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J. Rönsch-Schulenburg

Hamburg University, Luruper Chaussee 149, 22761 Hamburg, Germany

Abstract

The Photo-Injector Test facility at DESY, Zeuthen site (PITZ), produces pulsed electron beams with low
transverse emittance and is equipped with diagnostic devices for measuring various electron bunch proper-
ties, including the longitudinal and transverse electron phase space distributions. The longitudinal bunch
structure is recorded using a streak camera located outside the accelerator tunnel, connected to the diag-
nostics in the beam-line stations by an optical system of about 30m length. This system mainly consists
of telescopes of achromatic lenses, which transport the light pulses and image them onto the entrance slit
of the streak camera. Due to dispersion in the lenses, the temporal resolution degrades during transport.
This article presents general considerations for time-resolving optical systems as well as simulations and
measurements of specific candidate systems. It then describes the development of an imaging system based
on mirror telescopes which will improve the temporal resolution, with an emphasis on off-axis parabolic
mirror systems working at unit magnification. A hybrid system of lenses and mirrors will serve as a proof
of principle.

Keywords: photo-injector, longitudinal phase
space diagnostics, streak camera, time-resolved
imaging, Cherenkov imaging, reflective optics

Abbreviations used in this article

DESY Deutsches Elektronen-Synchrotron
FLASH Free electron LASer Hamburg
IS Input Section
MTF Modulation Transfer Function
OAP Off-Axis Parabolic
OTL Optical Transmission Line
PITZ Photo-Injector Test facility at Zeuthen
XFEL X-ray Free Electron Laser

1. Introduction

The Photo-Injector Test facility DESY, Zeuthen
site (PITZ), is a linear electron accelerator [1]. It
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produces electron bunches with a nominal charge
of 1 nC by the photoelectric effect, using UV
laser pulses with a flat-top temporal distribu-
tion of ∼ 20 ps FWHM duration. The gun cav-
ity accelerates the electron bunches to a momen-
tum of about 6.5MeV/c, which is increased to
about 15MeV/c in a booster cavity [2]. Under
these conditions a projected transverse emittance
of 1.0 mm mrad was measured [3]. Several gun
cavities of similar designs (with variations in cool-
ing systems and surface treatments) were condi-
tioned and characterized at PITZ, and delivered to
the Free Electron Laser in Hamburg (FLASH, [4]).
The main research goals for PITZ are the optimiza-
tion of electron bunch parameters for driving short
wavelength free electron lasers, in particular reach-
ing a transverse emittance suitable for the Euro-
pean X-ray Free Electron Laser (XFEL, [5]), as well
as extensive R&D on electron source design and di-
agnostics.
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The temporal bunch structure is recorded by a
Hamamatsu C5680 streak camera, which provides
a temporal resolution better than 2 ps in the visi-
ble spectrum [6]. This sensitive device was placed
in a separate room outside the accelerator tunnel
to protect it from radiation and to allow camera
handling during machine operation. Currently, four
read-out ports along the electron beam-line are con-
nected to the streak camera by an optical transmis-
sion line (OTL) of about 30m length [7, 8]. At ev-
ery read-out port, a radiator can be moved into the
beam tube. When passing the radiator, the electron
bunches create light pulses, either as Cherenkov
light (typically using silica aerogel as radiator ma-
terial) or as optical transition radiation (using, for
example, silicium plates with an aluminum coat-
ing). The transverse and longitudinal structures
of the light pulse produced by the radiator closely
resemble those of the original electron bunch [9].
A significant part of the emitted light is contained
in the visible spectrum and can be transported by
conventional optical elements.
The currently installed optical system (figure 1)

