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Laser Optics for a v v Collider*

D.E. Klem, L. Seppala
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ABSTRACT

The constraints on an optical system to convert the electron
beams to y-ray beams for a v v collider are considered. We
show that the range of possible designs is limited by the re-
quirement of near head-on collisions and present a design which
achieves two passes of the laser pulse with arbitrary control of
the polarization. For certain polarization combinations, four
passes appear possible.

I. INTRODUCTION

The basic idea of a «y - collider [1] has been introduced in
the paper by Takahashi [2] in these proceedings. In this paper
we consider the realities of bringing the laser to the conversion
point (CP) inside a detector. Because of the desire for a detector
with 4w coverage, access to this region is limited. The difficult
issue of backgrounds from the intense e~ beams further com-
plicates the situation.

Table I: Electron beam parameters assumed at the CP.

Parameter Value
crossing angle +15 mrad
disrupted beam size +10 mrad
p-rep. rate 1.4 nsec
macro-rep. rate 180 hz

# of p-pulse per macro-pulse 90
horizontal beam size o;=715nm
vertical beam size oy =9.04 nm
u-bunch length o, =100 um
electron energy 250 GeV
electrons / bunch 6.5 - 10°

The parameters assumed for the electron beams in this study
are given in Table I. They follow the NLC design parame-
ters [3]. The laser beam parameters required at the conversion
point (CP) are given in Table II. The single pulse character-
istics required at the CP have been discussed previously [3].
The pulse length must match the length of the electron bunch.
The intensity must be low enough to avoid non-linear effects
in the conversion. The integrated intensity seen by the elec-
tron bunch must be sufficient to convert about two thirds of the
incident electrons (a fluence greater than this generates an ex-
cessive number of low energy backscattered photons). A de-
tailed optimization has been performed [3]. While the energy
of 1 J which results from the optimization is below the single

* This work was performed under the auspices of the U.S. Department of
Energy under contract No. W-7405-Eng-48. . DY LLHL.

pulse energy which has been available for a substantial length
of time, the very high repetition rate and its associated very high
average power at the conversion point (16.2 kW) have not been
demonstrated to date.

Table II: Laser parameters required at each CP,

Parameter Value

peak intensity 10°°W/em#
energy / p-pulse 1]
wavelength A=1.05 um

pulse length T = 1.8 psec
u-rep. rate 1.4 nsec
macro-rep. rate 180 hz

# of u-pulses 90

focusing /10 Gaussian equivalent
Rayleigh range zr = 100 pm
average power 16 kW each side
polarization left, right, horizontal, vertical

II. CONSTRAINTS ON THE LASER
FOCUSING OPTICS

Given that the cost of the laser required will be a major com-
ponent of the total cost of a second IR at the NLC and given that
the cost of such a laser is likely to proportinal to its power, it is
clear that considerable care must be taken to achieve the highest
efficiency in the transport and conversion processes.

A. B-integral effects

Because of the extremely high peak intensities involved even
in the unfocused pulses required here, the use of transmissive
optics such as lenses, polarizers, and Pockels cells is generally
very limited and propagation in air is not possible over long
distances. This occurs because of a non-linearity in the index of
refraction for the materials involved and is expressed in terms
of the B-integral [4]:
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where ng; expresses the degree of non-linearity, and the in-
tegration is along the direction of propagation. Values of B
greater than about three generally will lead to degradation of
the focusability of the pulse. Fused silica has an ngy = 2.8 -
107%cm?2/W. This results in a limit on the order of a few
centimeters of fused silica for the beam sizes considered here.
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This effect pushes the design toward one which uses almost all
reflective optics [5] with the limited B-integral “budget” allo-
cated to vacuum windows, waveplates, and possibly polarizers.
Note that this limitation becomes particularly important for any
multipass scheme as the effect integrates with each pass.

B. Laser Damage to Optics

While the combination of extremely intense pulses and a very
high average power represents an unexplored area for this issue,
the known damage thresholds do not suggest the existence of
a problem. Laser damage to dielectric coatings such as would
be used here is understood in terms of energy transfer from the
fields of the laser pulse to electrons in the dielectric, followed
by transfer of the electron energy to the lattice. The measured
dependence of damage thresholds on pulse length is consistent
with this picture [6]. We can consider three time scales in the
present situation:

e short pulse (psec) limit: 0.7-2 J/cm? at 1.8 psec [7].
o long pulse (nsec) limit: 100-200 J/cm? at 126 nsec [7].
¢ average power limit: 3-5 kW/cm? routine at AVLIS [8].

where these represent the effect of a single laser pulse, the
macro-pulse, and the average respectively. For the situation
considered here, the actual minimum mirror size comes from
the average beam power with the short and long pulse limits pro-
viding constraints that are about a factor of three to four weaker.

