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O S T I  
UNDULATOR TUNABILITY AND RItfG-ENERGY 

P. J. Viccaro and G.  K. Shenoy 

1. In t roduc t ion  

An Undulator has  two p r o p e r t i e s  which make i t  a n  extremely a t t r a c t i v e  

source of e l ec t romagne t i c  r a d i a t i o n . [ l ]  The f i r s t  is t h a t  t h e  r a d i a t i o n  i s  

concent ra ted  i n  a number of narrow energy bands known a s  harmonics of  the  

device.  The second c h a r a c t e r i s t i c  i s  t h a t  under f avorab le  o p e r a t i n g  c o n d i t i o n s ,  

the  energy of t hese  harmonics can be s h i f t e d  o r  "tbned" ove r  a n  energy i n t e r v a l  

which can be a s  l a r g e  a s  two o r  three times the  va lue  of the  lowes t  energy 

harmonic. 

, 

Both the photon energy of an  undu'ator a s  w e l l  a s  i t s  t u n a b i l i t y  a r e  

determined by the  p e r i o d ,  A ,  of t he  device ,  t he  magnetic gap, G (which i s  l a r g e r  

than the minimum a p e r t u r e  requi red  f o r  i n j  ec.t.ton and opera t i o n  of  the  s t o r a g e  

r i n g ) ,  and the s t o r a g e  r i n g  energy,  ER. 

parameters u l t i m a t e l y  d e f i n e  the  l i m i t s  of ope ra t ion  o r  t u n a b i l i t y  of the ' 

undula tor .  

Given the photon energy,  E p ,  the  above 

* For the  s p e c i f i c  case  of t he  Advanced Photon Source,  t h e  o r i g i n a l  u s e r  

requirement f o r  an  undula tor  wi th  a 20 keV fundameri'tal photon energy can be met 

a t  a r i n g  energy of 6 G e V  and the  r i n g  a p e r t u r e  proposed 121 .  However, a s  more 

a d d i t i o n a l  c a p a b i l i t i e s  of undula tor  sources  were i n v e s t i g a t e d  [3,41, i t  became 

ev iden t  t h a t  a t  6 G e V ,  t he  t u n a b i l i t y  of undu la to r s  w i t h  1st harmonic e n e r g i e s  

above 10 keV i s  r a t h e r  l i m i t e d .  A s  a r e s u l t ,  as many as  f i v e  undu la to r s  would 

be  needed to  span the  photon energy i n t e r v a l  of 5 t o  20 keV a t  a s i n g l e  s t r a i g h t  

s ec t ion .  The expense and complicat ion of having so many undu la to r s  on a given 

h 
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keV. A second undula tor  should be tunable  from 14 t o  20 keV. Again, a l though 

two devices  per  s t r a i g h t  s e c t i o n  a r e  considered reasonable ,  the  3rd harmonic 

i n t e n s i t i e s  of the  f i r s t  undula tor  might be l a r g e  enough i n  c e r t a i n  cases t o  

e l i m i n a t e  the  second device whenever poss ib le .  

3.1 General  Cons idera t ions  

The energy i n  keV of the  ith harmonic of an  undula tor  f o r  an observa t ion  

p o i n t  a long  the midplane a x i s  of the device  i s  given by: 

c 

0.949 ER 2 i 
P 

X ( l  + K2/2) 

Where EPi i s  photon energy i n  keV, % i s  the  r i n g  energy i n  GeV,  X is the  un- 

d u l a t o r  per iod i n  c m  and i is the  harmonic number. We w i l l  cons ider  only t h e  

f i r s t  harmonic i = 1 and E,,, = Ep. 

of the  undula tor  per iod  ( i n  c m )  and the peak magnetic f i e l d  Bo ( i n  Tesla) by 

The d e f l e c t i o n  parameter K i s  given i n  terms 

K = 0.934 ABo . 

