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Application of Insertion Device (ID)
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@ Introduction & history

Alnsertion devices include the wigglers ( ) and undulators ( ) that
are magnetic devices producing a specially periodic field variation.

A They are all placed in the straight sections of storage ring.

AWiggler spectrum at higher photon energies is smooth, similar to that of a bending
magnet. The radiation intensity can be much higher as much as increased numbers
of poles and higher magnetic field generate radiation with a higher critical energy.

AWnhen the use of periodic magnets in a regime in which interference effects is
coherent, and then the device is called fundulatora

AThe main radiation features of insertion devices are (1) higher photon energy, (2)
higher flux and brightness, (3) different polarization characteristics.

AThe theory behind undulators was developed by Vitaly Ginzburg in the USSR.

AFirst undulator was installed in a linac at Stanford, using it to generate millimetre
wave radiation through to visible light in 1953.

A First wiggler (undulator) installed in storage ring at SSRL (BINP) around at 1979s.

A Superconducting wavelength shifter: are currently operating in several synchrotron
radiation facilities: ESRF, UVSOR, PF and CAMAD (USA), NSRRC begin early 1980.

A EPU (APPLEII) solve the experimental problem of circular polarization light at 1994.
A Superconducting wigglers: are currently used in MAXLab, NSRRC, Diamond, ALBA,...
Aln-vacuum undulator: are popular used in the new 3th generation light source.

A Cryogenic permanent-magnet undulator: ESRF & SPring8, Diamond, Soleil, NSRRC.
A Superconducting Undulator: In developing in NSRRC, ANKA, BASSY II, APS. 4
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Out of vacuum planar undulator (U90)
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@ In-vacuum (IU) & cryogenic undulator (CU)

I U @Room Temperature C UBeIow 77K E B
- Iron beam
Shaft with thermal Heater
Magnet beam
3E =]z Flexible thermal
conductor
Electron ) = =
b L - Metal sheet L - #
Vaouum / Permanent magnets Cryocooler
chamber Refrigerant channel
= X =T =

U The cooling method of CU is (1) liquid nitrogen cryogenic system or
(2) the cryocooler.
U The cooling method will depend on numbers of CU.
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E 0.6 m long prototype testing
E 2 m long CU15 will be finished before June 2019
E 200 W CH-110 cryocooler at 77K




Superconducting ID L Enhances photon energy




Superconducting wavelength shifter
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@ Superconducting undulator
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Staggered Undulator with YBCO Bulks

Staggered magnet array structure
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U 10 Pole protowee ture without
end pole optimization & using Field
Cooling method.

U The magnet flux density will depend
on the trapped field of YBCO bulks.



4@¢ Synchrotron accelerator light source - Insertion Devices
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Different features in the insertion devices

Type

Electron Orbit

Electromagnetic field
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,,@é Basic features of the radiation from insertion devices

wiggler

i . Wiggler

bending magnet Eleotson undulator

ending magnet Electron

The synchrotron radiation emitted from (a) bending magnet, (b) wiggler, (c) undulator.

E The synchrotron radiation emitted from an electron beam which was
bent in a spatially periodic sinusoidal field in an insertion device.

E An electronbeamtravelingin a curvedpath (Bendingmagnet)at nearlythe speed
of light emitsphotonsanto a narrowconeof naturalemissionangle@g.

E For the wiggler, the horizontal radiation cone becomeiakd the vertical cone is
the same as that of the dipole magnet.

E For theundulator, the radiation cone in horizontal and vertical are all closedgth b
16



Synchrotron Radiation from Insertion Devices
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Phot/s/0.1%bw/nir

Spectrum of bending and insertion devices
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Synchrotron Radiation from Insertion Devices

Spatial flux density

theta_y

Tz
/pzzc'éuugégé e G % g

_1. K _€B/, _
"“"‘zyjﬁ‘l KO0 w2 <=0 ~093m 1) for .

