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Abstract 

rovide 
Two-plane focusing in planar undulators can 

si nificant 
!i f or free-e ectron 

emittance-acceptance enhancement 
laser applications. 

focusing field. is superimposed by 
A quadrupole 

the 
angular1 

I ""$Ey 
rdul%?:e"' b;nc~tiEr"ther~~e"e~~~I~p~~~~~ 

permanent magnets plus stee ) un ulator. 
ifferences exist between canting in the two types of 

undulators. For the pure-RBC undulator, direct field 
calculations are directly applicable, but a thin-lens 
model of the pole pieces is more 
calculation for the hybrid undulator. 

amenable to 
Measurements 

are presented which verify the magnitude of the 
gradients and focusing obtained by canting in both 
undulator types. 

Introduction 

Electron beam emittance requirements 
free-electron lasers (FELs) are quite stringent 
visible wavelengths, 

[l-jf".t 

can be substantial1 
but the emittance requirements 

in both planes. 1 
relaxed if the undulator focuses 

ngular canting of the undulator 
poles is one promising scheme to produce this equal 
two-plane focusing in planar undulators. This is 

producing big! - 
especially im ortant in light of the difficulty in 

e beam current with small emittance 
using linear accelerators. 

There are several methods to produce two-plane 
focusing in planar undulators. One techni ue 
the superposition of a quadrupole fiel 

involves 

undulator field. 
1 the 

This can be achieved eit%? with 
external quadrupoles or by angular rotation of the 
undulator ma nets. 
adjustable P ocal 

The former method allows a readily 
strength but relies upon precise 

alignment to ensure that the undulator and focusing 
elements are coaxial. The latter method guarantees 
that the focal properties are 
could be used with hybrid 

roperly 
undu ators !l 

aligned and 
which do not 

allow linear superposition of external fields. 
Angular cantin 

longitudinal 
magnetization 

canting [2 'i 
can involve either 

of those ma nets with 
vector parallel to ?I t e e-beam 

propagation direction or transverse canting of the 
ma nets with magnetization vector 

% 
perpendicu f 

31 
ar to the 

e- earn. The latter form allows closest packing of the 
magnets with no degradation of the on-axis magnetic 
field strength and has been demonstrated [3] in the 
geometry of the first Spectra Technology undulator, 
shown in Fi 1. 
with the 

The alternating cant angles together 
a ternating field orientations at each pair 8' 

of canted magnets produce a non-alternating transverse 
field radient alon 
angle f 9 

the undulator bore. The cant 
or two-plane ocusing is modest, causing minor 

perturbations of the undulator field. 
Resonance between the synchrotron motion of 

electrons trapped in the ponderomotive potential well 
and transverse betatron motion ma 
FEL interaction strength. t 

result in loss of 
The 

cou ling may be enhanced 41 
etatron-synchrotron 

by quadrupole focusing in 
a p P anar undulator. Mode f. 
loss of interaction 

ing shows, however, that the 

short-wavelength FEL ls 
not severe [l] * 

oscillators 0th:: 
investigators [5] are examining alternative pole-tip 
shaping to produce sextupolar 
a plication 

focusing, for 

t e coupling is significant. Ii 
in high-gain amplifier geometries‘in which 

AS part of the Boeing/Spectra Technology 
free-electron laser program, a canted-pole design has 
been developed 
hybrid 

for two-plane focusing in a planar 
undulator. Measurements in a scaled-size 

summarize 

VACUUM TUBE 

Fiiufe 1. End view of first Spectra Technology 
un u ator showing canted magnet configuration. The 
e-beam is directed into the page. 

Canted-Pole Physics 

Major difference;o;xist in the fo;;;lation of 
transverse 
undulators. 