For  hybr id  magnets based on permanent magnet b locks  and vanadium permandur pole  

t i p s ,  Bo is given  by [ 6 ]  

= 0.95 a exp (-G/X(b-cG/X)) 
BO 

where G is the  magnet gap of t he  undula tor  i n  c m ,  

I n  Eq. 4, t h e  f a c t o r  0.95 r e p r e s e n t s  t h e  " f i l l i n g  f a c t o r "  which takes i n t o  

account  the  packing f a c t o r  of h igh-permeabi l i ty  b locks  i n  the  undu la to r  

assembly. The c o n s t a n t s  a, b and c depend on t h e  magnetic material and a r e  
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given i n  TabLe L f o r  two permanent magnet candidate  m a t e r i a l s ,  SmCo5/permendur 

(REC-hybrid) and Nd-Fe-€3. 

TABLE 1 

Constants used i n  Eq. 3 f o r  Hybrid Magnetic based on REC o r  Nd-Fe-B 

REC/Hybrid Nd-Fe-B 

a (T) 3.33 3.44 
b 5.47 5.08 
C 1.8 1.54 

i 

Equation 3 f o r  the peak f i e l d  i s  v a l i d  i n  the i n t e r v a l  0.07 < G / h  < 0.7. 

Although the  uppe r  l i m i t  f o r  G/X does n o t  def ine  the  maximum o p e r a t i o n a l  gap of 

the device,  we have taken t h i s  a s  the maximum gap i n  our c a l c u l a t i o n s  f o r  the  

reason  t h a t  t he  K va lues  encountered f o r  G>0.7X a r e  small and hence the  

i n t e n s i t i e s  of the photon beam a r e  too small. Secondly, h igher  than expected 

f i e l d  errors have been observed f o r  gaps l a r g e r  than 0 . 7 h .  We have taken the  

r a t i o  R = G/X = 0.7 a s  a conservat ive and "safe" u p p e r  l i m i t .  

Equations 1, 2, and 3 form a set  of coupled equa t ion  which determine the 

photon energy of a given harmonic a s  a func t ion  of gap, device per iod and r i n g  

energy. 

on-axis 1s t  harmonic energy, Ep. 

va lue  of K r e s u l t i n g  i n  a lower photon energy. 

A t  a given r i n g  energy %, the undula tor  per iod and gap, determine the 

Decreasing the gap inc reases  Bo and hence the 

I n  summary, the l a r g e s t  photon energy occurs  a t  the l a r g e s t  gap f o r  a g iven  

undula tor  per iod and has both the s m a l l e s t  K and i n t e n s i t y .  The energy may be 

s h i f t e d  down from t h i s  maximum by decreasing the gap. The t u n a b i l i t y  from the 

maximum t o  minimum photon energy i s  l i m i t e d  by the  maximum gap determined by 
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R-0.7 and t h e  minimum gap determined by the r i n g  ape r tu re .  I n  a d d i t i o n ,  the 

t u n a b i l i t y  i n t e r v a l  i n  the photon e n e r g i e s  depend on the s t o r a g e  r i n g  energy. 

3 . 2  Analysis 

From Eqs. I, 2 and 3 ,  i t  fo l lows  t h a t  any t h r e e  of the parameters A ,  %, 
Ep, and gap uniquely determined the f o r t h .  

pe r iod ,  r i n g  energy and d i s i r e d  photon energy s p e c i f y  the r equ i r ed  gap. I n  

Figs. 1, the  gap values necessary f o r  a s e t  of undulator  pe r iods  are  shown 

p l o t t e d  a g a i n s t  t h e  r i n g  energy f o r  the photon e n e r g i e s  ind ica t ed .  The upper 

bounds on the gap f o r  14 keV (Fig.  l a )  and 7 keV (Fig. lb) are  determined by t h e  

c o n d i t i o n  R-0.7. I f  a minimum o r  closed-gap l i n e  i s  drawn i n  each f i g u r e ,  then 

only those devices  which f a l l  above t h i s  l i n e  can provide the  ind ica t ed  Ep a t  

any given r i n g  energy. 

r e q u i r e  gaps of 2.6 and 1.5 c m  t o  provide 14 and 7 keV r e s p e c t i v e l y  a t  8 GeV.  

For example, a g iven  undu la to r  

For example, a n  undulator  w i t h  a pe r iod  of 3 .7  cm w i l l  

Th i s  g r a p h i c a l  ana lyses  which def ined al lowable dev ice  pe r iods  w i t h i n  t h e  

gap constraints  can be extended t o  determine the  t u n a b i l i t y  of  an undulator i n  a 

more gene ra l  way. 