08 0

theta_x




@

Brightness (photons / sec / mm?2 / mrad2/ 0.1% BW)
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@ Field features of plan linear mode
< Insertion Devices

B},(:) — B{] COS ffP: this is what we want

Maxwell tells us what we can get! By (y.2) = By D(y)coshkyz

VxB=0 = Z== 0 = _Byb(y)k, sink,:

and B, = —Bob(y)(l — coskpz)

V:B= 8B cb(y)

s oo = B cosky:

form iﬁi = 2 kyb(y) €= b(y) = a1 coshkpy + ay sinhkyy
yer &)

B, =0
By = By coshkpy coskp:z
B. = —Bg sinhkpy sikp:

I sdes y 2 21
'\I/’Assume X-axis i1s infinite in plan undulator



Spectrum features & calculation
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@ Radiation from accelerator electron

E Spectral/angular distribution

d’l _ c |, . i ()= ¢ fz/\{(ﬁ—ﬂ)/\ﬂ}
dudw  4p? fRE(t)e a (r) 1/472'806{ (1—;’%-[5’)3R r

where 1= (sinqcosf,sinqsinf,cosq) is the unit vector from the point of emission
to the observer (see Figure). The observer and emission times are related by:

t=t, +R/c where R is the distance between the emission and observer points,
and hence:

2
d?| e’

dudW  (4p e)apc

" ES{(E- b) Db} e 8519

4 (1- &Cp)? .

d’l _ €’g’N? 1

dnaw~ (ap do “NOW @) (K.q.7)

Geometry for the analysis of undulator radiation

General radiation formula .



@ Radiation from bending & wiggler magnet

In a wiggler the deflection paramet#ris large (typicallyk210) and photon
radiation from different poles of the electron trajectory is enhanced incoherent!
The angular density of flux is then given by 2N (N is the number of magnet per
times the formula for bending magnelse angular distribution of radiation
emitted by electrorthat are moving through laending magnefollowing a
circular trajectory in a horizontal plane s

s -mode p- mode

° g

33 x5kl )

é 1+ §

Whereeande, are the photorenergy andhe photoncritical energy,

respectivelyd and/ are the observation angles in the horizontal and vertical
directions, respectivej\Jis the finestructure constank;is the beam currengis

the electron charge; the subscripkgils ar e modi fi ed Bess

second kind, andis defined as e (keV) — O.665E(GeV)B(T)
. 5 2\3/2
(2 e G oy et ) )

dgd ' 4p2 e Wge;eo

d°B(w _3a 4 | Dwé e%( ng;)




Radiation distribution on  p-s mode




Photon spectrum from different electron energy
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@ Flux calculation of bending magnet and wiggler

2
ity d°F
Flux Density W o1 st mrad?] =1.327 1% 2 Beev ( aHa y
dgd f W

Flux Density distribution integrated over f is given by

d F D
d(W)[p/ s/ mrad ] =2.457 31016—W E[GeVI [ AGK Y
0 "

2
d™F d F .
At £ =0 W= EHY s

dgd 7 d g s,2p

Therefore, the total flux F(w) of bending radiation is integrated over g .
However, for the wiggler radiation, the total flux F(w) will be multiplied by
a factor of 2N ( N is the period number).

d F(w) s DwW
; [p/ s/ mrad =2.457 3101L —— E 2N[GeV] [ AGT Y
q W

Finally, the power density or total power is flux density or total flux
multiply by photon energy, respectively.
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Function G1(y) and H2(y) of the synchrotron radiation

2 y:eC/e y
d~F(w) 3
[p/ s/ mrad’ / 0.1% BW=1.327 310 If[ee\q [ AHZ ¥
dgd 1
d F(w)

[p/ s/ mrad /0.1% BW = 2.457 310> E[GeV] [ AGL ¥

dg



Electron motion in the Insertion Devices

B, = Bysin(kz), where k =2p/ /,and / is the insertion device period length.

. @ \
i=— - B, ) ¥ = i(:&ﬂ‘_ ]
il o
_]';'_EB Cl:'l-':-[.*r{ ] ﬁx=isr Eﬂﬂﬁ{k.;]
m ok y
where the dimensionless undulator or deflection parameter r,N r/& /l r" / l
Is defined as follows: | I
K = Z/B;:]° =0.934B,[T]/ [cm by +b; =b* (= constant)
C L : ~
2 K2 K 2 5 First integral fleldBds=0 (x0=0) &
b, @1@ - ——5 coszkzg integral field { iB d s &0 (@d=9)
4g = 9 2
a, K? o 1 K
The average veIOC|ty along the z-axis is thus: -

4g 0= 29° 4g°
We will only consider cases in which K/g<<1 and so we can write to a good approximation that

z=bct and kz=Wt where W= 2pbc// . We have electron angle then:

._K K c
1 Eccos(Wt) which can be integrated directly to give e-trajectory: X = EV_VSIn(Wt)

