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Abstract
Design feature; are presénted of the two high current electron stor-
age rings comprising the National Synchrotron Light Source and its basic
parameters are enumerated. In additlonm, an overview is presented of the
special radiation sources under construction and development, including a

superconducting wiggler, permanent magnet wiggler, X~ray and VUV undu-

lators, free electron laser source and Compton backscattered y source.

Introduction

Construction of two storage rings for a multiplicity of high bright-
ness synchrotron radiation sources was recently completed. In addition to
present dominant emphasis on commissioning and further upgrading of the two
storage rings, construction and developmental efforts are under way to
expand the experimental capability, for such diverse fields as the
materials sciences, atomlc and nuclear physics and biology, by means of a
number of special radiation sources based on the wiggler, undulator, free

electron laser and Compton backscattered photon concepts.
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Facility Design

The injector system for the two storage rings consists of a nominal
70 MeV linear accelerator'(s band, 2n/3 mode; 2855 MHz; 1 pulse/sec; 3
accelerating sections; beam current 20 mA; momentum spread, aAp/p = #0.25%,
beam emittance me = 2 1075 rad.m.) and a 70~700 MeV booster synchrotron2
of which the parameters are presented in Table 1. For this synchrotron a
hybrid lattice (defocusing gradient "dipole”=-focusing quadrupole) has been
designed of which the structure is shown in Fig. 1. Notwithstanding the
use of combined function elements, the betatron and synchrotroa oscilla—
tions are damped, an essential feature of the booster, since it will be
operated with an adequately long high energy dwell time, in order to
achieve minimum beam emiitance prior to transfer into either storage ring.

Since both the VUV and X-ray storage rings are designed as dedicated
gsynchrotron radiation sources, their structures are optimized for favorable
photon source parameters. This resulted in magnet lattice structures with
high magnetic field values, in order to obtain the highest photon energy at
minimum rf power requirements. Similarly, higher source brightness is
obtained with minimum horizontal emittance. This led in the early design53
to the use of achromatic bend sections in the NSLS lattice structures for
which the dispersion 1nvariant,t£, is minimum, compared with alternate more
conventional lattice structures” A favorable consequence of the use of
achromatic bend sections is the zero magnitude of the momentum dispersion
in the lattice long straight sections, where the rf cavities (reduction of
synchrotron-betatron coupling) and wigglers (further reduction of trans-
verse emittance) are located. A superperiod of the X-ray storage r:lng5 is

‘shown in Fig. 2. As shown, the achromatic structure is complemented with



quadrupole triplet combinations providing for great flexibility in obtain-
ing a varlety of optical solutions. One example of this, the so-called
Toptics” solution is shown in Fig. 3 indicating the B function and n func-
tion behavior in the X-ray lattice. Structure and dynamics of the VUV
lattice® 1s similar to that of the X~ray ring. The parameters of both the
X-ray ring and the VUV ring are also given in Table 1. The VUV lattice and
structure functions are given in Fig. 4 and Fig. 5.

The vacuum systems7 of the storage rings have been designed for an
operating pressure of 10~% Torr in order to achieve gas scattering life-
times in eicess of 10 hrs. The vacuum chambers are fabricated from
Aluminum extrusions. Two cooling channels are incorporated, as shown in
Fig. 6, in order to provide for simple geometries to pass the synchrotron
radiation to the external photon lines. This also makes possible a simple
crotch design {also shown in Fig. 6) for the synchrotron radiation exit
port in the X-ray ring which is subject to perpendicular incidence of the
radiation with a high linear power density.

For the magnet system8 of the storage rings, associated with the
objective of providing for ease of synchrotron radiation emergence, C mag-
nets are used for the dipole magnets. All magnets are bullt up from
stamped laminations. These are glued together in elementary blocks of
parallelogram cross sectiom, .which in turn are assembled into . complete
units with parallel end faces. End shims, shaped to control} the integrated
sextupole term, are used.

The NSLS facility is countrolled and monitored through a computer
network consisting of two Data General ECLIPSE 5250 computered connected to

4 Data General NOVA 3/4 computers, each of which in turn is linked via



serial lines to 16 microcomputers-9 For the external photon lines individ-
ual computers will be used ranging from, typically, a limited capability
Textronix 4051 system for certain photoelectrospectroscopy lines in the VUV
area to a VAX 11/780 system for biological structure research using the
X-ray small angle scattering limne.

For the acceleration systems a relatively low frequency of 53 MHz
has been adopted partly for cost and in-house technology reasons, partly by
considering the objective of a minimum over voltage factor in order to min—
imize the required lattice straight section length for rf structures; the
desirability of a low synchrotroan oscillation wave number so that potential
betatron—-synchrotron resonant side bands, which constrain the permissible
betatron oscillation frequencies, may be avoided; the désire to reduce
heayy beam loading of the rf cavity in order to improve stability of oper-
ating conditions (lower shunt impedance guided by reasonable cavity excita—-
tion power); and the objective to avoid clezring electrodes in the storage
ring vacuum envelope (impedance problem), taking into account that beam
neutralization occur for smaller bunch separationm.