Eu and minimum d e f l e c t i o n  parameter,  KU, a t  the open gap (GU) p o s i t i o n  

determined the r equ i r ed  device pe r iod  a t  each r i n g  energy. Th i s  value of X i s  

T h a t  i s ,  a t  any given %, the  maximum d e s i r e d  photon energy, 

the maximum one a t  ER capable  of producing EU and i s  a lso t h e  one wi th  the  

l a r g e s t  t u n a b i l i t y  range c o n s i s t e n t  w i th  EU and KU because i t  has the smallest 

closed-gap t o  A-ratio.  Once t h i s  per iod i s  determined f o r  EU, then the gap a t  

each % r equ i r ed  t o  produce any Ep smaller than EU can be determined. 

For reasons mentioned above, t he  value of KU was taken as t h a t  given by the  

open gap r e l a t i o n  of R=0.7. Following t h i s  procedure, t he  gap va lues  as a 

func t ions  of r i n g  energy f o r  14, 7 and 4.7 keV photon e n e r g i e s  a r e  shown i n  Fig. 

2 f o r  REC-hybrid magnet undulators.  Each curve i s  f o r  t he  c o n s t a n t  photon 
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energy ind ica t ed .  The maximum photon energy i s  14 keV. The pe r iod  of the 

optimum" device determined a t  14 keV and G/X = 0.7 is  shown f o r  each ER on t h e  11 

top of the f i g u r e .  The two h o r i z o n t a l  l i n e s  at G = 1.5 and 1.0 c m  a r e  the 

i n i t i a l  and f i n a l  phase ope ra t ion  minimum gap values .  It i s  obvious t h a t  t hese  

minimum gap sets the  lower l i m i t  on the  t u n a b i l i t y  a t  a given 5. 
The i n t e r s e c t i o n  of any c o n s t a n t  gap l i n e  and one of the c o n s t a n t  photon 

energy curves (7 o r  4.7 keV i n  t h i s  ca se )  corresponds t o  the minimum ring-energy 

necessary to  ach ieve  the t u n a b i l i t y  between the maximum Ep and the  s e l e c t e d  

Lower photon energy. One sees immediately from Fig. 1 t h a t  a t  a n  i n i t i a l  phase 

minimum gap of 1.5 c m ,  the minimum ring-energy necessary t o  provide t u n a b i l i t y  

between 14 and 7 keV i s  approximately 8 G e V  for the  REC-Hybrid undulator.  AT a 
I' 

minimum gap of 1.4 CR, ER-min i s  reduced t o  7.8 G e V .  A t  a f i n a l  phase minimum 

gap of 1.0 c m ,  t u n a b i l i t y  between 24 and 4.7 keV w i l l  occur a t  7.4 G e V  minimum 

r i n g  energy. 

The t u n a b i l i t y  a n a l y s i s  can a l s o  be presented i n  a d i f f e r e n t  f a sh ion  i n  

which the photon energy for a cons tan t  gap va lue  i s  p l o t t e d  as a f u n c t i o n  of 

ER. These r e su l t s  are  shown i n  Fig. 3 f o r  a REC-Hybrid device. The photon 

energy i n t e r v a l  over  which a device can be tuned f o r  a given minimum gap value 

and a ring energy is d i r e c t l y  ob ta inab le  from t h e  f i g u r e  f o r  a n  undua l to r  which 

produced maximum of 14 keV photons. As a n  example, a t  7.4 GeV the t u n a b i l i t y  

ranges f o r  v a r i o u s  minimum gap va lues  are  p r e s e n t  i n  Table 2. 
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TABLE 2 

The range of photon energ ies  achievable  f o r  a REC hybrid device wi th  
7.4 GeV pos i t rons  a s  a func t ion  of the va lues  o f  minimum magnet gap. 

