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Delta Undulator

Produces elliptically
polarized light.

Placed at end of LCLS.
Uses the microbunched
beam.
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Delta Undulator
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Delta undulator for Cornell energy recovery linac

Alexander B. Temnykh*
Comell University, LEPP, Ithaca, New York 14853-8001, USA
(Received 17 October 2008; published 11 December 2008)

In anticipation of a new era of synchrotron radiation sources based on energy recovery linac techniques,
we designed, built, and tested a short undulator magnet prototype whose features make optimum use of the
unique conditions expected in these facilities. The prototype has pure permanent magnet (PPM) structure
with 24 mm period, 5 mm diameter round gap, and is 30 cm long. In comparison with conventional
undulator magnets it has the following: (i) full x-ray pelarization control —It may generate varying linear
polarized as well as left and right circular polarized x rays with photon flux much higher than existing
Apple-Il-type devices. (ii) 40% stronger magnetic field in linear and approximately 2 times stronger in
circular polarization modes. This advantage translates into higher x-ray flux. (iii) Compactness.—The
prototype can be enclosed in a ~20 cm diameter cylindrical vacuum vessel. These advantages were
achieved through a number of unconventional approaches. Among them is control of the magnetic field
strength via longitudinal motion of the magnet arays. The moving mechanism is also used for x-ray
polarization control. The compactness is achieved using a recently developed permanent magnet soldering
technique for fastening PM blocks. We call this device a “Delta™ undulator after the shape of its PM
blocks. The presented article describes the design study, various aspects of the construction, and presents

some test results.

DOI: 10.1103/PhysRevSTAB.11.120702

L INTRODUCTION

Synchrotron radiation facilities based on energy recov-
ery linacs (ERL) will have a number of specific features,
which could be exploited for superior insertion device
design. In comparison with storage rings, they will have
smaller horizontal beam emittance and consequently
smaller horizontal beam size. In addition, they will not
require extra beam aperture to provide space for residual
oscillation of the injected particles. Furthermore, ERL
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PACS numbers: 85.70.—w, 41 60.—m, 07.85.Q¢

magnetic array longitudinal motion can be used for x-ray
polarization and photon spectrum control. The AP
scheme’s theoretical model has been developed by Roger
Carr in Refs. [1,2]. Electron beam test results were de-
scribed in [3]. Presently, one AP-type undulator success-
fully operates as an x-ray source for the “ADRESS™ beam
line at Swiss Light Source. This undulator provides x rays
in the energy range between 400 and 1800 eV with circular
and variable linear polarization: see the website [4].

The round bore allows the design of a highly symmetric

EPU in a package compatible with LCLS

Use same alignment strategy. Undulator
and quadrupole on the same girder.



Delta Cross Section
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Delta Undulator
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Benefits:

Very compact source of elliptically polarized light

Costs:

Can’t tune after assembly

o Tune quadrants, use superposition
Very tight assembly tolerances
Measurements can only be done from the ends in a
6 mm diameter tube
Difficult to achieve the tolerances to required to
make an FEL out of Delta undulators.



Delta Quadrant Assembly And Tuning

Mechanically align blocks
using CMM.

Move blocks using magnetic
measurements to straighten
trajectories and minimize
phase errors.



In Software Superpose Quadrant Fields To Simulate

Assembled Undulator, Correct If Necessary
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Example CP+, Expect undulator within tolerance, but no permeability effects in superposition.
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Delta Field Integrals
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Hall Probe Measurements

The only access for measurements is
through the end of the beam pipe. 10



Measure Probe Position
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New Project
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Delta-ll
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e Challenges/Improvements
- Position dependence of the K value
- Assembly tolerance to minimize phase
errors
- Measurement/assembly plan on CMM
- Measurements of assembled undulator

13



Delta-ll K Value Position Dependence
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Operation experience of the UE44 fixed gap
APFLE II at SLS

T. Schmidt, M. Calvi, T. Schmitt, V.M. Strocow, [. Zimoch
Ful Scharrer Instikat, 5257 Villigsn FEL, Bwitzerhind
E-mail: thoras. schaidtlpei .ck

Abstrect, Al sofl z-ray benmlines st ks Swis Light Scarce (HLE| are ssrved with varsbls
pelsriznticn from AFFLE I 1] type acd skctomagneiic andulston. Thres APFLE 1T typa
wndulsiomn e samd: w dwein, wod w wingle sinndad APPLE I [UES and UESd] and » Fred
g AFFLE 11 (UE44] whick fallows the adj £h b by B Corr [2],
[3]. Thw demard ic rokmis 1hs Bassr polackstion vecior from 0 - 18] © :-q-md.-]]!au-

arraye to be ahifisble. This cpeasd the posibilioy to alss yary the snemgy by . sukable shife
cf 1ke magnet srwys with u simplifed suppart siructare hcking in aoy gap drive systam 4,
[6]- Tha carvent photae banm qualily in Ensar mad cirsabr mods wad the pros sad scos of tha
cparstion of 1ks TE#H will be discussad, namaly 1ks undeariinsisd infvencs of gradiants in
tha complo: Aok disiributicn. As s ‘tha spectr arw degraded, bt =an b cecovaced

by uss of distriabed coils or by @ simpls changs 2 1ke sperstion. mode.