is comprised of about one dozen lenses per branch
and can be used to measure the electron bunch
length [10] and the electron distribution in the lon-
gitudinal phase space spanned by longitudinal po-
sition z and longitudinal momentum pz [11]. How-
ever, the temporal resolution deteriorates due to
dispersion in the lenses, since the glass introduces
a wavelength-dependent delay. Most of the lenses
in the system are achromats, which correct the re-
sulting chromatic aberration, but the effect on the
temporal structure cannot be compensated in this
way. The temporal resolution can be restored to an
acceptable level by inserting an interference filter of
narrow bandwidth (typically: 10 nm FWHM trans-
mittance, centered at 500 or 550 nm) into the opti-
cal path, but the loss of light at the filter leads to an
intensity reduction by about 96%. This necessitates
an integration over several pulses to reach an ade-
quate signal-to-noise ratio, and the temporal struc-
ture of an individual bunch cannot be recorded.
Furthermore, the lenses are sensitive to the radi-
ation in the accelerator tunnel. If the radiation
is too strong, the lenses become brown and thus
less transmissive, leading to a further reduction of
recorded intensity at the streak camera [12]. This
article presents an investigation toward a new op-
tical system based on mirrors. Since the law of re-
flection is not wavelength-dependent, the temporal
resolution will not be diluted by dispersion. Also,

mirrors do not suffer from the radiation in the tun-
nel: Several plane mirrors of borosilicate glass with
a reflectivity coating are present in the current op-
tical system, and no discoloration was observed for
them. Therefore, a reflective optical system intrin-
sically avoids the loss of temporal resolution due
to dispersion and is resistant to radiation damages.
On the other hand one has to deal with a more chal-
lenging geometry and a more difficult adjustment.

2. General Considerations for Reflective Op-

tics

The longitudinal electron phase space distribu-
tion contains the temporal structure of the bunch
as well as its momentum distribution. At PITZ,
it is measured using a dipole spectrometer in con-
junction with a streak camera [13]. The optical
system between the radiator in the spectrometer
and the streak camera has to maintain the spatial
and temporal information of the light pulses. For-
tunately, spatial and temporal resolution are closely
related for optical systems which operate indepen-
dently of wavelength, as can be seen from Fermat’s
principle: From all the possible paths connecting
two points A and B, any optical path P realized in
nature is an extremum of the optical path length L.
On the other hand, L is directly proportional to t,
the traveling time of the ray along P:

L =

∫

P

n (~s) d~s, (1)

t =

∫

P

1

cn (~s)
d~s =

1

c0
L, (2)

where ~s is an element of the path P, and c0 and
cn are the speed of light in vacuum and in a
medium with refractive index n, respectively. As-
suming that all physical optical paths connecting A
to B are related by a continuous transformation
parametrized by α, then t is constant for all of these
paths, since

d

dα
t =

1

c0

d

dα
L = 0, (3)

where in the final step Fermat’s principle is used
again. This means that a system with a perfect
spatial resolution, i.e. a system in which all the
rays originating from A are arriving at B, will also
have a perfect temporal resolution due to identical
traveling times of all rays. The argument is true
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Figure 1: Simplified scheme of the current optical transmission line (OTL), not to scale. Only the most commonly used
elements are included for clarity. The dashed lines indicate positions of movable mirrors that allow switching between read-out
ports. There are three subsystems with unit magnification (1:1). The branches labeled “partial cone” use only a fraction of
the Cherenkov cone for imaging (see figure 2).

only for the two points in consideration and might
not hold for an arbitrary pair of points in the vicin-
ity of A and B, respectively. Typically this is im-
proved by demanding that the derivatives of L with
respect to lateral displacements of A and B vanish,
which then leads to the Abbe sine condition [14].
Since this condition is often met in well-corrected
optical systems, a mirror system with a good spa-
tial resolution is likely to exhibit a good temporal
resolution. This provides suitable starting points
for the following investigation. It is important to
notice that the whole argument does not hold for
lenses or any other system where dispersion cannot
be neglected. In those systems, the extremal path
is a function of the wavelength – but the extremum
of Fermat’s principle is found with respect to a vari-
ation of the path for a fixed wavelength (as opposed
to a variation of wavelength itself).