Minimum Gap 
(cm) 

Range of Photon energy 
(keV) 

1.5+ 
1.4* 
1.0 

9.4 to 14.0 
8.5 t o  14.0 
4.7 t o  14.0 

+ I n i t i a l  phase 
*Final phase 

The resul ts  show t h a t  a f i n a l  phase ope ra t ion  t u n a b i l i t y  of 14 t o  4.7 keV 
I 

would be achievable  wi th  7.4 GeV.  However, t h i s  r i n g  energy i s  too low t o  

permit  7 keV a t  1.5 c m  o r  even 1.4 cm gap dur ing  the i n i t i a l  phase of the 

opera t ion  of the  r ing .  A r i n g  energy of 7,5 GeV would be adequate  i f  the  photon 

energy range f o r  i n i t i a l  opera t ion  i s  between 9 and 14 keV. I - . . _ _  

It is  a l s o  appa ren t  from Fig. 3 t h a t  the  minimum r i n g  energy needed t o  

achieve  a given t u n a b i l i t y  i n t e r v a l  i s  a s t e e p  func t ion  of t he  minimum magnet 

gap. 

i nc reases  from 7.4 t o  7-7 GeV.  This  emphases the  necess i ty  of p r e c i s e l y  

For example, i f  the closed gap is  1.1 r a t h e r  than 1.0 c m ,  the  minimum EX 

def in ing  the c losed  gap to le rances .  

The o t h e r  a s p e c t  of t h i s  a n a l y s i s  has  t o  dea l  wi th  the photon f lux  o r  

b r i l l i a n c e  which i s  c l o s e l y  r e l a t e d  t o  K va lues .  A t  the  maximum photon energy, 

the  K-value i s  lowest  and i s  determined by the  maximum gap cond i t ion  of 

G/h  = 0.7 f o r  each r i n g  energy. It can be shown t h a t  i n  t h i s  case 

REC-Hy b r i d  K - = 0.1551 cm'l h 

- =  IC 0.1854 cm'l  Nd-Fe-B x 
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The maximum photon energy t o  be derived from an undula tor  determines the X 

value f o r  a given r i n g  energy. A t  lower photon ene rg ie s  ( i . e . ,  a t  sma l l e r  

gaps) ,  the K-value depends on the a c t u a l  gap and r i n g  energy. The r e s u l t i n g  

K-values fo r  a 14 keV undula tor  ope ra t ing  a t  7 and 4.7 keV c losed  gap mode a r e  

shown as a func t ion  of r i n g  energy i n  Fig. 4. A s  can be seen, the  K a t  maximum 

gap cond i t ion  and 14 keV i s  less than 0.5  f o r  a r i n g  energy which i s  l e s s  than 

about 7.5 GeV.  A t  the closed gap ene rg ie s  of 7 and 4.7 keV and wi th  7.5 G e V  

s t o r e d  beam, the K-values a r e  approximately 1 and 2 ,  r e s p e c t i v e l y .  This  means 

t h a t  the 3 rd  harmonic of the device ope ra t ing  between 7 and 4.7 keV has non- 

n e g l i g i b l e  i n t e n s i t y  which would be u s e f u l  f o r  some experiments needing 14 t o  20 

keV r a d i a t i o n .  One very important a s p e c t  of t h i s  r e su l t  is t h a t  i n  t h i s  
i 

s i t u a t i o n ,  a s e p a r a t e  20 keV undulator  may n o t  be necessary  to  cover the range 

from 14-20 keV. A comparit ive study of the 3 rd  harmonic b r i l l i a n c e  of the  14 

keV device ve r sus  the 1st harmonic one o f  the  20 keV undula tor  w i l l  be presented  

i n  a l a t e r  LS-note. 

The l a s t  p a r t  of the c r i t e r i a  was the f e a s i b i l i t y  of ob ta in ing  20 keV 

r a d i a t i o n  i n  the 1st harmonic of a device a t  the  i n i t i a l  and f i n a l  phase of . 

operat ion.  The cons t an t  energy curve of gap v e r s u s  r i n g  energy p l o t s  f o r  a 

20 keV undulator  is shown i n  Fig. 5 f o r  devices  capable  o f  d e l i v e r i n g  maximum of 

20 keV radia t ion .  These curves show t h a t  a t  1.5 c m  gap, the minimum r i n g  energy 

necessary  to  produce 20 keV photons i n  the 1st harmonic i s  approximately 

7 GeV. A t  t h e  f i n a l  phase w i t h  a minimum gap of. 1.0 cm, the lowest photon 

energy achievable  a t  7 GeV i s  approximately 16.5 keV as seen from Fig. 6. A t  

h igher  r i n g  ene rg ie s ,  the  t u n a b i l i t y  i n t e r v a l  i n c r e a s e s .  

