source must be chopped mechanically. In order to quantify
the dependence of the output voltage on repitition rate, radiation from a carbon
filament lamp was chopped at variable frequency and directed on the detector
head. The output voltage was measured as a function of the chopper frequency.
Figure 2.3 shows the resulting calibration curve. The signal level decays signif-
icantly with increasing repitition rate. In the case of a continuous source, the
detector gives no output at all. Therefore, the calibration of the detector is only
valid for a given pulse repitition rate. If the repitition rate is too high, it is
necessary to chop the radiation mechanically.

r (2.4)

2.1.2 P roelectric Detector

In addition to the photo-acoustic detector head, a Molectron P2-49 pyroelectric
detector was used. It consists of a 1 3 crystal with a pair of electrodes at-
tached to it. adiation is absorbed by the blackened front electrode and increases
the temperature of the crystal. The change in temperature changes the lattice
spacing inside the crystal, producing a change in the spontaneous electric polar-
ization. When electrodes are applied normal to the axis of the polarization and
are connected through an external circuit, a current is generated to balance the
polarization effect. The current produces a voltage across an appropriate load
which is read out. The output voltage is proportional to the rate of change in
temperature.

| | nominal | calibrated |
aperture [mm]| 9
voltage response [VW 1] 40000 28300
noise eqiv. power [WHz1/2] | 1.33 x 10~ | 1.0 x 10~
output impedance [Q] 100
bandwidth [Hz] 0.05 - 500
spectral response | m] 0.1-100

Table 2.2 Nominal and calibrated parameters of the P2-49 pyroelectric detector.

The pyroelectric detector is much more sensitive than the photo-acoustic power
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Figure 2.4  elative spectral response versus wavelength for Molectron P2-49
pyroelectric detector.

meter, but the response has only been calibrated up to A = 100 m. It is flat
from 0.2 m to 100 m. Figure 2.1.2 shows the relative response versus wave-
length as given by the manufacturer [19]. No calibrated data are available for
longer wavelengths. The response has been determined with a pulsed laser to
28.3 kVW~! at A = 632.8 nm and a repitition rate of 10 Hz [20]. The diameter
of the detector is 9 mm. The time constant of the detector for both increase and
decay of the output voltage is in the order of a millisecond, that is much faster
than the photo-acoustic detector. The nominal value for the upper limit of the
repitition rate is at about 500 Hz. Table 2.2 shows some important nominal and
calibrated parameters of the detector.

2.2 Signal pli cation

Signal amplification is almost always necessary for measurements with the photo-
acoustic detector. Two amplifiers were built for the measurement of coherent
transition radiation. ne of them contains a MA 263 universal bandpass fil-
ter [21] for suppression of high frequency noise. It provides gains of 1, 10 100
and 1000. The circuit diagram is shown in Fig. B.1. In addition, a differential
amplifier without filter has been built. It provides gains of 100, 200, 400, 1000
and 6000. The circuit diagram is shown in Fig. B.2.

2. indo s
Windows may be required in a quasi-optical setup through which the radiation

is passed. In the case of bunch length measurements for example, the radiation
is produced inside the vacuum system of the accelerator and is then directed
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through a window onto the spectrometer which is placed outside the vacuum.

ther tasks of windows may be to separate the setup from the outer atmosphere,
for instance if measurements are made under a nitrogen atmosphere in order to
avoid water absorption effects. It may also be necessary to protect the setup from
visible light or other distortions.

Common window materials for visible light such as quartz and glass are non-
transparent in the infrared but become transparent again for millimeter waves and
have then a flat transmission of about 60%. High-density polyethylene (HDP ) or
polytetramethylpentane-1 (TP ) are also good window materials for infrared and
millimeter waves. The transmission curves for some commonly used millimeter-
wave materials are given in Appendix A.

2.4 lat Mirrors

eflectors for millimeter waves have the same characteristics as for visible light.
The flatness of the reflecting surface should be 1 10 A which is in the order of
0.1 mm and therefore less critical than for optical wavelengths. It is important
that first surface mirrors are used. Here, the reflecting substrate forms the sur-
face of the mirror and is not coated with a protecting layer which might have an
effect on the radiation.

eflectors have been made by coating commercially available optical mirrors or
plates with a thin layer of gold, which has a very good reflectivity in the infrared.
In order to achieve a good adhesion of the gold on the support material, the
surface is first coated with a layer of copper and then with a layer of gold by
vapor-deposition.

In most cases, polished brass or aluminum provide sufficient surface quality. Such
reflectors are rugged and easy to mount. Since in many cases quasi-optical sys-
tems cannot be aligned with a laser, the components must be manufactured and
mounted precisely.

2.5 Roo Mirror Re ectors

A roof mirror is a pair of flat mirrors arranged at an angle of 90°. The unction
of the two reflecting plates is referred to as the roof line. The roof mirror makes
two reflections and turns the polarization vector of the radiation. oof mirrors
are frequently used in polarizing instruments. Figure 2.5 illustrates the process
of altering the polarization state of an incident field. Here a polarized beam is
incident upon the roof mirror with its electric vector orientated at an angle 6
with respect to the roof line. The input and output direction is normal to the
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Figure 2.5  oof mirror arrangement to rotate the polarization of an incoming
beam upon reflection.

roof line. The electric vector of the outgoing beam will then be at an angle of -6
with respect to the roof line.

oof mirrors have been made from pairs of polished brass plates which are screwed
together at 90° and mounted on a fixed support.