C. Laser Focusing

The optimization referred to above assumes a Gaussian beam
profile. In practice a flat top beam of similar energy is more
economical to produce. Such a beam focuses to an Airy pattern
in the focal plane as opposed to a Gaussian. A comparison of
the relevant parameters is given in Table III. The main point
is that a similar dependence of intensity on position near best
focus is obtained when f4 fiattop = 0.7 - fgGaussian-

Table III: Focusing of flattop and Gaussian beams. I is the in-
tensity. The “area” here is defined as the total power divided by
the peak intensity Iy.

Flattop Gaussian
2
2J 2
= 0[5 foow (o)
_ [ — 2z
=tz o = g2
sin(z/zp) 2 z 27!
Ir=02)= I [tebi) Io|1+ (%)
0 =23 R =2 f3A
212 2 42 2
“Area’= L Mt =5

D. Polarization

The control of the polarization of the final v beams is an im-
portant tool for accessing the full range of physics available
to a v -y collider. The polarization of the Compton scattered
gamma is a function of the polarization of both the initial elec-
tron and the initial laser photon [9]. Since the polarization prod-
uct (2AcP;) affects both the polarization of the final gamma
as well as its distribution in energy and angle, it is necessary
to match the polarization of the laser and the electron beam
so that the backscattered beam peaks at its maximum energy.
This effect is shown in Fig. 1. The desired case occurs when
2X P, = —1.

For the pulse compressed laser systems that will be used for a
7y 7 collider, it is likely that the output of the laser system proper
will be limited to linear polarization in a fixed direction due to
the behavior of the gratings in the compressor. This polariza-
tion can then be manipulated with a %-wave plate [10]. Wave
plates exploit the anisotropic behavior of certain crystals. The
directionality of the crystal defines three principal axes, each
with a separate dielectric constant. A wave plate consists of a
thin piece of an appropriate crystal with one principal axis ori-
ented along the direction of propagation. The two remaining
axes have different propagation velocities due to their different
€’s. A quarter wave plate (A/4 plate) is obtained if the thick-
ness of the plate is choosen so that the total delay equals one
quarter of a wavelength [11]. The orientation of the crystal axes
with respect to an incident linearly polarized beam determines
the details of conversion between various polarization states.
By orienting the crystal so that the incident laser polarization
is 45° from both axes, a circularly polarized beam is produced
as shown in Fig. 2. Alternately, an incident circularly polarized
beam produces a linearly polarized beam whose polarization is
determined by the orientation of the crystal.

From the preceding it is clear that changing the polarization
of the laser pulse at the CP is essentially a mechanical operation
since it involves moving the waveplate. As such, it will probably
take on the order of seconds. This would limit the time between
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Figure 1: The energy distribution of the backscattered laser pho-
tons for three different values of the polarization product. The
desired case of the distrubution peaking at the maximum energy
occurs for 2A.P. = —1.



polarization changes to some minutes, which is still probably
short enought to adequately average over systematic changes in
the behavior of the detector or beams.

E. Crossing Angles and Aspect Ratios

Probably the most significant constraint on any realistic
scheme for converting the electron beam comes from the re-
quirement that the electron bunch and the laser pulse pass
through each other head-on such that every electron “sees” ev-
ery laser photon [12]. The luminosity from two bunches cross-
ing each other at an angle 4 relative to head on is given by [13]:

L(6) _
L(6o)

and the o.’s and the ¢,’s are the transverse and longitudinal
beam sizes respectively. Since it is clear inour case that the
dominant terms come from the size of the laser beam, this ex-
pression can be reduced to:
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The crossing angle must remain small compared to the aspect
ratio oy /o, of the laser pulse if there is not to be a significant
degradation of the conversion efficiency. This angle can be com-
pared to the angles which characterize the focusing of the laser
beam. From Table III the angle between the central ray and a
peripheral ray is 5}—#-, The aspect ratio is given by -i—ff =4fy.
So if the electron beam is tangential to the cone of the focusing
laser beam, then the conversion would only be 45% of the head-
on case. From this consideration it is clear that a solution which
has the electron beams passing through the laser focusing optic
will result in a much lower requirement on average laser power.