In Fig. 7, t he  K-values f o r  s e v e r a l  f i r s t  harmonic photon e n e r g i e s  a r e  

shown a s  a func t ion  of r i n g  energy. A s  can be seen,  a t  the maximum gap l i m i t  
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and 20 keV, the K-values a r e  less than 0.5 f o r  r i n g  ene rg ie s  up t o  8 G e V  and 

hence the 3rd harmonic i n t e n s i t y  from these devices  will be of l i t t l e  use.  

3.3 Ring Energy Independent So lu t ions  

. From Fig. l a ,  i t  i s  clear t h a t  the maximum gaplper iod r a t i o  of 0.7 

determines the undulator  per iod capable of producing 14 keV r a d i a t i o n  a t  each 

r i n g  energy, Also from Fig. lb, t he  minimum gap cond i t ion  s p e c i f i e s  t he  

undulator  pe r iod  a t  each r i n g  energy necessary f o r  a device t o  produce 7 keV 

r a d i a t i o n .  I n  Fig. 8 ,  those pe r iods  are p l o t t e d  v e r s e s  r i n g  energy f o r  14  keV 

a t  R = 0.7 and 7 keV a t  minimum gaps of 1.5 and 1.3 c m .  As can be seen 

i n t e r s e c t s  occur a t  ER = 8 GeV and X = 3.7 cm 

and X 2 3.2 c m  a t  1.3 cm minimum gap. These v a l u e s  correspond t o  the  smallest 

, 

f o r  a gap of 1.5 c m  and 7.5 G e V  

r i n g  e n e r g i e s  and undu la to r  pe r iods  capable of spanning the t u n a b i l i t y  range 14 

t o  7 keV w i t h i n  the  s p e c i f i e d  gaps. A t  smaller r i n g  e n e r g i e s ,  t he  lower photon 

energy cannot be reached a t  the r e s p e c t i v e  minimum gap. 

From t h i s  w e  see t h a t  an equ iva len t  way of analyzing t h e  t u n a b i l i t y  vs. 

ring-energy q u e s t i o n  is  t o  consider  the s o l u t i o n s  t o  Eq. 1 a long  the c o n s t r a i n t s  

imposed by the t u n a b i l i t y .  

d e s i r e d  a t  the maximum open gap GU, and l e t  EL be the  minimum photon enetgy a t  

t h e  c losed  gap p o s i t i o n  GL of t he  undulator.  L e t  EL = f E U  where f C l ;  then the  

on-axis e n e r g i e s  of t he  undu la to r s  are: 

L e t  EU be the maximum l s t  harmonic photon energy 

U 
X(l +-1 

2 

2 
0.949 ED 

n 
E = f E  = 
L U 2 

K1 
L x (l+--) 
2 

a t  GL 



LO 

or 

2 2 
L U 

K K 
f ( l  +-1 2 = (1 +-). 2 ( 5  1 

The value of KU i s  e i t h e r  a minimum a c c e p t a b l e  number o r  t h a t  determined by a 

maximum gap/X value.  I n  e i t h e r  case, i f  the minimum gap value i s  s p e c i f i e d ,  

then Eq. 5 has  a unique s o l u t i o n  f o r  t he  v a l u e  of the undu la to r  pe r iod  which i s  

independent of t h e  photon energy and the r i n g  energy. This i s  the  smallest 

period f o r  which EL w i l l  be achieved a t  GL. It a l s o  y i e l d s  the  l a r g e s t  K-value 
i 

a t  EL. This minimum undulator  per iod a l s o  corresponds t o  the  minimum r ing -  

energy a t  which the  t u n a b i l i t y  range EU - EL w i l l  be achieved. 

energies ,  the same photon energy i n t e r v a l  can be spanned wi th  dev ices  wi th  

A t  h ighe r  ring- 

per iods l a r g e r  than t h e  minimum X given by Eq. 5 .  