A single cavity 1s being used in each storage ring.10 For the X-ray
ring cavity a 0.5 MW drive system11 will be used by combining four grounded
grid tetrode, 125 kW power amplifiers. These units have been individually
tested up to 150 kW; consequently with a calculated cavity power dissipa=—
tion of 150 kW, beam power requirements can be met. For the VUV ring, a
slmiiar, but single output stage, 50 kW power amplifier is being used, ade-
quate for the nominal 5 kW cavity power dissipation plus approximately 12

kW beam power requirement.



TABLE 1. NSLS, ACCELERATOR AND STORAGE RING PARAMETERS

E-RAY STORAGE RINC VUV _STORACE RINC SOOSTER SYMCRLOTAON

DIERCT RANGE (Ce¥) 0.7-2.5 0.7 0.3-0.7

DESIH CURAENT (A.) 0.3 (.9 10 ) 1.0 0.1 208 €y 0.02 (+10'0 ")

CIAGMFEREACE (w.) 170.1 .0 8.3

pemand, 03 (T)o (o) 1,22 (6.873) 1.22 (19w 1.22 (19D

Toay* (h) (NSEC) 367.7 ()0) 170.2 (9) 9.6 (5}

DAMPING TIMES (SEC.) 'l'I,‘ﬂ.m;t‘-o.m)‘ 1.-r’-o.nn; f‘-o.ﬂll vl-o.om: I,-o.ﬂll: I‘-o.ﬁl’

Trousoa. {ERS-) 28 (2.5 Ga¥) 230 3t-4 (0.7 Cav)

LATTICE STAUCTVRE ST, TCT. TRIFLETS, 6f. SIF. FUNCT. DOUBLETS, 4f. ITRRUD STRUCT., FO0O, 4f.

YAGHET COeLEENT u8 2.7 m) »s e B8 (1.3 m) (Hefoc. cow.)
409 (0.43 u.), 160 (0.0 m) 2%q (0.3 w.) (0.3 =) (foc. eles. mly)
33 (0.2 m.) 125 (0.7 w.) 45 (0.2 )

RN TORES v 9.7, 5.7 13, 1 2.4, 1.4

MOMDITUM COMPACT. , l' 0.00865 0.02) 0.106

W, FREQUENCY (MHx) 52.880 52.880 52.880

RADIATED POWER (KW) 252428 Mm 1.3 0.22

T, PEAR VOLTAGE (KV) 80 100 0

DESICN AF PONER (M) 500 (300 BENY) 0 0.4

v o0z 00022 o003

DNZRGY SPRZAD, (0, /2) 8.2 10 4420 6.4 10

AT, JNGH, 2o, (co) 10.3 7.6 18.0

KQUIL. ¢, (w.728) 8.0 xu::ﬂ a8 “::o ae zo::o

(K=0.1): i’ (m.red) 2.0 10 8.8 10 4.8 10

"2 a1 =0.26 saci ¥ *0.13 bec ot 0.0 GaV vith V=50 k¥.
3"y ¢ 3

*“For VsL0O kV at twice the satural bunch length.

TABLE 7.79.. NSLS SCIENTIFIC UTILIZATION, 1982

NSLS WY BEAM LINES B9S x-RAY BEAM LINES
A(R)

Ul X 9. A) BXAFS (Braroer)
H §. B) ScatverinG
U & A) SEXAFS 12-1200 Pt X10- A) BAFS
B) ARUPS €0-5000 e B) X-RAY SPECTROSCOPY
C) RELFAOD- SPECT. 400-5000 KIN
0 LITHOG. WHITE 1. BXAFS
Us.
U 6. LITHOGRAPHY WITE
U 7. A) ARUPS/XPS/SEXAFS 15-1200 Pt X12- A) SmaLL AMGLE SCATTERING
B) ARUPS 80-2500 L B) PrOTEIN CRYSTALLOGRAPHY
C) INFRARED 10*-10 NN
X13.  CrySTALLOGRAPHY/DIFFUSE SCATTERING
U 8 A) ARIPS 18-2000 (2] ENERGY DisPersiIvE DIFFRACTION
B) ARUPS 80-2500 ™
B) ARUPS 80~2500 XUl A) DiFFUSE SCATTERING
C) EXAFS/SDAFSMICR'Y. 8-100 FRESNEL B) Microeiose
LONE PLATE C) Torosrapier
U 9. DICHROISH/FLUORESCEMCE 1200-300,000 NIM XI5 A) SCATTERING
FLUORESCENCE LIFETIME 1050-120,000 NIM X16- B) InTERFEROMETRY
U10. ' C) EXAFS/SCATTERING
Ull. GAS PHASE SPECTROSCOPY .. . 300-2000 . . Nim D) SPECTROSCOPY. .. .
u12.
3. X17. SCATTERING
Ul4 A) ARUPS/XPS/SEXAFS . 15-1200 P X18. DrFFRACTION
B) ARUPS 80-500 Ten X19- EXAFS/SEXAFS/XPS
B) ARUPS 80-500 ToroGrasHY
€) M. SPECTROGRAPH 300-3000 X20. e; %\nmms }i.a- OOREREWMII
TTER] 14 SaLuT1o0
UIS- TGM MOHOCHROMATOR 10-80 & oL ATTERING
X22. A) Scartering {Hien Q REsoLution
ul6. B) Scatterins [fi1an E REsourion
X23.  A) Torosaasy
X28.
L) EXAFS/SEXAFS