In the experimental setup the optical pulse first
has to pass a quartz window enclosing the Silica
aerogel inside the vacuum system and then leaves
the beam tube vacuum through another quartz win-
dow, before traveling in air. Windows and air
introduce dispersion, which results in a traveling
time delay between components of different wave-
lengths. This delay can directly be calculated from
the refractive indices and thicknesses and the cor-
responding group velocity. The refractive index of
air was estimated using the modified Édlen equa-
tion [15, 16]. For a light pulse on the optical axis,
the difference in traveling time between the 700 nm

component and the more strongly delayed compo-
nent at 400 nm is 2.12 ps for 30m air at normal
conditions, and 1.30 ps for 8mm quartz. The net
contributing wavelength range is determined by the
Cherenkov intensity spectrum and the transmittiv-
ity/reflectivity of the optical elements. If neces-
sary, it can be further restricted with an interfer-
ence filter. For a wavelength range of, for example,
500–600 nm, the aforementioned delays are reduced
to 0.60 ps and 0.36 ps, respectively.

In summary, there are two factors degrading tem-
poral resolution: Traveling time differences due to
dispersion and due to geometry. The estimate given
above for the dispersion introduced by air and by
the quartz windows, which will also affect an all-
reflective optical system, already exceeds the streak
camera resolution of about 2 ps FWHM if the full
visible spectrum is used. An interference filter will
probably still be necessary, but it can have a much
wider wavelength acceptance. The delay due to ge-
ometry depends on the design of the optical system
to be discussed in the following sections. It cannot
be reduced by an interference filter.

3. Different Sections of the Optical System

The optical system at PITZ consists of three sec-
tions: the input section (IS), the main section and
the final matching section (see also figure 1). There
are four read-out ports, each with its own input op-
tics, referred to as “input branches”. At the begin-
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ning of each branch, light pulses are created when
the electron beam passes through a Silica aerogel
with refractive index nAerogel. The light pulses are
initially strongly divergent, with different opening
angles ϑin. The transport at large opening angles
requires that the optical elements have large diam-
eters or are located at small distances. Both op-
tions are impractical, so instead one applies a lat-
eral magnification by a factor mIS in each of the
branches of the input system. This reduces the tan-
gens of the opening half angle, tan ϑ, by the same
factor. The values of nAerogel, ϑin, ϑout and mIS

for the different branches of the current OTL are
summarized in table 1.
The choice of the radiator materials and mIS is

motivated by the different applications: Branches
1 and 4 are used for measurements of the longitu-
dinal phase space distribution and have to trans-
port extended objects (several cm2) created by the
dipole spectrometer. The aerogel has to produce a
sufficient light intensity and thus the index of re-
fraction must not be chosen too low. The index of
nAerogel=1.05 produces Cherenkov light with large
cone angles (18◦-19◦, depending on the electron en-
ergy), which cannot be fully collected. Figure 2
shows the so-called “partial cone” setup [7], which
is used to slice out a small, almost-parallel segment
of the cone. Branches 2 and 3 are used to record
just the temporal bunch structure. The transverse
electron bunch profile extends only over a small area
(few mm2) and consequently has a higher intensity
there. A lower index of refraction will still produce
a sufficient light intensity, while resulting in small
opening angles of a few degree that can be fully
collected and transported. Finally, mIS has to be
chosen such that the images created by the input
sections all can be transported by the main section
common to all branches. Movable plane mirrors al-
low to switch between different input branches.

The main section of the system covers most of
the remaining distance. The image is transported
at unit magnification. This is favorable because it
allows designing systems with a high degree of sym-
metry, which usually have a better cancellation of
aberrations and a higher number of identical ele-
ments, improving imaging quality while reducing
production cost. In the final section of the system
a lateral demagnification is used to match the im-
age to the size of the streak camera slit and the
aperture of the input optics. The main section, the
final matching optics, and the streak camera slit are
common to all input branches.

Figure 2: A plane mirror can be used to slice out a segment
of the Cherenkov cone. This setup is referred to as ”partial
cone”.

