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Abstract undlLIator lr)ne;gdég? ggﬁ;{;ﬂ: downstream collimatek\l ‘ tirgft

The relatively large horizontal emittaneg of CESR, EHHHHH Iy xray beam ) "
an electron storage ring designed for colliding beam op- Il I B
eration, does not limit its performance after its convatsio Lue203 Slecton 22 I - 1
into a frontier x-ray source, CESR-X. Its flexible lattice-op  nw=615 one bounce
tics permits the production of hard x-ray beams competitive " = *°* capilary tube
with any in the world by exploiting the fact that the condi- Figure 1: Idealized beamline layout

tions required for Liouville’s theorem to be valid are appli

cable to charged particle focusing mat to x-ray focusing.

X-ray focusing (with currently available devices) causes a Beam widths are in the millimeter range at the down-
increase in electron beam “effective” emittance that woulgtream collimator; focused beam widths are in the ten mi-
prevent even a fourth generation source, such as an ERirometer range. For some experiments, such as inelastic
from outperforming the existing CESR-X ring as a sourcgcattering or those requiring high coherence, the focusing
of hard x-rays. As x-ray focusing devices are improved thit& not needed, but focusing is needed for microbeams. Sur-
will become less true and it will be important for CESR-Xprisingly, in the latter case, the beamline design is déctat

to keep pace. A plan for doing this is described. by the achievable r.m.s. mirror slope ery;... (Which
we take to be 2.0e-5)[2] and by the numerical aperture limit
DOWNSTREAM VIRTUAL WAIST (for x-ray energyE.,, itis NA = 1/(20 EgammakeV]) im-

posed by the need for total external reflection from the mir-

We consider only beams produced from undulatorgor. (Slope errors an order of magnitude smaller than this
(length L,,, parameterk’, period \,). Such sources are have been achieved with K-B mirrors but, without collima-
usually placed at electron beam waists in storage ringgion, aberrations from the unfavorable K-B geometry con-
here referred to as “waist at undulator” operation. Taribute comparably to spot sizes.) We constrain the beam-
be emphasized is the superiority of “downstream virtudine design such that the contributions to focused spot size
waist” operation[1] in which the storage ring optics areAz** coming frome, and fromo? ;... are equal. Reduc-
adjusted so that, as electrons pass through the undulatag ¢, (even to zero) from this condition has little effect
they are aimed toward a downstream waist. “Good” radien either the flux density or the spot size. From Eq. (1) and
ated photons (those in the 0.1% bandwidth at the edge tfe above constraints, one derives mirror focal lenfémd
the spectrum from undulator harmonig..., (an odd inte- pre- and post- mirror spot sizes:
ger) are also, therefore, aimed toward their intended down-

stream target. The waist is virtual since the electrons them [ = 40070 By [keV]L
selves never pass through it. The optimal virtual waistloca Az* = 20} 0L 2
tion depends on the x-ray experiment being served. To sim- o ’2
. L . A = 80v2 aror Fr [kEV]L
plify formulas it will be assumed here that the beam waist v V20 winor B eV

is located at position = L/2, half way along a beam- The mirror aperture radius is slightly larger than:* and
line of |engthL To achieve this the beta function Variationthe downstream collimator is 5||ght|y |arger again_ Most
along the beamline is given (in both transverse planes) byf the good photons emitted from the undulator survive to
5 pass through the focal spot, potentially to register as expe
B=L/2+ (== L/2)°/(L/2) (1) imental counts. Upstream collimation can reduce the size

f the spot (which is the image of the upstream collima-

_Exacfcly forward em’ltted photon§ (premsely the good one%r) at the cost of both flux and flux density. For perfect
inherit the electron’s beta functions. Their transverse co

ordinatesz*, just before the downstream target, are disgr_espect_ful of Liouville's theorem) focusing, the focaksp
tributed identically to the displacements of electrons size is given by

at the upstream source. Optionally the x-ray beam is fo- " = 20E, [keV]e,. (3)
cused to a much narrower distribution in photon displace-