With regard to experimental utilization the VUV ring has eight 75

mrad ports and eight 90 wrad ports. The X-ray ring provides for (28-N), 50

mrad ports of which each will normally be split in two (or more) branches,

subtending typically 10 mrad (or less) of orbit arc per branch, (N is the
number of speclal radiation sources in the X-ray ring, N = 8). The photon
flux versus wavelength spectra for the arc sources are givenkin Fig. 10,

Fig. 13 and Fig. 16. The NSLS facility scientific utilization, status

1982, is given in Table 2.

X-ray Wiggler Sources

Since the critical photon energy (ec) is proportional with the B

field magnitude (ec = Const. BEZ), the critical emergy, and with that the

available photon flux in the region € > e, {arc) can be substantially

1ncreased with the use of wiggler magnets. These devices!12,13 perturdb

the electron orbit locally, typically in a sinusoidal segment trajectory
with a maximum local B field of B, >> B,..- In order to extend the

photon energy availlable from the X-ray ring to energies in excess of 100
keV, a high field superconducting wiggler has been designedlh and 1s pres-
ently in the testing stage. The basic parameters are as follows: 5 poles
at 6 T., 2 end poles at 3.9 T., period length, i, = 17.42 cm; full gap
magnetic 3.2 em, full gap beam stay clear 2.0 cm; magnetic deflection
parameter K = 0.934 ByA, = 97. 1In order to utilize maximum current den-
sity in the superconducting NbTi conductor the coll package per pole is
made up in two winding layers, as follows: Inner layer, wire 1.06 mm ¢,
= 17.3 kA/cn?, B, = 8.5 T; outer layer, wire 0.74 mm @, J = 35.3 KA/cm?,

Be = 5.7 T. This unit has been tested in a provisional dewar and a

o



median plane field of 6 T has been achieved. A cross section of the wig-
gler is shown in Fig. 7 and the photon flux vs. wavelength spectrum is
given in Fig. 10 and Fig. 13.

For a specific electron beam enmergy, the high fields employed in a
superconducting wiggler, in order to achieve high e, values, have a sig-
nificant drawback, since the photomn source size is enhanced in opening
angle proportional to K/y and the cross sectional magnitude (for small
observation angle) proportional to A K/(ny). This reduces the source
brightness and in practical structures limits the available photons to a
fraction of the total generated by the wiggler source. With an external

acceptance Bo4t» the fraction of energy emitted within 6.,, 1s given by

Pe = 3.17 u i, E2 By? I (F(a) with

F(a) = (2/7)(a + 1/2 sin 2a) and sin o = 31/2,ext/(K/Y)
which for the NSLS X-ray superconducting wiggler; with B =6 T, n = 5
poles, fgxr = 10 mrad; yields Pw,tot = 31 kW (end poles meglected) and
Pf ext ™ 9.7 kW. It is obvious, therefore, that if maximum photon energy
is not the prime objective, more favorable wiggler structures can be de-
signed with ilarger number of poles per unit length, smaller radiation open-
ing angle and smaller effective source size. A wiggler design which meets
these objectives in a beautiful manner 1s the Vanadium-Permandur=Rare Earth
Cobalt (REC) permanent magnet hybrid wiggler. This devicels, invented by
K. Halbach (LBL), emerged from the permanent magnet undulator designls. An

undulator is a structure consisting of many low field one pole wigglers

in sequence with the characteristic that it generates coherent radiation



from the multiplicity of poles.17 The basic structure of a permanent
magnet undulator is shown in Fig. 8. The structure, as shown, is suitable
for low field undulators (see below). The field on axis is given by:

B = const. By exp (-wg/Ay).F(geometry), with g = undulator gap,
By = remanent field, magnet material and F(geometry) = 0.5-0.8 for
various structures. The maximum field is apparently limited by the ratio
(g/)y) and B, a basic permanent magnet material property. It was
realized, however, that by cascading the permanent magnet blocks and
"guiding” the combined field flux through high u poles, a much larger on
axis field could be obtained without sacrificing magnetic period length.
This i1s illustrated in Fig. 9 where the design principle and engineering
execution of an extremely simple, low cost, fixed gap hybrid wiggler
structure is shown. The parameters of this wiggler -are as follows: 23
poles at 1.5 T (2 end poles at reduced field); Ay = 13.6 cm; full gap,
magnetic, Z.dzcm, full gap beam stay clear 1.8 cm; magnetic deflection
parameter K = 19, 281/ = 7.8 wrad, 291/2,eff = 4.6 wrad (B > 0.8 By),
orbit amplitude deviation (p~p) = 0.16 mm. The photon flux vs wavelength
spectrum is shown also in Fig. 10 and Fig. 13. With its A, at 2.0A and
23 full field poles it provides for substantial flux in the wavelength
region of 0.5~3A where the sharp fall off of the arc source spectrum
occurs.