K _  K?c (2 K/ _K
'=— . z=bc 2 7 — ccog 2 =_1o||X=—
” QCOS(\M 4g° 2W (2 Y - o2 W g2 p g| 20




'S Photon Interference in undulator
In the time it takes the electron to move through one period length from point A to an
equivalent point B (/, / bc) the wavefront from A has advanced by a distance /,/ b
and hence is ahead of the radiation emitted at point B by a distance d where:

/
d=-=-/_co
b (0] w

and where d is the angle of emission with respect to the electron beam axis. When this
distance is equal to an integral number, n, of radiation wavelength there is constructive

interference of the radiation from successive poles:

/
70 - [/ ,cosg =n/
Inserting the expressmn for the average electron velocity: ol

1 K 2 X
—= @L
2g° 49

4
results in the foIIowmg interference condition: \/ A \_/

K >> 1 wiggler, K° 1 undulator,

E?[GeV]

e [keV]=0.95n <
+7 +§( ‘g +2)f

/

o

vO) ?d_‘ﬂ.)o

2

/ (m)<1+* +8( *qg ¥)y

_ [/ (mma K*
FA= 2ng” éé 4? Jé( g %)f013©56 nE(GeV) 30




. Angular flux density from  undulator -
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Angular flux density from  undulator -2

in practical units of photons/s/mrad?/0.1%
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@ Total flux from undulator

E Total flux

We obtain the total flux in the central cone in practical units of flux is photons/s/0.1% bandwidth:

B=BdW:—""_ _ J1166NQ(K) f( N w /B Q) |

do /@ /
where Q,(K)=({1+K?/2)F,(K)/n. The flux function Q,(K) and the detuning function

f (NDw/ 5(0)). It can be seen that for zero detuning (i.e. w=w,(0)) the flux is very
close to half of the usually quoted result. Nearly twice as much flux can be

obtained however by a small detuning to lower frequency by approximately

— 1 : I N N
= 0.9 . 10 . : ,
0.8 o5
0.7} _ ~
0.6 / s S R oo T
_f - B ~
054 = § 0.4
0.4 P e =
0.3 / = s 02 |
0.2t 00 . —
E “ / ] =1 ] 1 2
0.1 =7 Naw/w,(0)
Oz/fuu-( el v v v v by vy e v b by v v by
0 05 1 1.5 2 25 3 35 4 45 5
K Undulator flux function as function of

Q,(k): Undulator flux function detuning
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Radiation power from insertion devices

E Power and power density

dP- :

= — 0

de J v

KIK®+20K* +4K? + 18
where G(K)= ( ! 7 7) and the angular functiol fx(0,,%)
p+k?)
e 0 v = | f Lo as obtained by Kim.

ATotal power on ID

08 r
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0
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0z

Ra[kW[=0633F[ Ge 2B LI .,
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G & f Function of the power density

Function of the calculation
of the power density

G(K)
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The function G(K)

o Ru[ KW =0.633 ] GeVf B L
35
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@ Definition of Radiation brilliance

E Brightness

We will obtain the brightness in practical units is photon/s/mm?/mrad?/0.1%
bandwidth. Photon flux unit is photon/s/0.1% bandwidth.

o 2. ° 2.
Brilliance(b) = photon ﬂus)( 5 Zew o \/ae—ao'% 8+aae—sE ;
ap* g 5is, 8L E VeMNy = ¢E =

' — 12 2 2
oy = JExBx +n?(0g/E)? + 62, o ‘] e 1 (0u/E) + o

Sy:\/‘? ybl_ ph?s U

_ 12
Oy = \lsyy'y + 0 b

5 do, — L S
9,O=0 + () K3 a,(9= LD 5,9 4,0 4=

The diffraction-limited source size (rms) Spn $h ==

4p k2
_ . 1 1+ A
corresponding to the angular divergence of ID S;,h=«//n/L = NG
g9

/ is the photon Wavelength and /u is the undulator periOdiC Iength

corresponding to the angular divergence of bending magnet s'ph(mr) :0.48%
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Example of the characteristics
of ID spectrum
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Vertical Field Strength (Tesla)

Field Measurement
X Field Calculation
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Power density calculation (total 5.96 kW)
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@ Field, first & second field integral of CU22

Cryogenic undulator (CU)
Period length: 18 mm,
Period number: 170,
Field strength: 1.23 T,
B=15T @ 135K

x':Ecos( W)