pure-REC hybrid 
&g:;%ition of the fields of individual 

~~~~~~~~n~~~de~~s:h,"1~~~~-~~r~~~~l~~~r,d~~~~~~~n~ 
incorporating 

longitudinal magnitic length of the 
effective 

more useful for a hybrid geometry. s 
ole pieces, is 

easurements are 
shown which confirm the magnitude of the cant angles 
re uired 
un ulator 3 

to provide a given focal strength in each 
type. 

Two-Plane Focusing 
A planar undulator 

will have 
with two-plane 

a field distribution which is 
focusing 

approximated near the axis by the form 
closely 

Bx = -Bo(ay + by cos 2kwz 1 

By = BoI cos kwz - ax - bx cos 2kwz 1 [II 

Bz = -Bo(kwy sin kwz - 2bkgx sin 2kwz I ' 

where B, is the peak magnetic field amplitude, 
k, = 2n/X, is the undulator wavenumber, and X, is the 
undulator wavelength. The coefficient "a" describes 
the constant transverse gradient in By produced by the 
canting; this term 
The coefficient " " E 

rovides the two-plane focusing. 

second-harmonic 
characterizes off-axlS 

term which ' 
canting. These two quantiti:: 

a byairoduct of 

various geometrical 
are functions of 

dependences on 
factors, includin 

the 
linear 

cant angle, 8. 6e field 
distribution is qualitatively similar for the pure-REC 
and the hybrid undulator, but the relative magnitudes 
of the "a and "b" terms differ dramatically. 

In either case., 
nominally 

focusing is introduced in the 
free-expanding wi gle 

is arranged so that the coef '5 
plane if the canting 

lcient 
z+x 

. I w aB 

is positive. The focal strength is given by 

kix = 2'/' k 
PO" r31 
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where k x 

e 

is the x-plane wavenumber for the betatron 
motion 81 resulting from the canting, 
the nominal y-plane betatron wavenumber 

kpo = awkw17 is 
in the absence 

of canting, aw = eBoXw/zmcz2a/1, and 7 is the electron 
energy in units of the rest mass mc*. We note that 
the sign of "a" depends upon the direction of canting 
and is positive rovided that the canting is done as 
shown schematical y f 

As focusin 
in Fig. 1. 

% 
is introduced in the wiggle plane, 

the focal strengt in the nominally focusing plane is 
reduced according to 

kpy = Cl0 - kbx . 
For equal emittance in each plane1 the best spatial 
match to a cylindrical1 
given by equal two-plane I 

symmetric photon beam is 
ocusing. In this case, 

and "a" must have the value 
ak 

a=+. 

Pure-MC Undulators 
In the pure-REC undulator, determination of 

the cant angle re uired for equal two-plane focusing 
is simplified by t e a fact that the field distribution 
can be calculated directly by superposing the fields 
from the individual magnets. It is in erative 

R 
that 

the contribution of the off-axis second armonic term 
be included in the analysis. Examination of Eq. 1 
shows that the transverse gradient, DB /ax, is an 
oscillatory function of I. Since "b e typically 
exceeds "a" in magnitude,. the gradient actua$k 
changes sign between each pair of canted magnets. 
"a" term results on1 

I 
from the finite length of the 

magnet bars, which a lows some flux to return around 
the ends of the bars. The end-effect dependence of 
the focusing in pure-!E$ urul;la@s is clearly seen by 
examination of the coefficients as a 
function of ma net 
canting is of -axis B 

baralen th 
secon cf 

The primary result of 

"b" is virtually 
harmonic; the coeffici;e& 

independent of the bar length. 
the constant 

f 
radient term "a" decreases exponentially 

with the bar ength. 
Table 1 lists the pertinent parameters for ,ti~ 

first pure-REC Spectra Technology undulator [Q]. 
undulator is 2.3 ;mCiong, 
constructed of 5 

has 100 periods, andThiz 
permanent magnets. 

undulator has demonstrated large e-beam energy 
extraction [lo] ' 9 ercent 
taper. The ta er"?~n&zhl?kved 

resonant-energy 

B 
\ y decreasing the period 

13 percent an the peak field 8 percent along the 
length of the undulator, at fixed gap. 
successful extraction experiments, the 

Following the 
ma nets were 

canted as shown in Fig. 1. As indicated by ‘ir able 1, a 
gradually decreasing cant angle is required to provide 
;g;al two-plane 'b",","si;t t;ngthtehe ,y;ye length of 

undulator, 
% 

But for 
simplicity, a uniform cant angle of .7'degrees was 
selected. This gives approximately equal focusin 
along the full length, on the average. The foca B 

Table 1 
PARAMETERS OF FIRST SPECTRA TECHNOLOGY UNBULATOR 

Length 

Full Gap 

Magnet Bar Dimensions 

Remanent Field 

Resonant Gamma 

Undulator Period 

Peak Field 

Cant Angle for Equal 
Two-Plane Focus 

L W 
g 

B 

7:: 

x 

B:: 

e 

2.3 m 

1.27 cm 

0.56 x 0.83 x 5.0 cd 

8800 G 

37.9 

Entrance Exit ~ - 
2.54 cm 2.22 cm 

2.64 kG 2.44 kG 