Both the superconducting wiggler and hybrid permanent magnet wiggler
are in an advanced stage of comstruction and are expected to be installed
within the next year in the X-ray storage ring. In addition to these wig-
gler sources, because of the experimental interest!® in a high flux source

in the 0.3-1A region, with minimum opening angle; a superconducting wiggler



design with maximum median plane field values of 3 T is being studied.

Tentative parameters are: B = 3T, n = 15 poles, A, = 8 cm, K = 22, gap 2

cm.

A distinct drawback of high field wigglers is the large magnitude of
total radiation power generated, which creates problems of optical stabil-
ity in the external phcton lines (mirror distortiom) and drift in the spec-
tral output of the monochromators. When compared with the superconducting
wiggler, the hybrid wiggler total radlation power 1s substantially less,
i.e. 4.4 kW; however, this power 1s radiated within an opening angle of =
7.8 mrad and the radiation power per unit arc is actually higher than for
the superconducting wiggler (see Table 3).

X~-ray Undulator Sources

Initially the basic objective in the utilization of an undulator

source was the generation of a quasi monochreomatic line spectrum given by

Ay T (Aw/Zkyz)(l + §3-+ v28%) and the on axls source brightness enhancement

).1%-21 Subgequently,

(a NZ, where N is the number of undulator periods
the uniqueness of an undulator source used in a high energy electron stor-
age ring was recognized because it provides for a radiation source with
extreme collimation, 81/ = (1/y), and with a high ratio of useful

photons per tetal radiation power generated, as expressed by

k2 =2 =8 22
Pi(k=1) = B (L +3)  with P =1.9 10 Ny’K2I/A,

where pu(k=1) is the total power generated in the k=1 mode, and ) is

the total power radiated by the electrons traversing the undulator.
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2 =2
[Alternatively: dP(w=w;)/(dw/w) = 3 Pu (1 + %— ) ]

This suggests the use of undulators with very low K values in order to
reduce the heating of optical elements by photons outside the spectrum
reglon of interest (say k = 1), However, this tends to limit the available
spectrum to higher wavelength values because of the rapid fall off of the
spectrum with large undulator mode, k, numbers. Higher photon energy can,
of course, be obtaimed from the undulator by using small magnetic period,
Aws values. This, however, is limited because of the exponential depend-
ence of By on (g/A,) and the undulator structure minimum gap value is
limited by specific requirements of storage ring design; such as minimum
gap value associated with the magnitude of the beam quantum lifetime
((g/2) > 8 Uy)’ beam life time associated with rest gas scattering

1/t - Y’zg'z) and enhancement of the growth rate for the transverse

resistive wall instability (1/1 ~ 8 g's). (For the NSLS storage ring

these considerations suggest a miniﬁum gap: X-ray, g 2 8 mm; VLV, g > 14 mm.

In effect, therefore, the highest photon energy available, with suitable
choice of the undulator K value, is set by the minimum gap the storage ring
tolet;tes, without deleteriously affecting normally achievable beam
intensity. Having adopted a minimum gap value, the choice of undulator
parameters is narrowly guided by the desired spectrum range, radiation
opening angle, heating of optical elements and desire for optimum source
brightness. With.the above considerations taken into account, the parameters
for a high energy undulator, 2<{i < 12A (HEU) and for a soft X-ray undulator
6 < A < 60A (SXU) have been developed and preliminary design studies have

been carried out. The parameters for these units are tablulated in Tablie 3
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and the undulator spectra are given in Fig. 1ll. 1In this figure the spectral
structure of the HEU undulator is shown in detail. For the SXU undulator
the mean photon flux versus wavelength is given, since for higher K values
(and integrating over all radiation angles) the line spectrum aspects of the
undula;or is strongly reduced. This is also shown in Fig. 12 where the true
spectral structure is given for the SXU undulator. It is evident that for
the undulators the rat{o (Npax/Npin) VS A approaches unity for higher
undulator K values. This can be expressed as follows: For K >> 1, the
value of k, is given by (3/8)K3, where k. is the harmomic rumber of the
critical frequency (w, = k.w;). Since at w, many undulator harmonics,

- -3
k, contribute the magnitude of (Nmax Nmin)/N a(l/kc) or ¢ K~°.