1. Introduction

The photon soutce of the ADRESS benmline [6] is the undulator UE44, an APPLE II with T8
periods of 44 mm, n total length of 3.4 m end NdFeB mognets with a remenence of By = 1.24T,
delivering a flux density of B: — 0.55T and B = 0.81T (Kep — 2.5 and Kog = 2.5) st the
fixed gap of 11.4 mm. The phase error is sbout 4°. A preliminery sccount of this deviee is
reported in Fefs. [4], [5]. Bri=Ay, UE44 is besed oo the APPLE 1T design where sl four magnet
arrays con be shifted, which gives full control of the polarizstion (circular snd 0 — 130% lgear)
|7]. Furthermore, the energy cem be woried by shifeing the megnet arrsys [Z], |3, TE44 wos the
first APPLE IT updulntor to practieally renlize this fixed-gsap concept. A twin undulator based
om this conespt followed at the Photon Factory [8].

Figurs 1. Shift modi of a fixed gap APFLE II:
phas= shift # with pedreis= shifts of dingomal
mognet orrays [left) ood energy shift p with shift
top versus bottorm (right ).

The relative shift of the dingonal errays 4 chemges polarization like in the standard APPLE
IL The common shift of the two upper versus two lower arrays g, in the Brst approcimation,
transforms the on-mods transverse compooents of the field into Jongitudicsl and thereby tunes
the epergy, replacing the comventionml change of the gap. In gepetal, the @ and poshifts show
significent coupling. For the cireular mode, the whies of $ end g s be fomd aoelyticslly [5):
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Figure 5. Field distribution for the circular mode in top-hottom (left) and left-right (right)
energy shift setup. The gradient of the vertical field inl x-direction (horizontal) broadens the
spectrum. The gradient in z-direction (vertical) is harmless becanse of the small vertical heam
sige,
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Delta: Horizontal and Vertical Position Sensitivity
LCLS MD 11/17/2015 |4ain,-Dieter Nuhn
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K Gradients In Delta

()

What causes the asymmetric position
dependence of K?

There is only hyperbolic cosine position
dependence in the model of two crossed
adjustable phase planar undulators.

What are the alignment tolerance effects on
Delta-I1?

Is there a model to help explain this behavior
so that we can make predictions for Delta-117?
Are there design changes that can minimize
this effect?

16



A Model To Explain The
Delta-ll K Value Position Dependence

ol AL
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Add field rolloff to the model of two crossed, planar, adjustable phase undulators.

Model to explain the position dependence of K
R LCLS-TN-16-1

For one quadrant
L S

¢ = ¢ cos(kss) exp (—kyr) cos (ky (2 — %))

9 5 5 Delta Measurements:
_ks—l_kr_kuzo ku:1961/m
k, =270 1/m
k. =186 1/m

Potential decreases exponentially away from the quadrant, decreases away
from the center line, varies sinusoidally in z, obeys Laplace’s equation.

This potential can be considered the dominant term in a Fourier expansion.

17



Delta-ll K Value Position Dependence

Lab Frame Undulator Frame

YL

o, B
o e

Potential for each quadrant:

O1(z,y,2) = @ogcos(ksy)exp (krx)cos (ky (2 — z01))
oz, y,2) = Pog cos(ksz) exp (kry) cos (ky (2 — 202))
O3(2,y,2) = —dogcos(ksy)exp (—kyz) cos (ky (2 — 203))
pulz,y,2) = —bog cos(k,z) exp (—k,y) cos (ky (2 — 204))

Do calculations in the undulator frame. 18



Delta-ll K Value Position Dependence

o1 AL
D NS

Combine quadrants 1 and 3, also 2 and 4. Two crossed adjustable phase undulators.

Aqg A
201 = Ziz+ — 200 = Zos+ ‘34
Aq3 A
Z03 = Z13— 5 204 = ZLog — ;24
z + =z
Zi3 = — 5 > 7., 202 + Zo4
24 5
Ay3 = 21 — 03 Aoy = 2g9 — 204
. . : Aqg o
P13 = 2¢pg cos(ksy)sinh (kr-x) cos k’-ﬂT cos (ky (2 — Z13))
Y 1 . &13 .
+2¢gg cos(k,y) cosh (k,.z) sin R‘HT sin (k, (z — Z13))
. . : Aoy o
hoy = 2¢gg cos(ksx)sinh (kyy) cos kuT cos (ky (2 — Za4))

Ao,
+2¢p¢ cos(ksx) cosh (k,y) sin (%%) sin (ky (z — Zo4))
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Example Position Dependence Of Fields

Bx(T)

BxvsX,Z=0
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(1/Bx) dBx/dx vs Delta, X,Y,Z=0

0t

Bx changes 5% per mm.
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Delta-ll K Value Position Dependence

1 A
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e /AN

Undulator frame. LCLS-TN-16-1

Linear mode

K vs X0, Y0 =0, Delta13 = Delta24 = .008 m, delta =0

Approximate K
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Figure 3: This figure shows how K varies with &y when yy = 0 in linear polarization vertical magnetic

field mode.