For example, cons ide r  the case of a REC-Hybrid undulator  a t R  = 0.7. From 

Eq. 4a,  K = 0.155LX. 

energy range ( r e s u l t i n g  from closed gap t o  open gap ope ra t ion )  is f = 0.5. 

the s o l u t i o n  of Eq. 5 i s  X = 3.73 c m .  

device a t  t h e  open gap p o s i t i o n ,  then t h i s  t r a n s l a t e s  t o  a minimum r i n g  energy 

Suppose the  minimum gap Is GL = 1 . 5  c m ,  and t h e  photon 

Then 

I f  14 keV photons a re  r equ i r ed  from t h i s  

of % = 8.01 GeV which is c o n s i s t e n t  with the r e s u l t s  from the g r a p h i c a l  

ana lyses  of t he  previous sect ion.  Following t h i s  procedure, i n  Table  3 has been 

constructed f o r  several t u n a b i l i t y  ranges f o r  gaps ranging from the value of 

R=0.7 f o r  t h e  maximum gap (GU) to  per iod r a t i o  t o  the  minimum gap s p e c i f i e d  

(GL) . 



TABLE 3 
\. 

Values of minimum ring-energies ER period A and K-values for the various tunabi l i ty  intervals  and 
minimum gap values,  Gt for  undulators. 
period r a t i o  of 0.7.  
one A. 

The larges t  gap considered, GU, was determined by the maximum gap to 
The values for Nd-Fe-B devices are given i n  parenthesis below those for a REC-Hybrid 

14 

14 

14 

14 

14 

14 

14 

20 

20 

14 1.5 2 . 143 
(2 .143)  

0.33 
( 0 . 4 0 )  

5.78 
(5 .84)  

7 1.5 2.61 
(2 .50)  

3.730 
(3 .574)  

7 

9 

4.7 

20 

14 

1 .i 3.559 
(3 .407)  

1.5 

1.5 

1.0 

1.5 

1.0 

2 - 4 8  
(2 .38)  

2.35 
(2 .26)  

2 - 3 1  
( 2 . 2 1 )  

1.70 
( 1 . 6 3 )  

3 . 386 
(3 .239)  

3.541 
(3 .393)  

3.363 
(3 .223)  

3 . 297 
( 3 . 1 5 2 )  

2.143 
( 2  . 1 4 3 )  

2.434 
(2 .323)  

0.57 
( 0 . 6 6 )  

0.55 
(0 .63)  

0.53 
( 0 . 6 0 )  

0.55 
(0 - 6 3 )  

0.52 
( 0 . 6 0 )  

0.51 
( 0 . 5 8 )  

0.33 
( 0 . 4 0 )  

0.38 
( 0 . 4 3 )  

1.63 
( 1 . 7 0 )  

8.01 
(8 .01)  

1.62 
1.67 

7.78 
(7.76)  

1.60 
1.65 

7.54 
(7.51)  

1.42 
( 1 . 4 8 )  

7.75 
(7 .74)  

1.24 
(1 .29)  

7.51 
(7 .49)  

2.19 
(2 .24)  

7.42 
7.38 

6.90 
(6 .98)  

1.03 
( 1 . 0 6 )  

7.41 
(7 .31)  
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As i s  ev iden t  from Table 3 ,  t h e  Nd-Fe-B m a t e r i a l  r e s u l t s  i n  a l a r g e r  

U-values compared to  REC hybrid,  b u t  does n o t  s i g n i f i c a n t l y  a l t e r  the minimum 

r i n g  energy necessary  to  achieve the des i r ed  t u n a b i l i t y  range a t  the maximum 

gap condi t ion i f  R10.7 i s  maintained. Hence, a Nd-Fe-B device w i l l  always 

have a higher  photon f l u x  than the equ iva len t  REC-Hybrid one, a s  expected from 

previous analyses .  

The a n a l y s i s  fol lows the same procedure i f  a minimum K va lue  were used a t  

the upper photon energy r a t h e r  than the maximum gap G/X t o  per iod r a t i o .  