Intercomparing the spectra and parameters of these two undulators it
shows, that the spectral coverage of the HEU, K = 1.4 and the SXU, K = 3 is
quite similar in the 2-12A region. The total undulator radiated power is
simtilar (a NKZIAV), for fixed total undulator lemgth, but the opening
angle of radiation is a factor of two less for the HEU unit. In this case,
however, the HEU undulator must operate with z gap value as low as 11l mm in
the X~ray storage ring, which may not be possible. Accepting, however, an
order of magnitude less flux from the HEU unit above 2-3 keV, and the
strong line spectrum nature, as compared with the SXU unit; when set, with
an acceptable gap value at approximately.20 mm, at K = 0.5, it provides for
an extreme collimated (2017 = 1/y = 0.2 mrad), lower total power
{reduced by an order of magnitude), high brightness (see below) undulator

source in the spectral regionm (tunable) around ~2 keV (-~6A).
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Table 3. UNDULATOR PARAMETERS (X~-RAY)
HEL s
STRUCTURE ¥P~SKCos HYBRID
KURBER OF PERIODS w 50
PERIOD VENETH 29 3.0 o 5.0 cn
FULL AP (MAGN- « STAY CLEAR) 5-25 m, .VARIASLE
FULL GAP, GPERATIONAL OBJECTIVE 1 m
UNDULATOR LENGTH ‘25 .
DEFLECTION PARAMETER 2-7-0-6 5.0-3.0
e 10-20 10-20
285, 4-7-0.25 axap 2.0-1.2 Aman

X~ray Source Comparison

The theoretical performance parameters of the various special
radiation sourcus for the X-ray ring, as mentioned above, have been

evaluated in terms of photon flux,22'23 central Tbrightness” at the

critical frequency [dN/d@dy(dw/w)lyag ymy, = By=o(¥=¥.); and

average source brightness?4 at the critical frequency,

{d8/unit area source/unit solid angle/(dw/w)j = <B>w=wc
and have been compared with the X-ray arc source parameters. Relevant
expressions for this have been gathered and are listed in the Appendix.
Assoclated with the inharent length of the wigglers and undulators the
“depth of field" broadening25 of the sources have been taken into account

by using appropriate expressions for the effective source cross section and

radiation angles. The results of this evaluation are given in Table 4.

The results are, in general, self-explanatory, indicating now quantita-
tively for realizable wigglers ;nd undulators the significant flux and
brightness enhancement achievable when compared with an X-ray arc source.
The <SB>w=wc for the wigglers have been calculated taking instead of

the total radiation angle available, (K/y), a more realistic fraction of



TABLT 4. NSLS SPECIAL RADIATION SOURCES (E = 2.5 GeVs [ = 0.58)

Sounce B e, (oP/pd), . VF(D Fox (x10') 9B (x10'*) “esB>(X10'%)
k6 keV  W/mrap PH/S/MRAD/AESS  Pu/s/mRAD*/11S8  Pu/s/naapt /mnt /155
AT A=k ) ALL ¥ AT A=, ¥=0 AT A=A
(ARC 12.2° 5.1 40.1 -- 2 3 2 )
Lt 15.0 6.2 1198 16.5% 48 74 Y 4.5
Sl 60.0 24.9 998 3.2% 10 “ 502 ) 9.3
suw2  30.0 12.5 1490 14.1% 30 46 ) 1y
2, ¢, R fgpy Rl Fuux (xao™y, B (x10™),, B (X104,
mean kev ki Pu/s /12 S Pu/s/man?/1488  pu/s/maan? /it /1298
HEW 0.5 1.0 1.2 0.2 1002 570 1400 260
SXit 1.2 0.18 1.4 0.03 912 470 150 28

WE(d) 2 FRACTION OF TOTAL WIGGLER/UNDULATOR RADIATED POWER IN (urtHin) 1 MRAD, AT Oppg ™ O¢

D Derinition, see Text.  “YuservaTion ceNTERED on K = tKAg/2rv. %) BKEXT < 5 mean.

—E‘[-
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the radiation flux within an external acceptance angle of81/2 ext ™ 3
wmrad. Also, for the case of the high field wigglers transverse source
splitting will occur since (Ag/2w)(K/Y), the electron orbit maximum deflec-—
tion in the wiggler, is >>ox, resulting thereby in two distinct domains
of high photon density in the photon source phase space distribution. 1In
the central ”brighfness" magnitude for the SUWl source, as listed, this is
approximated by dividing the peak brightness value by a factor of two. The
advantages of the undulators as special radiation sources is evident from
these results, both in terms of flux, on axis "brightness” and average
brightness. Although the total flux available (at w=w;) for the HEU and
SXU undulators are similar, the source brightness values are an order of
magnitude larger for the HEU undulator, when compared with the SXU
undulator.