mentz**at the target. A sketch of the beamline is showiThis relation may seem to vindicate treatiag as the

in Figure 1. As drawn the focusing device is an ellipsoidatiefinitively useful figure of merit for the electron beam.
mirror, but some other focusing device could be used irBut this is misleading since, at least superficially, Eg}. (2
stead. Other required elements, such as a monochromatmeindependent of ¢,.. But this too is misleading, since the
are not shown. ability to meet the constraints on which Egs. (2) are based



depends orx,. The condition to be met by the electron

beam is Table 1: Parameters of beamline with mirror aper-

12 4) ture matched to horizontal beam width. §™ is ab-

breviation for “ph/s/0.1%BW". §" is abbreviation for
Using the current operating value fey, to (just) satisfy “ph/s/0.1%BW/squargsm”. Mirror imperfection is espe-
condition (4) required. = 3, = 31.1m. Both of these cially significant for bold face entries.

2

mirror

€28z < 40’

conditions are readily achievable without physical change

to the CESR lattice; this defines Phase |, CESR-X opera] parameter symbol unit value
tion as shown in Figure 2. The 2mm long undulator re- electron energy Ee. Gev 5.11
places an electrostatic separator. Both horizontal and ver E'ec"‘?n current Tav A 0.5
. . . eamline length L m 31.1
tical 8-functions are near 31 m and thefunctions are ad- barm = 1, B, eV 3.36

justed for virtual waist 30 m downstream. Parameters for flux b q 1.09e15

flux density** Dy /AT § 2.18e13
100 Nharm = 3, Fry keV 10.09
By—— focal length f m 0.251

ﬁii magnification M 0.00809

80 \ , B pre-focus beam half width| Az* /y* pum | 1247/55.8

/A [ spot half width (ideal) Az**/y** | um | 10.1/0.45

spot half width (broadened A:v**/y** pm | 14.2/10.1

flux 3 q 3.92e14

E E flux density** D3 /AL § 8.69e11
= < Nharm = 5, B~ keV 16.81

flux (o3 q 1.62e14

flux density** D5 /AL 8§ 1.29e11
Nharm = 7, P~y keV 23.53

» flux [ord q 8.10e13

L B 3 flux density** Doy AL* § 3.30e10
! ‘ /I . .- Nharm = 9, Fny keV 30.25

60 50 40 30 20 flux By q 2.79e13
s[m] flux density** Dg/AS* 8 6.88e9

Figure 2: Waist-downstream, Phase I, lattice optics

the leading undulator harmonics are shown in Table 1. Be-

cause the spot dimensions are of micrometer scale, square-

micrometer units are used for flux densities. Conven-
tional (square-millimeter based) flux densities would be
108 times larger. As x-ray focusing devices improve be-
yond the current state of the art, or to service other, poten-
tially more faithful, probably chromatic, focusing devige
such as Fresnel zone plates or refractive lenses, it will be-
come progressively harder to meet condition (4). But, even
without significant alterationgj, values as great as 100m,
along with L. = (3, are practical. It is straightforward to
rearrange the layout of the guide field magnets, in what is
now the hard bend region, to be compatible with a 19m
long, zero dispersion drift space suitable for insertion de
vices. The lattice functions can then be manipulated to
matchg-functions for 20m< L < 100 m. An example of
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Figure 3: Waist-downstream, Phase I, lattice optics.
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CESR-X west area lattice optics with, = 3, = 100m, multi-crystal monochrom.ators capable c_>f producing milli-
zero dispersion and downstream waists is shown in FigV €nergy spread favor high x-ray energies of order 20 keV.
ure 3. Also the CESR-X emittance can be reduced by & Minimize heat load on such devices it is appropriate to
factor of 7 with relatively inexpensive changes to the latd€sign an optics free beamline that reduces the beam en-
tice and vacuum chamber while retaining all other labora2'9Y Spread. Because of the correlation between radiation
tory infrastructure. We reuse a fraction of the arc bends arfj9l€ and x-ray energy, collimation automatically progide

some 100 additional quads in a TME-style configuration t§°Me degree of monochromatization. This section investi-
achieve the emittance reduction. gates the performance of CESR-X in this role.