4. Goal Specification and Methods

Using the overall system layout presented above
it is straightforward to compile more specific re-
quirements for the individual sections. The require-
ments for the main section are summarized in ta-
ble 2 and explained further in the following para-
graphs.

The streak camera C5680 has an entrance slit of
5.4mm ×0.1mm with an aperture of f/D = 4.0,
using reflective input optics. The spatial resolution
is 25 lp/mm, and the temporal resolution is better
than 2 ps in the visible range. The slit width is
adjustable, but typically ≤100µm are used.

before IS after IS

nAerogel size ϑin mIS size ϑout

1 1.05 40 mm ∼18◦ 1.8 72 mm (PC)
2 1.008 10 mm 5.7◦ 15.0 150 mm 0.38◦

3 1.008 10 mm 7.0◦ 11.0 110 mm 0.63◦

4 1.05 76 mm ∼19◦ 1.0 76 mm (PC)

Table 1: Properties of the input section (IS) for branches 1-4.
The ”before IS” sizes refer to the sizes of the Cherenkov radi-
ators – typical beam distribution sizes are smaller. Branches
1 and 4 are used for longitudinal phase space distribution
measurements, where a large screen is required and the light
has to be collected with the partial cone (PC) setup (see fig-
ure 2). Branches 2 and 3 are used only for measurements of
the temporal structure of the bunch profile.
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Working backward from the streak camera spec-
ifications and selecting a magnification of mf = 0.1
for the final matching section, one finds that the
main section must be able to transport images
with a diameter of up to 54mm at an aperture of
f/D = 40 (corresponding to an opening half-angle
of about 0.7◦), and deliver an intermediate image
with a resolution of better than 2.5 lp/mm to the fi-
nal matching section. This choice of mf is based on
the current OTL. The main section is comprised of
several telescopes, which individually have to pro-
vide a better resolution. A resolution of 10 lp/mm
was chosen as the goal specification for a single tele-
scope in the main section.
The streak camera resolves only one spatial di-

rection, the other one represents the temporal axis.
In this latter direction the entrance slit is very nar-
row (100µm, see above) because the spatial distri-
bution of the incoming light in this direction will
be folded with the temporal distribution and limit
the achievable temporal resolution [17]. Thus in
principle only a thin slice of the image needs to be
transported, but for practical reasons a circular in-
termediate image with a diameter of 54mm at the
beginning of the main section was assumed for the
following studies. The overall degradation of tem-
poral resolution in the OTL should be smaller than
the streak camera resolution of 2 ps. Considering
the effects of vacuum windows and air estimated
in section 2, remaining below 1 ps is desirable. For
the comparison of different systems, the temporal
resolution was approximated by the RMS of the
distribution of distances traversed by rays traced
through the system. For the hybrid system pre-
sented later in this article, the group velocity was
also taken into account.
The loss of temporal resolution will not be dis-

tributed equally along the system: Preserving the
temporal structure is in general more difficult when
a magnification or demagnification of the image is
involved, compared to transporting the image at
unit magnification. This again is a result of the
lower symmetry of such systems.
Each mirror surface introduces a folding of the

light path. It is important to aim for a high “length
efficiency”, i.e. the ratio of the geometrical distance
from object to image and the (average) distance
actually covered by the rays passing through the
system. For some setups, mirror surfaces will cast
shadows on each other, creating an obstruction of
the light path. This is described by the “transmis-
sion efficiency”, defined as the fraction of rays emit-

ted from an extended object that can traverse the
system without missing a mirror surface or being
blocked by an obstruction. It is a purely geomet-
rical quantity and for a given object size it can be
estimated by raytracing. In addition to geometrical
light-losses, the system will also have losses due to
scattering and absorption on the mirror surfaces.
These can be reduced by choosing an appropriate
mirror coating. At the design level, it is important
to aim for a low number of mirror surfaces per unit
distance.