Taking specifically also spectral coverage into account, an alterna-
tive comparison of the various X-ray sources has been made by assuming an

experimental beam line horizontal acceptance angle of 5 mrad

and comparing dN/(gz) vs wavelength for the arc, wigglers and the SXU

source. This 1s shown in Fig. 13. Both the results listed in Table 4 and
in Fig. 13 indicate the desirability of having a variety of sources avail-
able, as listed, in order to meet various experimental demands.

VUV Undulator Sources

The VUV ring permits inclusion of two special sources in its mag—~
netic lattice structure. One of the straight sections will be used for a

Free Electron Laser experiment and is expected to evolve as a special FEL

source for experimental usage. The undulator for this experiment,
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presently in final staéés of assembly, can, however, also be used as a gen—
erator of "natural” undulator radiation. The parameters of this undulator
are as follows: Permanent magnet (SmCog) structure, N = 38, A, = 6.5 cm,
variable gap 1-6 cm, deflection parameter K = 4.3-0.4; for g = 2.0 cm, K =
2.4, 207/ = 3.5 mrad. A cross section of the undulator 1is shown in

Fig. 14. Its spectrum, at Eg = 0.7 GeV, is given %n Fig. 15 for K = 1,
integrated over all ¥ angles but for fractiomal horizontal acceptance, Y8 =
K/2. Alternatively, its spectrum, for K = 2.4, integrated over all angles,
is essentially identical to that shown in Fig. 12 for the X-ray ring, except
that its waQelength scale 1is shifted by a factor of approximately 10 towards
larger wavelength. For ti.c latter case, compared with the regular VUV arc
source, as shown in Fig. 16, when used in a mode of 10 mrad external
acceptance, the undulator provides for a factor of 400 flux enhancement in
the 200~2000& spectral region. In terms of source brightness the undulator
parameters are summarized in Table 5, where the same notation is valid as
used in Table 4 and the Appendix.

Although it 1s planned to use the VP-REC hybrid wiggler in the X-ray
ring, its spectral output when placed in the 0.7 GeV VUV ring is of inter-
est when compared with the VUV arc source. This is also shown in Fig. 16.
Compared both with the undulator and the arc source it provides for sub-
stantial .flux enhancement in the .spectral region of 20-100A where high

26 1f the spectral

throughput monochromators are difficult to achieve.
region above 200A is of experimental interest, the undulator provides for a
more favorable source both in terms of source brightness and lower total

radiation power output (factor of 10) when compared with the hybrid wiggler.
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TABLE 5. NSLS SPECIAL RADIATION SOURCES (E = 0.7 GeV; I = 1A)

20, < r, LV rotn) Flux (zxn")_l l.(xlol.)”l <s:>(no")“l
urad e_v- :T Phi/sl 12 g-‘l *h/e/urad? /12 %!- rh/e/urad? lunt/la :7‘1
FEL O. 3.5 18 0.12 0.07 37% 806 309 4.6
(6-60)

The Free Electron Laser Source

In the course of developmental work at the NSLS towards brighter and
higher flux radiation sources in association with the NSLS electron storage
rings, it was realized that combining the Free Electron Laser concept with
the unique properties of the high current stored electron beam in the UV
ring, i.e., low beam emittance, small beam energy spread and large peak
current, could lead to a very high brightness, high flux, special radiation
source in the 2000-40004& region.27 While the operation of a FEL with
single passage of electrons has been verified experimentally28 only limited
experimental results are available of a circulating beam drivean FEL. Con-—-
sequently, a proof of principal experiment was proposed and is presently
being carried out.2? The experiment will bte dome in two phases, 1.e. the
amplifier experiment and the oscillator experiment. In the amplifier mode
the laser beam from an external argon ion laser will be directed through
the electron beam undulator interaction region and the single pass gain
will be measured. Subsequently, the optical cavity will be completed by
means of end mirrors and the laser oscillating mode will be established.
The experimental arrangement is shown in Fig. 17. Principally, in the free
electron laser, the circulating electron beam of the storage ring exchanges
energy with the laser radiation field in the presence of an undulator in

which the electrons execute transverse oscillations. With the laser beam
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propagating coaxially with the electron beam, the oscillating transverse
electric field of the laser can exchange energy with the transverse oscil-
lating electrons provided that the laser field is phased correctly relative
to the electron oscillations. The resonance condition is given by A =

x“(l + K?/Z)/(Zyrz) with y, » yp, 1.e. the condition for emergy

transfer is that the radiation wavelength is close (but not equal) to that
of the wavelength of “natural” undulator radiation. The electromagnetic
field energy gain per pass through the undulator interaction region, within
specific limits of electrom beam energy spread and angular divergence, is

given by:

2 1
o (Ae2 /2y o 2, 524 3. 20102\ ¢ -
G = (Ae“/e“) = 4.5 7 Y ANk (14 <) \IP/IA)Zhv

with k = (Ku/#2), Ip = peak electron current, I, = 17.103A, and

zhv- Ze, the electron or photon beam cross section. The laser field energy

increases exponentially as exp(Gn), where n is the number of traversals, as
a consequence of the progressive increasing electron beam energy spread.
Net zero gain occurs when the electron beam energy spread 1s given by
(AE/E) = 1/(2N,). The increase of (AE/E) is counterbalanced by the
syachrotron radiation damping, leading to a steady state condition whereby

the laser power is given by P = U°I°/2Nu where Uo is the total synchrotron

radiation power.radiated.3° The line width of the laser radiation is given
by (Aw/w) = A/qy where 9 is the electron bunch length.