In the linear modes K vs x does not have a slope at the beam axis.

Figure
magnetic field mode.

Circular mode

K vs X0, YO =0, Delta13 = Delta24 = .008 m, delta = -Pil2
B

K Cale

K From Traj /'/
K Near Ctr s
K Linear Approx A
/s
;s
Iy
/
//“
7
7,

K(0,0) = zsﬂﬁ&ca

cTKd (DD: 160. 570791 Afm

0z 04 a6 03 1
107

0.8 06 04 02 0
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7: This figure shows how K varies with zy when 3y, = 0 in circular polarization right hand

In

the circular modes, however, K vs x does have a slope at the beam axis.

This can make setting several undulators to the same K value almost
impossible using calibration and alignment techniques.
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LCLS-TN-16-1
Delta-ll K Value Position Dependence

Going to the laboratory frame and setting the relative shifts of the two
variable phase undulators to be the same, the formula simplifies.
There is a gradient in X, but notiny.

[n the primary modes, A3 = Agy = A. In this case

oK K A
b :——Dkfain ko — | sin (6)
dxor ko, 2
oK
=0
dyoL

A1z = 201 — 203 Aoq = 202 — 204

0=k, (Z13— Z

Note that the gradient comes from the field rolloff k.. It grows as the
row shift A increases. It is largest in the circular modes where & = 11/2.
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With A Delta-like Undulator
Predicted DELTA-II RMS X-Resonance Width
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Delta-ll K Value Position Dependence

The gradient depends on k.. Itis zero for crossed planar undulators.

The gradient gets bigger as the row shift gets bigger, or as the K value gets smaller.
The gradient is zero in the linear modes, and is largest in the circular modes.

The gradient will cause alignment problems with the three Delta-1l undulators.

Remedy: Franz Peters’ design

Tried to shape | |
magnets to minimize © ©
Kk, but no success.

Limited by block

size.

Operate at small relative row shift and increase the gap to adjust K. o



Delta-ll Construction Tolerances

4 Conclusion

The Delta undulator i1s very susceptible to pitch of the quadrants both on the tuning bench and
radial pitch of the quadrants in the assembled undulator. If we are to keep rms phase errors from
taper below 3 degrees, we must keep the quadrant pitch below over the undulator length on
the tuning bench, and the radial pitch of the quadrants belo ver the undulator length in
the assembled undulator.
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Delta Measured Peak Fields, LPVMF mode, Krel = 0.9
Phase Ermrvs
40 -
B Abs(Fitted Peak By) vs Z, Excluding Ends
112 3 67 99 130 161 1980k I e DR

_ mf

c sl S
= :
[41] = :

o

Q.’ :

2 ok R
< :

0 I T T e ol SR D S
B -15 -1 08 o 05 1 15 2
I(m
Peak Fields: Ave = 1095232 T, RMS = 0.007209 T | | | |
1.06 Figure 6: Phase error and K shift when the undulator is assembled with magnet array tapers of 40
-1.5 -1 0.5 o 0.5 1 15 pm over the 3.1 m undulator length.
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25



Delta-Il Assembly Plan
Build Delta-Il On A CMM

— < —
A

Move the blocks in order to move the magnet mechanical axis
to the fiducialized geometric axis of the strongback.
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Measure On Line Between Pointed Magnet Centers

o1 AL
D NS

Line radial taper less than 8 microns.
Line radial bow less than 18 microns.

‘Pointed magnets’ make the
connection between CMM
probe position and Hall

probe position.

We purchased software to move
the CMM in a straight line and
generate triggers uniformly spaced.

[ ] Triggers every 200 microns

Move on straight line between endpoints.

Move blocks to tune quadrant. 7



Assembled Undulator

o | ]
O

. |

o o

. O o

Flats on E set Y and pitch.
Use tooling balls on E to set X and yaw.

Need tooling balls at ends to determine Y after assembly. (Green)
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Measurements Of The Assembled Undulator

Requirements:

Measure at many gaps

Measure at many row shifts

Measure in many modes

Measure the fields on-axis and off-axis

Possible Solutions:

Safali --- We are trying to fit a Safali rail system into the mechanical
design.

Probe Array --- An array of probes is very difficult to calibrate and it is
hard to get all the cables out. Plus, corrections have to be made when
the probe array goes off a straight line. Enough measurements need
to be made to characterize the field and do the corrections.

Delta-1 --- We can measure in a beam pipe centered on the beam axis,
but this is not an ideal solution.

Safali --- We can possibly move a beam pipe to keep the probe moving
on a straight line.

29



Conclusion

()

« A Delta undulator was successfully built and
used in LCLS-
e Modifications must be made for LCLS-II
* The K gradient must be reduced (by moving
the magnet arrays radially)
» Tighter construction tolerances must be met
» \We are looking for a better way to measure

the assembled undulator.
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