Care was taken to understand possible effects of
the parallel cone structure of the Cherenkov light.
Often this structure leads to a more homogeneous
simulated resolution across the object field, but will
require larger mirror surfaces to keep light losses
at an acceptable level. The Cassegrain telescope
mentioned below has a limited angular acceptance
and is unsuitable for Cherenkov light imaging.

5. Mirror Systems with Unit Magnification

Different system designs were considered and nu-
merically optimized with respect to the specified
criteria. Most of them were inspired by [14], which
offers a systematic overview of reflective optical sys-
tems and design principles. Once a successful candi-
date is found, further simulations are needed to con-
firm that the requirements on manufacturing and
alignment precision are reasonable.

Figure 3 shows systems we studied that are
based on classical telescopes (Cassegrain, Grego-
rian, Schwarzschild). However, even after numeri-
cal optimization of the system parameters they were
found unsuitable because of insufficient light ac-
ceptance at small angles (Cassegrain), insufficient
temporal resolution (Gregorian), or both (Schwarz-
schild). The latter result was particularly unex-
pected, since the Schwarzschild telescope is fully

Transportable image size 54mm
Aperture f/D=40
Optical resolution (in image plane) 2.5 lp/mm
Optical resolution (per telescope) 10 lp/mm
Temporal resolution . 1 ps
Length efficiency > 0.9
Transmission efficiency > 0.9

Table 2: Summary of goal specifications for the reflective
main section of the optical transmission line.
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Figure 3: Classical telescopes: a) Cassegrain geometry with a parabolic primary mirror and a hyperbolic secondary mirror,
b) Gregorian geometry with a parabolic primary and an ellipsoid secondary, c) Schwarzschild geometry with two different
oblate ellipsoid mirrors. si and s′i indicate object and image distances of mirror i, d is the mirror spacing, and fsystem is the
system focal length. The free parameters were optimized with respect to the design goals, but none of these setups performed
satisfactory in simulation.

corrected for all third order (Seidel) aberrations ex-
cept distortion.

Figure 4: Illustration of the 4f–scheme, which is used in the
current OTL, and will also be used for the new transport
system based on mirrors.

The majority of the subsystems in the current
OTL follow the ”4f–scheme”, i.e. they are com-
prised of two identical subunits with focal length f
that are oriented oppositely and have a distance of
2f between their principal planes (figure 4). For a
typical lens system, the spacing between two inter-
mediate images is then 4f , while for a mirror sys-
tem the distance is smaller. Figures 4 and 5 show
examples of a lens system and a mirror system, re-
spectively, both complying to the 4f–scheme.

5.1. On-Axis Parabolic Mirrors

A simple setup of two on-axis parabolic mirrors
each with focal length f at a distance of 2f , ar-
ranged face to face on their symmetry axis (fig-
ure 5), achieves a high temporal and spatial resolu-
tion over a wide range of choices for f and mirror
diameter D. For such a setup with f = 1500mm
and D=250mm a spatial resolution of > 60 lp/mm
was measured for an extended object, exceeding the
requirements. The measurement was limited by the
pixel size of the camera used to evaluate the result-
ing image – corresponding simulations show resolu-

Figure 5: An implementation of the 4f -scheme with two
identical on-axis parabolic mirrors, arranged face to face at a
distance of 2f . This system performs well in terms of spatial
and temporal resolution, but has zero length efficiency.

tions better than 100 lp/mm for a 1 cm2 object and
reasonable alignment and surface precisions.

Due to the mirror spacing of 2f , the object and
image planes are located at the same position, re-
sulting in a length efficiency of 0. No satisfactory
modification toward an improved length efficiency
was found:

• Introducing plane mirrors will either severely
reduce the transmission efficiency (due to ob-
struction) or not lead to a sufficient improve-
ment of the length efficiency.