The FEL experimentzl parameters are given in Table 6. Taking A =

_6
3000A, 0, = 6 cm, Uy = 3 keV, <I> = 1A, n = 1%, results in (aw/w) = 5 10 ,

Pext = 10 W.
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In terms of photon flux and source brightness the relevant quanti~
ties are given in Table 7, together with the corresponding values for the
FEL undulator as a “natural” undulator source. The uniqueness of the FEL
as a special radiation source is evident from this comparison. Compared
with, in present terms, a high brightness undulator source, its flux spec—
tral density is six orders of magnitude higher and its source brightness
value six to seven orders of magnitude higher. In additiom, its line width
(aw/w) = 5 10'6, truly a monochromatic source when compared, typically,
with the undulator matural radiation first order line (Aw/w = 1/N =
1072y, ‘

The present FEL development focuses on the 2500-4500A region, partly
set by storage ving parameters, partly by the reflectivity fall off of Zuc
FEL cavity mirrors below 2500A. Eventually, it is planned to extend devel-~
opment into the spectral region below 2500A.

TABLE 6. FEL EXPERIMENTAL PARAMETERS

e~ STORAGE RING: LASER CAVITY:

ENERGY 300-500 Me¥ L ot 17.0m

JMTENSITY JA, AVERASE; 3 BUNCHES CAYITY L0SS, 3510 £ 2

g /TURK 0.4-3.2 xe¥ VAIST, vo 0.37 an

UKDULATOR: FEL EXPECTED PERFORMANCE:

FIELDS PERMAKENT MAGNETS 1 2500-a500 &

3 : 0.1-0.7 TESLA 6o (SRALL SIGNAL GAIN PER PASS) 6-181

PERIOD 24765 cn, N-38 DSCILLATOR PDVER 5-15 ¥
LISE WIDTH, dw/w 1076

6AP 1-6 ¢n
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TABLE 7. NSLS SPECIAL RADIATION SOURCE3, FEL VS UNDULATOR

20, /2 c 4 rlox 8, <5B>

nrad w s & pnsasio.n aryis10” & on/est0.tuc Ymats10™ &
UNDULATOR (FEL) 3,5 18 120 8 10}2° 3 1010 5 10°
FEL SOURCE 0.3 6.2 10 3108 3 1010 7 10'®

Compton Photon Source

In the development of the structure for the FEL experiment it became
evident that by suitable displacement of the lasing cavity head-on encoun-—
ters could be produced between the oscillating FEL photon bunches and the
circulating electron bunches in the VUV ring, resulting in hard y radiation
as a result of the Compton backscattering. Depending on the FEL wave-
length, or, when using an external laser, the iaser wavelength, y energies
of up to 30 MeV could be made available. This stimulated the development
of a higher energy vy source, by combining an external laser with the X-ray
ring, of greater interest to a possible medium energy nuclear physics pro=
gram.31 From kinematical considerations of the photon-electron head-on

2 the various quantities of interest, i.e., backscattered photon

collision®
energy, resolution, flux and polarization can be derived. The relevant
equations are summarized in Table 8. Assuming now either the use of an
external Argon ion laser or the use of the radiation from the VUV ring FEL
sourcess, Yy radiation of up to 500 MeV can be generated. This is shown in
Fig. 18. Energy resolution would be enhanced by means of scattered elec—

tron momentum determination ("tagging”). The presently developed experi-

mental arrangement plus set of e~ beam, external laser source and
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resulting y beam parameter533

are given in Fig. 19. Evidently this highly
polarized, monochromatic, low background, hard photon source would cnnsti-
tute a unique source for photon nuclear physics.

TABLE 8. COMPTON BACKSCATTERED y SOURCE

EHERGY: g ~ofg /(L ¥ e + o™
wim Epagf Sl Q-Q(\n;’):lwl =€

ESOLNIOE: (8 /&) - X8 /(1 +4¥El+EYY S.drd

WITH 6 = COLLIMATION AMGLE ; B, wELECTAON 82NN Bivemcrw(t

FLX: I,.z&(*‘\L A0 5 L NN fm/E
o Ny acIpamRizec N o R ba/as

1
B ~E) [ 388 - 5

POLARIZATION:  Plevs | AE;/:;\ = 1_(xe* for eccwte

Summaz v

The special radiation sources, in construction and under development
at the National Synchrotron Light Source are summarized in Table 9. The
special source distribution, both in the X~ray and "WV ring are given in
Fig. 20. The addition of these special high flux, high brightness, sources
to the basic NSLS arc sources will provide for a unique experimental capa-
bility which should open up new pathways in experimental techniques in such
areas as condensed matter physics, spectroscopy of atoms, dynamic spec~

troscopy, etc.
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TABLE 9. SPECIAL RADIATION SOURCES, NSLS