2. ocusing Ele ents

Focusing elements are essential for instance to produce a parallel beam which is
to be directed through an optical setup or to focus radiation on a detector of
small aperture. It can be achieved either by quasi-optical lenses or by spherical,
parabolical or ellipsoidal mirrors.

uasi-optical lenses can be made from polyethylene or teflon. Their parameters
can be calculated as for an optical lens. The refractive indices of these frequently
used lens materials are given in Appendix A. uasi-optical lenses cause significant
losses in the radiation power. Another problem for their application at particle
accelerators is that they are not radiation resistant.

Spherical mirrors can be made by coating convex lenses with a reflecting metal
layer as in the case of flat mirrors. Spherical mirrors provide good focusing only
if the incident and reflected beams are close to the axis. If this is not the case, a
spherical mirror will cause aberration.

Parabolic or ellipsoidal mirrors cause no losses and aberrations. They are there-
fore mainly used in quasi-optical systems. ff-axis paraboloids do not only focus
the incident radiation but also make a deflection such that incoming and outgoing
beam are not on axis. Such mirrors can be machined from brass or aluminum.
The surface is then polished by hand. Figure 2.6 illustrates the principle of a
spherical mirror and an off-axis paraboloid.
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Figure 2.6 (a) Spherical mirror and (b) off-axis paraboloid for focusing of mil-
limeter waves.

2. ilters

Filters are used to select certain frequencies out of a broadband source. High-
pass, band-pass and low-pass filters for millimeter waves can be realized.

High-pass filters are generally made of waveguides, making use of the fact that
a waveguide has a low-frequency cutoff which depends on its diameter. ne can
either use a single waveguide or an array of waveguides. A set of high-pass filters
for millimeter waves was manufactured by drilling holes into brass plates. This
is described in detail in Chapter 3.

Low-pass filters are for instance wire grids. As described below, a grid acts as a
reflector for an electric field polarized parallel to the wires. The performance of a
grid decreases with increasing frequency, that means a grid becomes transparent
for sufficiently high frequencies. The transition is, however, not sharp but smooth
as can be seen from Fig. 2.9.

Band-pass filters are more complicated to manufacture. Metallic meshes can be
used for this purpose. They can be made from dielectric substrates coated with
a metallic pattern. Figure 2.7 shows some frequently used mesh patterns. The
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Figure .7 Metallic mesh patterns (a) capacitive mesh; (b) inductive mesh;
(c) resonant crosses; (d) erusalem crosses.

analysis of their spectral behaviour is complicated and sub ect of a large amount
of literature, e.g. [ ], [ 3], [ 4], [ 5]

The capacitive mesh filter acts as a mirror at wavelengths smaller than the square
size. These wavelengths set up an oscillatory current in the metal which can lo-
cally be considered uniform. This uniform current produces a re ected wave as
in the case of an ordinary at mirror. A capacitive mesh is, on the other hand,
transparent for wavelengths much larger than the size of the metal squares. Such
long wavelength radiation is unable to induce an oscillatory current in the metal-
lic regions and the mesh appears essentially transparent to it.

The inductive mesh is ust the inverse of the capacitive mesh, and so are its
properties ust the inverse of those of a capacitive mesh. It can be considered as
an arrangement of two perpendicular arrays of parallel wires. For wavelengths
larger than the uncoated regions, the incident radiation sets up currents along
the wires which produce a re ected wave. The mesh behaves in this case like an
intransparent metal sheet. For wavelengths much smaller than the gaps, radia-
tion can only induce a significant current in the wires if it passes very close to
them. adiation at these wavelengths passes the filter almost undisturbed.

esonant-cross and erusalem-cross filters provide a sharp re ection maximum
centered at a given frequency and can therefore be used as bandpass filters. The
crosses behave as pairs of crossed dipoles. An incident wave induces an oscillatory
current along the dipoles with a resonant maximum at wavelegth A\ = [, where
[ is the length of the dipole arms. The resulting re ectivity of such a pattern is
low in general, with a sharp peak at a the resonance frequency.



The erusalem-cross pattern is a modification of the resonant-cross pattern hav-
ing a narrower re ection band and a higher peak re ectivity.

Metallic mesh filters can be made either by coating a dielectric substrate with a
metallic pattern or by cutting or etching a pattern into a thin metallic foil. Pat-
terns without a supporting dielectric are called free-standing meshes. In general,
all these systems work better in the far-infrared rather than in the millimeter
wavelength range.

2. ea splitters

A semi-re ecting sheet can be used as an amplitude beamsplitter. In quasi-
optical systems, Mylar' or Hostaphan? (polyethylene terephthlate, 5 4 o) are
frequently used for this purpose. The efficiency, defined as the modulus squared
of the re ectivity times the transmittivity R 2, is not constant but a function
of wave number and thickness of the foil. For a Mylar foil of thickness ¢ and
refractive index n = 1.85, arranged at an angle of 45° with respect to the incoming
radiation, the total amplitude re ection and transmission coefficients R and
are given by

o= ‘T11__7~2e};§1(j(i)) (5)
_ (1—7“2) exp(i /) (6)

1—r2exp(i )’

where r is the amplitude re ection coefficient of the air Mylar interface at 45°
and
=4ntv (n?-1)/ . (.7

In fact, the efficiency must be calculated for the parallel and perpendicular po-

larization component using » and r . In the case of unpolarized radiation, the
efficiency is given by

, R ’+|R

R "= . (.8

‘ 2

Here, the absorption in the Mylar foil is not taken into account. The effect of
absorption is found in [ 6] and shown to be small within the first lobe of the in-
terference pattern. Figure .8 shows the calculated efficiency versus wavenumber
of mylar foil beamsplitters according to ( .8) for different thicknesses. The radia-
tion is assumed to be unpolarized. The strong variations are due to the fact, that
re ections both from the first and the second surface give rise to interference.
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