• Choosing a mirror spacing other than 2f will
introduce an angular magnification, which in
turn leads to light-losses. Figure 6 shows the
simulated transmission efficiency for systems
as shown in figure 5 for varying mirror dis-
tances (solid line), and for a hypothetical se-
quence of five such systems (dashed line). As-
suming that the first mirror surface is fully illu-
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Figure 6: Simulated transmission efficiency for on- and off-
axis field points imaged by the system in figure 5 (f =
1500mm, D = 250mm), but varying the mirror distance.
See text for further explanation.

Figure 7: In this setup, on-axis parabolic mirrors have been
tilted around the y-axis by 45◦. The image formation works
differently in the two directions spanning the image plane:
The intermediate focus only occurs in the x-z-projection,
while in the x-y-projection the rays are propagating parallel
to each other between the mirrors. The mirror diameters are
exaggerated in this figure.

minated, off-axis field points are always trans-
ported with light-losses. For a distance of
2f=3000mm, the length efficiency is zero, but
when the distance differs from 2f , the light-
losses are increased. For short mirror distances
this only becomes apparent in a sequence of
systems.

• Tilting the parabolic mirrors will rapidly de-
crease the spatial resolution and makes the sys-
tem geometry less practical. An interesting ex-
ception are tilts of 45◦, such as for the system
shown in figure 7.

Since parabolic mirrors are readily available, and
45◦ tilts facilitate adapting the system to the build-

Figure 8: Imaging with two tilted on-axis parabolic mirrors
(figure 7). Left: Image of a measured 4mm × 4mm object
using two mirrors with an effective aperture of f̃/D = 9.3.
Near the center of the image, a resolution of ≥ 30 lp/mm was
measured (limited by the CCD-camera). Toward the sides
of the image, the resolution decays quickly. Right: Corre-
sponding simulation, showing a qualitatively similar behav-
ior, with the resolution degrading toward the sides of the
image.

ing, we studied such setups in detail. The tilt leads
to an effective mirror shape (as perceived by a fan of
rays extended only in one plane) which is parabolic
in one direction and ellipsoid in the orthogonal di-
rection. This results in a curious beam shape be-
tween the mirrors: The beam becomes parallel in
the first projection and focused in the other, with
the “semi-focus” located halfway between the two
mirrors. Despite this unusual and obviously not
radially symmetrical geometry, the system can be
used for imaging, but it fails to image extended ob-
jects with the required spatial resolution for rea-
sonable apertures, and also has an insufficient tem-
poral resolution on the order of 1 ps/m. Figure 8
shows the imaging quality reached with such a sys-
tem in measurement (left) and simulation (right)
for a setup with f̃/D = 9.3, where f̃ =

√
2f is the

effective focal length of the tilted parabolic mirror.
If two such systems are arranged in a sequence such
that the semi-foci appear in the same plane, the
aberrations partially cancel and the imaging qual-
ity is improved in simulations, but this was not
observed in practice (after spending a reasonable
amount of time on the alignment).

5.2. Off-Axis Parabolic Mirrors

To a certain extent, the setup of tilted parabolic
mirrors can be interpreted as having its object far
away from the optical axis. In a different approach,
an object on the optical axis is used in combina-
tion with an off-axis entrance pupil, resulting in a
mirror shape often referred to as off-axis parabolic
(OAP) mirror. An off-axis pupil version of the ini-
tial (i.e. not tilted) system of two parabolic mir-
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rors is shown in figure 9. Despite the strong de-
viation between the symmetry axis and the actual
light path, such systems perform well. The length
efficiency is 50%, but can be improved by adding
plane mirrors. Length efficiencies above 90% are
easily attainable for reasonably sized OAP mirrors.
Raytracing simulations of perfectly aligned systems
show spatial resolutions close to the diffraction limit
and near perfect temporal resolutions on the or-
der of a few femtoseconds. This remains true for
extended objects, provided their diameter is small
compared to the focal length (up to ∼ 5 percent).