Since a hole to allow the beam to pass through the mirror
occurs near the worst spot for a Gaussian beam profile, it is
another reason to prefer a flattop. The effect of such a hole on
the focusing is to “loose the energy twice.” Once for the obvious
reason, and a second time because diffraction will put an equal
amount of energy into a large focal spot corresponding to the
size of the hole in the mirror.

incident

linearly

polarized transmitted
circularly
polarized

Figure 2: Effect of a waveplate on a linearly polarized beam.

F. Spent Beams and the Hole in the Mirror

While the incident electron beams are small on most of the
scales relevant to a «y -y collider, the disruption of the beams
which occurs during the conversion gives them a significant an-
gular spread. These spent beams must have a clear path out of
the detector in order to avoid the creation of unacceptable back-
grounds. Similarly, the optical beams, with their average powers
of 16kW each, must also be transported away from the conver-
sion points. These considerations combined with the constraint
that the optical axis must be nearly coincident with the axis of
the electron beam lead to the situation summarized in Fig. 3.
In this figure the two large circles show the angular region nec-
essarily occupied by the two laser beams (one on its way to-
ward a CP, the other a “used” beam leaving the other CP). The
two small circles show the region around a spent electron beam
(only one or the other would be needed on a single side).

This multiple overlap implies that the final focusing optic for
the laser will also be required to at least transport the “spent”
beam from the other side out of the detector. If the two con-
version points were coincident, then the overlap in position and
angle would be exact and it would not be possible to separate the
two optical paths using only reflective optics. The small trans-
verse offset between the two conversion points will eventually
cause the beams to walk off from each other. Alternately, the
small mismatch in focal lengths will cause one beam to eventu-
ally diverge.

In addition, it is necessary to leave a clear path through the
detector for the synchrotron radiation generated up stream of
the detector in bending and focusing magnets [14]. Since this
radiation is expected to be essentially parallel to the electron
beams, this requirement is most easily met if the final mirror is
located a substantial distance from the detector.

Lastly, the forward region being considered here has been
commonly used to determine the luminosity by measuring the
rate of a small momentum transfer process with a known cal-
culable cross section (such as Bhabha scattering in the case of
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disrupted e-beam t/7 laser beam
{x 10 mrad) / (£71.4 mrad)
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Figure 3: Occupancy of angular regions around the beam. The
desired focusing (f/7 flattop) implies a beam that occupies a re-
gion large compared to both the disrupted beam size and the
separation between the incoming and outgoing beams.
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to the locanon of the ﬁna] focusmg mirror. The further ack this
mirror is placed, the greater its thickness and the more likely it
is to degrade this measurement. The closer in, the greater the
effect of the hole.

Multl-passmg

electrons verses T 1013 photons), thc laser pulse is not in any
sense consumed in the interaction with the electron beam. It
would therefore be very useful if the pulse could be reflected
back and used again to convert subsequent pulses. Any such
scheme clearly runs mto serious difficuities given the overlap of
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only 126 nsec o Any
associated with a rnuitlpass scheme must be less than half of this
in order to get at least two passes. This means, for instance, that
any scheme in which the bearn must pass around the outside of a

LEP scale HEP detector is unlikely to get more than two passes.
It also means that schemes which retrorefiect the pulse generally
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time to eet back to the other side of the detector. Note that the
ime to get back 1o the other side of the detector, Note that the
walk off discussed in a previous section will only occur over

distances which are not useful for multipass schemes due to the
propagation delays being at least of order of the total length of
the macro bunch,

‘While controlling the polarization in a single pass scheme is
early trivial, mumple pass schemes present additional compli-

e, £ ..

have the possibility of an inde-
h

The complete optics design located inside a hypothetical
cylinderical detector is shown in Fig. 4 and in close-up in Fig. 5.
The use of a compromise optical axis and a double pass scheme
is clearly suggested by Fig. 3 and has been 1mplementea here.

The beam emers from the right in Fig. 4 and ¢

{he same svstem to focus Icm ast the previous focus to con-
vert the opposite electron beam [15]. The cylindrical objects
located inside the masking on either side are “place holders” for
the final quadrapoles.