Downstream waist operation is especially favorable for

MONOCHROMATIC COLLIMATION minimizing the energy spread of the beam passing through
a downstream collimator. An ultralow emittance source,

Inelastic x-ray scattering (IXS), for example, requiresuch as an ERL, is essentially a point source both horizon-
extremely small absolute energy bandwidth. Paradoxicallially and vertically, for which upstream collimation is Ihot



not useful and not necessary. Vertically, CESR-X is similaE, (¢))/E., (9) gives the fractional energy offset (from cen-
in this regard, but the CESR-X beam is undesirably widé&al value) an x-ray has by virtue of its radiation angle
for most purposes. To reduce heat load on downstream opway from the electron directiom.is given approximately
tics it is therefore sensible to reduce the beam width bly

upstream collimation, with proportional loss of flux. There 242 9 y2

is, however, little benefit in making the collimated width n=79:9%,  where ;= 1+ K2/2 )

smaller u_pstregm than downstream. We therefore assUMR|uding the x-ray energy bandwidth broadening due to
symmetric horizontal upstream and downstream collimasjeciron beam energy spread, the beam transmitted through
tion. A ten-fold loss of flux due to this collimation €an, this collimator has energy bandwidth approximating the
for example, be regarded as a roughly ten-fold decreasedfominal” 0.196BW, entering the conventional definitions
electron beam em|tt_ance. The phoFon beam beta funch,tp x-ray brightness and brilliance. Figures 6(a) and (b)
has to be reduced in the same ratio to reflect the alter%mpare, respectively, the beam power through collima-
beam phase space aspect ratio. ~ tor and the flux divided by beam power, as functions of
_With all electrons well aimed toward the target, their rac|jimator area. The latter measure is especially impartan
diated photons passing through a tiny downstream collihen ragdiation heating of beamline equipment limits the

mator are quite monochromatic. In the following figuresysia collection rate. By this measure CESR-X and ERL
waist at undulator¢,,=0.1 nm,/=0.05A ERL operation is performances are roughly equivalent.

compared te, =7 nm CESR-X operation faf.=5.11 GeV,
I=0.5A, L=55m, E,=21.7[keV], A,=0.018m, L,=5m. 10
Emphasis is on IXS application. Flux is quoted in photons 9 %2'5 x 1010
per meV, the conventional (per 0.1% BW) fluxes are @x <10 g 2.x10

times larger. The beamline has no x-ray focusing and nc

harmonic filtering, (but the figures include onWi,a;m.=3 é 9
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Fig. 4 compareg-function variations (the same for hor 00.02 006 0 0.06

izontal and vertical) along the beam line. CESR-X flex-

e X ) A Collimation Area| Collimation Area|
ibility enables its more favorablg function variation. mm] mm]
The.vertical3 function may need to be as much as a factor — — FRL —— CESR-X

of two smaller for operational reasons, causing an accept —— CESR-X — — FRL

ably small performance penalty. Figures 5 compare CESR

1200

Figure 5: (a) Flux vs area. (b) Flux density vs area.
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Figure 4: ¢ variation along beamline, both horizontal and

vertical. CESR-X solid, ERL broken line. The inferior 0 0.020.040.06 X 00.02 0.06
waist-at-undulator performance is due to the very latge Collimation Area[sq Collimation Areal
function (also known as Rayleigh range function) at the mm| mm]
downstream target location. — — ERL — — ERL

— CESR-X — CESR-X

X and ERL on the basis of measures of flux. Part (a) com-

pares dependence of flux (ph/s/meV) on collimator area.

Part (b) compares delendence of flux density (ph/s/meV/sgFigure 6: (a) Beam power versus area. (b) Flux per watt.

mm) on collimator area. The maximum collimator area in

these plots corresponds, roughly, to a square aperture with

250um sides. The stronger than linear dependence on col- REFERENCES
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