Monte Carlo tolerancing simulations of an OAP
system with f̃OAP = 1000mm and D = 150mm
were run in order to understand the requirements
on surface quality and alignment precision. The
producer of the mirrors (Kugler1) specified a sur-
face shape deviation of <1µm Peak-to-Valley2 and
a roughness of <10 nm. These tolerancing simula-
tions showed that this surface quality is sufficient,
but also revealed that the alignment tolerances for
the rotational degrees of freedom are tight. The
most critical parameter is the relative tilt between
the two mirrors about the y-axis (see figure 9),
which must not exceed 0.5mrad to fulfill the system
specifications. A set of mirrors was ordered, and
the alignment procedure and image quality were
tested. To facilitate the alignment, simulations of
the effects of individual misalignments were made,
and supports that allow adjustment of all 3 trans-
lational and 3 rotational axes were constructed.
The measured spatial resolution of 25 lp/mm for
an extended object exceeds the requirements for
the main section.The MC simulation results sug-
gest that the measured resolution is limited due to
the achievable alignment precision. The temporal
resolution was not measured in the lab, as no suit-
able light-source was available. The improvement
can be estimated by integrating the OAP setup as
a subsystem into the existing OTL, resulting in a
hybrid system of lenses and mirrors.

6. Hybrid System of Lenses and Mirrors

The encouraging results reached in the calcula-
tions and the first tests in the laboratory with OAP
mirrors at unit magnification are foreseen to be

1Kugler GmbH, Heiligenberger Str. 100, 88682 Salem,
Germany

2Deviation from best-matching paraboloid, with f̃OAP ≈

1000mm.

Figure 9: Setup of two OAP mirrors. At first glance it ap-
pears similar to the setup in figure 7, but it has very different
properties. Notice also the absence of an intermediate focus.
The outlines of the complete parabolas and their rotational
symmetry axis are shown for clarity.

tested in the existing OTL based mainly on achro-
matic lenses [12]. There are three telescopes in the
existing system which are imaging at unit magni-
fication (see figure 1). They are proposed to be
replaced by telescopes of OAP mirrors. The result-
ing hybrid system consists of reflective optics for
unit magnification and of refractive optics for other
magnifications.

The four achromatic lenses of the main section
of the current OTL are to be replaced by two tele-
scopes of two parabolic mirrors each with an effec-
tive focal length of 1900mm. The input branch of
the OTL for the measurement of the longitudinal
phase space distribution in the high energy section
(branch 4 in figure 1) also contains a telescope of
two achromatic lenses (f = 1000mm) with unit
magnification, which also could be replaced by a
telescope of two parabolic mirrors with an effective
focal length of 1250mm. The new focal lengths
were chosen such that little repositioning of the
residual existing optics is required, although this
resulted in a length efficiency of 0.8 for the tele-
scope in branch 4, slightly below the specifications.
Plane mirrors are utilized to have the new optical
axis close to its original course, thus barely impact-
ing the length efficiency.

The performance of this hybrid system was ana-
lyzed in further simulations. Figure 10 shows the
simulated MTF as a function of the spatial fre-
quency in lp/mm. The MTF is shown for the exist-
ing OTL and for the hybrid system, in both cases
for the input branch of the low energy dispersive
arm (branch 1 in table 1).

The transverse resolution of the hybrid system
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Figure 10: The MTF of the existing OTL (for the low en-
ergy dispersive arm, branch 1) compared to the MTF of the
hybrid system, for field points at the image center and 5mm
off-axis (geometric mean of tangential and sagittal resolu-
tion).

is slightly better than for the current OTL. This
means the OAP mirrors provide a higher transverse
resolution than the lenses they replace. The re-
maining lenses limit the achievable resolution.

In figure 11, the traveling times of the light pulses
to the streak camera are shown as a function of the
wavelength, using the traveling time of the 550 nm
component as a reference. They have been com-
puted both for the existing and the planned OTL,
for the input branches of the low and the high en-
ergy dispersive arms (branches 1 & 4 in figure 1).
Measurements and simulations of the current OTL
are in very good agreement [12].