3.1 deg. 2.4 deg. 

strength was measured using pop-in fluorescent screens 
located within the undulator. A proximately 
betatron oscillations were observe B 

equal 
to occur in both 

planes when the e-beam wasthsutseered off-axis *at the 
undulator entrance, 
canted-magnet two-plane focusing. 

demonstrating [3] 

Hybrid Undulators 
The * of hybrid undulator ' 

fundamentallyca!tt%ent fr:m a pure-REC undulati: 
because of the presence of the highly permeable pole 
pieces. The two-dimensional modeling often used for 
designing hybrid undulators is not applicable to 
canting since it is inherently a three-dimensional 
effect. 
into the 

Several simplistic models can provide insight 
anticipated scaling of the required cant 

angle with gap 
pure-REC case, 

and pole thickness but, unlike the 
no sin le analytic formulation exists. 

Whereas an RE 
charge sheets, 

6 maret acts as fixed maretic 

geometry 
the permea le pole pieces in a ybrid 

behave 
surfaces. 

more like magnetic equi o;;n;;l;k 
The hybrid s stem is 

the o erating point of 
complicate 2 

P 
t e permeable material is often x 

not ar from saturation. The of true 
equipotential surfaces is 

ap roximation 
rigorous P y valid only in the 

limit that the matevh;l is far from saturation. 
Making e uipotential 

8. 
surface 

approximation, a simple two- lmensional model can be 
constructed. Two e uipotential surfaces are tilted b 
a full angle 28. T% e gradient of such a system whit h 
has a nominal magnetic field B, and full gap g is 

$=Bo$ 171 

to first order in B and g. An additional model for 
the expected gradient can be constructed from the 
em irical formula for the peak magnetic field of a 
hybrid undulator [ll]. 

Bo(tesla) = 3.33 exp 5.47 - 1.8 f 11 . PI 
W 

sized to have the nominal cap to undulator-wavelen th 
ratio of THUNDER but is built at twice scale to al ow !I 
greater adjustment. A Hall probe is used to map the 
magnetic field at various longitudinal and transverse 
positions. 

Figure 2 is a transverse magnetic field scan 
under a pole piece with cant angle 0 of 25.4 mrad. 
The field gradient is quite close to the prediction of 
the two-dimensional canted-plane model. The gradient 
is constant to better than one percent over the 
maximum possible excursion of the electron beam 
the deviations from linearity are as anticipated baz:j 
on the finite pole length. Measurements at various 
ga s 

E 
confirm that the gradient at the center of the 

po e piece is independent of the pole length as long 
as the end effects are small. 

local peak gradient 
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9038 

X (mm) 

rkfz-s;. 

Transverse field profile of hybrid canted 
Cant angle B = 25.4 mrad, dB/dx = 358 G/cm. 

85 93L6 

Figure 4. Peak transverse gradient of the canted 
hybrid undulator as a function of cant angle. Dashed 
lines are corresponding 2-D model. 

Table 2 
PARAMETERS OF TRUNDER EYDRID UNDULATOR 

were investigated and found to be negligible for the 
design re 

t 
ions of interest. 

Ta le 2 lists the measured parameters of 
TRUNDER. Thefoyt an le 
with Eq. 6 'i 
undulator. The i??e 

of 6.75 mrad iz consist;;: 
two-plane focusing 

consistent with Eqs. "r 
is determined by e%ing 

and 8, to the desi n period and 
gap. Since the final design is scaled cf own from the 
mockup, the. effective.width of the individual pole 
;;ec;;eremains proportionally the same and the ratio 

subset o P 
eak to average focusing is preserved. A 
poles in each undulator subsection is canted 

in order to make the cant angle large enough so that 
machining errors will cause insignificant deviations. 

Total Length 
Full Gap at Entrance 
Peak Field On Axis 
Resonant Gamma 
Undulator Period 

LW 

I3 

BO 

731. 
XW 

Cant Angle for* Equal 
Two-Plane Focus e 6.75 mrad 

Energy Taper *TrlYr Variable, 0+12X 

* 7.5 of 22 periods canted/subsection 

Summary and Conclusions References 

The transverse for 

it 
;;;idin 

utility of canting 

hybrid 
two-pi;? focusin has been demonstrated in 

situations, 
o eration 

this a&tion!!l focusing 
ure-RE undulators. 

In "%E enhances 
by increasing the emittance acceptance of 

t e undulator. it 
application in 

These canting techniques may also find 
gain-expanded transverse-gradient 

undulators [12] for storage ring FELs or in other 
situations where two-plane focusin 
required for specific undulator 

or gradients are 
app f* ications. 
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Figure 3. Measured transverse gradient of canted 
hybrid undulator, 0 = 25.4 mrad. The schematic 
indicates the location of the pole pieces. 
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