The penaity for being slightly off axis is a factor of 0.86 (from
Eq. 3). The savings in iaser energy from the two passes is di-
luied by the iime deiay beiween the two the CP’s which rcqu1re

Detector and op;ics parameters are summarized in Table IV,
In this configuration the vertex chamber is essentially unob-
structed, only having to avoid the masks and the focused laser
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reduce the e~ ¢~ and ye~ luminosities.
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Parameter Vaiue

masking 135-185 mrad

Adictanmca tn 138 Avadrannla ~1 A

Ulotallvie LV L \.lua\.ua p i L.V 111

distance to 1%* mirror 15m

inner radius of vertex chamber 2cm

solid angle for vertex chamber 0.97 (inner radius)

clear aperture around beam 3cm

Fu of focusing optic 8.76/5.58

beam profile 7.58 cm x 4.85 cm flattop

energy / puise 1.33]
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average power 254 kW o

A. Focusing Optics

Table V. Because these optics place a limit of sorts on the angu-
lar acceptance of the detector, it is desirable to contain the entire
systemn inside as small a cone as is possible. Towa.rd this end a
slighly elliptical beam with an aspect ratio of Ti
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tio [16] of 0.90. With one slightly aspheric surface this can be

Figure 4: The layout of the laser optics in a hypothetical cylin-
derical detector. The laser beam enters from the right. A single
Z plate is located between the last turning mirror and the retro-
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increased to .99, Hence the actual Strehl ratio achieved will

not be limited by the optics design, and this is achieved without

resorting to such things as large off-axis paraboloids. The total

patn tcngtn mrougn this syste is3.18m wruch corresponas to
¢ .

Ln
=
(7]

The hole in the mirror consists of a pai .5 cm radiu ..c!es
(corresponding to the £ 10 mrad spent e~ beam) plus the area

between them. This represents 3.8% of the total beam area. All
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v e wo positions indicated. The last
siX column give thc olarization at the six locanons mdlcated
in the figure. “The two bold face columns are at the conversion

points.

of the optics in this design have sufficient area to be below the  pol-A  pol-B [ 1 2 3 4 5 6
damage thresholds listed in Section I1.B. out out | hor. hor. hor. hor. hor hor
in out | hor. right right left left wvert.
- - 1 daciom ¢ \ in in hor. right wvert. vert. right hor
taple V. Farameters of the optical cesign (1n mm) out in hor. hor. nght left wert. vert.
what | beam size location mirror | distance to
X y X y | radius | next mirror
f 0 0 0 -1500 1500 . , . .
N;I,I 171 260 0 ol 17 730 Several additional mirrors are located in the region between
M2 a7 75| 76 16 570 650 the_ Ml- mirror and the m_ask. Similar scaling appli.es' to
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M4 29 731 150 -141 9227 engths of material. Since t ey occupy only a Wnted fractmn
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A scheme of polarization control is shown in Fig. 7(a). The
po:anzauons of the beam at vanous locauons for vanous con-
£
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laser

Figure 5: Close up view of the

focusmg mirror has hole for electron beams The ontlcs on the

opposite side are identical except for the presence of a retromir-
ror in place of the last turning (flat) mirror shown here.
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Ly, Iviore tnan {wo passes

A scheme for obtaining a total of four passes is shown in
Fig. 7(b). This scheme will only work for the cases on lines two
and four of Table VI where the polarization gets a net 90° rota-
tion in passing mrougn the system in Fig 7(a). In this case itcan

(4
at this point can on] obtain a
of the 30 nsec transit time through the focusmg opncs,

IV. SUMMARY AND CONCLUSIONS

We have shown a scheme for integrating the conversion of
¢~ beams inio -y beams inside the constrainis of a conventionail

H o e da i othi lasntion of dlos oo
HEP detector. No impact is made on the location of the ver-
tex chamber and the masking need only extend to 185 mrad

A clear apature around the beamn with a diameter of 3 cm can
be maintained with only a 7.6% increase in the required ]aser
power. This is likely to be critical in minimizing backgrounds
in the detector.
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fp
M2
i '
Figure 6: A schematic view of the four mirror telescone to focus
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the laser. The parameters of the design are given in table V. The
slighly elhpncal beam has its narrow dimension in the plane of
the paper.



While many issues remain, no show stoppers have been found
so far. Some of the issues to still be examined include: radia-
tion damage of optics affecting the laser damage threshold, the
heat load due to mirror leakage, background calculations, and
detailed calculations on luminosity measurements. v
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