The temporal resolution is expected to improve
when using the hybrid system. The difference in
traveling times between 545 nm and 555 nm is re-
duced from 3.6 ps to 2.6 ps (−28%) for the low
energy dispersive arm and from 3.1 ps to 1.6 ps
(−48%) for the high energy dispersive arm. Al-
ternatively, an interference filter of a higher band-
width can be used to increase the signal intensity.
For example, using an interference filter of 20 nm
bandwidth (FWHM), a traveling time difference of
3.4 ps for the high energy dispersive arm is expected
for the hybrid system, compared to 3.1 ps with a
10 nm bandwidth filter for the current system. In
this way, the signal intensity at the streak camera
can be doubled without losing much temporal res-
olution.

Figure 11: Comparison of the calculated traveling time of
the Cherenkov light pulses at the streak camera as a function
of the wavelength between existing and planned system, for
the input branches of the low and high energy dispersive
arms (LEDA and HEDA). 550 nm was chosen as reference
wavelength because the most intense light output occurs at
this wavelength.

7. Schemes for Magnification and Demagni-

fication

Any two individually well-corrected telescopes of
different focal lengths f1 and f2 can be used in
sequence to obtain a system with a magnification
m= f2

f1
. However, for the classical telescopes men-

tioned before, no combination was found that sat-
isfied m = ±0.1 as well as ∆t < 1 ps. Using two
OAP mirrors of different focal lengths is not pos-
sible without losing the symmetry of the system,
leading to an insufficient resolution.

A doublet mirror has sufficient degrees of freedom
to allow correction of four Seidel aberrations [18],
for example: 2 surface curvature radii ri, 2 conic
constants δi, and the mirror spacing d. The dis-
tances and curvature radii can be scaled by a con-
stant, which will also affect the mirror diameters.
This scaling factor has only a minor influence on
the spatial resolution and should be chosen based
on source properties and available space. The re-
maining four parameters can be used for the correc-
tions. A corrected physical image can be realized
for any desired magnification |m|, limited however
to m < 0.

Figure 12 shows the layout and the parameters of
a system with m=0.1 and 1000mm distance from
object to image plane. The simulated spatial res-
olution of an 54×54mm2 object exceeds 50 lp/mm
everywhere in the image. The simulated temporal
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resolution of this system is about 1 ps, which is at
the upper limit of the acceptable range, since the
initial magnification will further worsen the tem-
poral resolution by a similar amount. However, if
the object size is reduced to 54×1mm2, correspond-
ing to the streak camera slit size of 5.4×0.1mm2,
the temporal resolution is improved to about 100 fs.
The system has an inhomogeneous light collection:
The ratio between the most and least illuminated
field points is roughly 2:1. This property strongly
depends on the selected mirror opening diameters
and the details of the Cherenkov model used in the
simulation. Further optimization and tolerancing
studies are required.

8. Summary and Outlook

The current optical system used for streak cam-
era measurements suffers from dispersion and radia-
tion damage to the lenses. An investigation toward
a reflective optical system was started to overcome
these problems, with an emphasis on systems work-
ing at unit magnification. A selection of mirror sys-
tems based on classical telescopes or parabolic mir-
rors were simulated. Different systems of on-axis or
off-axis parabolic mirrors were studied experimen-
tally. The analysis showed that off-axis parabolic
mirrors performed very well in terms of spatial res-
olution and temporal resolution, while imposing ac-
ceptable requirements on surface quality and align-
ment precision. So far, the temporal resolution
was only studied in simulations, but will be mea-
sured after installation of a hybrid system of lenses
and mirrors. If this proof of principle is successful,
other parts of the optical system can be replaced in

Figure 12: Layout of a doublet system with m= 0.1 satis-
fying the requirements of the matching section, showing the
radii ri and conic constants δi for primary and secondary
mirror. The diameters of the inner apertures Di of the mir-
rors control the amount of light collected from different field
points, but a fully homogeneous illumination is not possible.

the future, to further increase the temporal resolu-
tion and transmission efficiency. The work on input
branches and final matching optics toward a fully
reflective optical system is being continued.
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