SHY ® SHORT HYBRID WIGGLER, i = 2.04, 12 POLES
1 - 1004 anp arove €10 - 0.1 kev AND BELOW)

\n)-:'- PHOTON -~ ELECTRON COLLISION REGION FOR GENERAVION
OF HARD CORPTON PHOTONS {UP TO 300 Mev}

HEU  « HIGN ENERGY UXDULATOR FOR GENERATION OF EXTRERE COLLEMATED
PHOTON BEARS (=0-% mean): 2 - 124 (6 - 1 Kev)

SU¥ = SUPERCONDUCTING MIGGLER; 25 = Q-178 m, K = 97, 2, = 0.54;
SP.6T. ¢ 2P.3T.; 0-1 - 10& AND ABOVE (100 - 1 kevV AMD BELOW)

LHE =~ LONG HYBRID WIGELER; g = Q-136 m, K = 19, a = 2.08, 2% POLES
1~ 1004 AND ABOVE (10 ~ 0-1 kev AND BELOW)

sX¢ = SOFT x-RAY UNDULATOR FOR GENERATION OF EXVREME COLLIMATED
PHOTON BEARS (~1.0 mmap); 6 - 60A (2 ~ 0.2 =cv)

FEL = FREE ELECTROM LASER SOURCE, 250D - 45008
ALTERNATIVE: UNDULATOR RADIATION SOURCE 100-2000A.
UNDULATOR; 3¢ = 0.065. K = 2.4 - 0.4, ¢, =7 - 66 €V, B = 38

uwu ® ULTRA VIOLET UNDULATOR FOR GENERATION OF EXTREME
COLLIMATED PHOTON BEANS I THE 100-1000A SPECTRAL REGIOM

(SUW2 = SUPERCOMDLCTING WIGGLER, A; = 'A; 15 POLES, Ag = 0-08 m, K = 22)

12 CONSTRUCTION
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APPENDIX: FLUX, CENTRAL SPECTRAL “BRIGHTNESS® AND AVERAGE SPECTRAL BRIGHTNESS
EXPRESSIONS FOR MAGMET ARC, WIGGLER AND UNDULATOR SOURCES

ARC SQURCE, FLUX: Ai"(wﬂo‘) =018 dY“/C)A‘%’ [PH/s/HRAD/S‘u‘—;ll
CENTRAL “BRIGHTHESS®: By _g(@=) = 4z 107 ;{: )(55)43 [Pu/s/mran? /8]

AVERAGE BRIGHTNESS'®: ‘SB’mmc - (AN)/((z.q)’ ﬂx-uzf-g;)) [p.,/s/,m,,z/,,,,z/{%n

—

with () =~ A2+ o2, 1
2

na
HIGGLER SOURCE, SINUSOIDAL FIELD, POLES m , LENGTH —C, EXTERNAL ACCEPTANCE o .
FRACTION OF ENERGY EMITTED WITHIN 8 _: Pg=3.17m a  E2B2IF(d) WITH

F(d)=(2/x)(d + Y% SIN 2d) AND SIN d = eX,EXT/Z(Kh); ® y7.~1 MRAD; |ﬂ-%!° =P (d=dy)

FLUX: i, w=0 ) = 9;3%—‘1 ‘g‘slod.% [Pn/s. furanila]

0,HW

- -, = =, 1 —5 i J-E !L‘L’ 2
CENTRAL BRIGHTNESS”: B W C) =30 e:c [’E] Y] [PH/S/HRAD ,d_:s’]

. - = * 2 2
AVERAGE BRIGHTNESS: <SB>°'"(U—UC) (JNw)/((Z-lI) q('e“, q;,eM/Z) [ Pu/s/uran* /mm /J:t_‘))
o8

X, EFF ( 4

WITH 20 + ZuX) 3ofy = 2047 s c;.)“‘ + 6, k.

mai
w20, =0 v 20) g, = 20107 + 20

UNDUS ATOR SOURCE, SINUSCIDAL FIELD, N PERIODS, LENGTH N2,

FLUX: diitwewy) <2d HIKE_du (Pussrda) ; @, = € 20

(1+5-) — o 1)
CENTRAL _“BRIGHTNESS®: - By ~4-56 10° N*Iv?Fy(K) - - [Pu/s/mran Aw }-
AVERAGE BRIGHTHESS: SBS o,y = Bo 28020, op ppd (Pu/smmnc? /et s )
HITH o erpeov,eer AS ABOVE, USING W =% AND By .0 = (k/v)
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