Obviously, K-values lower than those given by the maximum gap cond i t ion  w i l l  

r e s u l t  i n  smaller  per iod devices and t h e r e f o r e  smaller minimum r i n g  e n e r g i e s  

than those given i n  Table 3. The oppos i t e  i s  t r u e  f o r  l a r g e r  K-values. 

I n  the same way, the r e s u l t s  depend on the choice of R (gap/per iod = 

0.7).  For example, i n  the case of the 14 keV undulator ,  i n c r e a s i n g  the R from 

0.7 t o  0.8 r e s u l t s  i n  a decrease i n  ER from 7.78 t o  7.46 GeV. 

minimum K-value a l s o  drops from 0.55 t o  0.41, thus lowering the photon f lux.  

A f u r t h e r  i nc rease  of R t o  0.9 r e s u l t s  i n  an ER of 7.31 GeV and a KU of 

0.32. In  a d d i t i o n  to  lower K va lues ,  a t  l a r g e  gaps,  one may expec t  l a r g e r  

f i e l d  e r r o r s  which would d e t e r i o r a t e  des i r ed  f i e l d  p r o f i l e .  Again, the f i n a l  

minimum r i n g  energy necessary w i l l  depend on the  accep tab le  ope ra t ing  p o i n t  of 

However, the  

the device. 

4. Conclusions 

We have presented  an algorithm f o r  f i n d i n g  the minimum r i n g  energy needed 

f o r  a d e s i r e d  t u n a b i l i t y  photon energy range. The a n a l y s i s  shows t h a t  unique 

s o l u t i o n s  a r e  p o s s i b l e  i f  t h e  the minimum gap i s  s p e c i f i e d  and a maximum gap 

to  period r a t i o  (R) or  minimum K-value is provided. All the c r i t e r i a  s e t  

f o r t h  by the Nat iona l  Task Group can be s a t i s f i e d  with a ring-energy of 7.5 
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G e V  i f  (1) the i n i t i a l  phase ope ra t ion  c r i t e r i a  f o r  ob ta in ing  7 keV photons a t  

1.5 c m  undulator  gap is re laxed t o  a value of 9 keV o r  ( 2 )  the  i n i t i a l  phase 

minimum gap i s  lowered from 1.5 cm t o  1.3 c m .  

A t  f i n a l  phase ope ra t ion  a s i n g l e  undu la to r  with a 14 keV 1st harmonic 

w i l l  have K-values ranging from about  1 t o  2 i n  the  7 t o  4.7 keV range. Th i s  

means t h a t  the device w i l l  have non-negl igible  3rd harmonic i n t e n s i t y  f o r  

r a d i a t i o n  from 14 t o  2 1  keV. 

requirements f o r  20 keV r a d i a t i o n  t h i s  e l i m i n a t i n g  the need f o r  two dev ices  on 

Th i s  i n t e n s i t y  may 'be s u f f i c i e n t  t o  s a t i s f y  the 

t h e  same beamline. F u r t h e r  i n v e s t i g a t i o n s  of t h e  BriLl iance/Brightness  f o r  

the devices  w i l l  be presented i n  a s e p a r a t e  LS n o t e ,  
I 



Fig. 1. 

Fig. 2. 

Fig. 3. 

Fig. 5 .  

Fig. 6 

Fig. 7. 

Fig. 8 .  
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Figures  

Gap values  (cm) as a func t ion  of r i n g  energy (GeY) needed by a n  
undu la to r  of per iod (cm) , X t o  o b t a i n  a )  14 keV, b) 7 keV, and c) 4.7 
keV photon ene rg ie s .  The u p p e r  bound on gap, G, i s  given by G/X = 
0.7. 

Constant’photon energy (keV) p l o t s  of t he  gap va lues  (cm) as a 
f u n c t i o n  of r i n g  energy ( G e V )  needed by a 14 keV undu la to r  t o  o b t a i n  
the  photon e n e r g i e s  shown. The pe r iod  ( c m ) ,  A ,  of the  device is the 
maximum one permit ted by the maximum gap cond i t ion  G/X = 0.7. 

Photon e n e r g i e s  (keV) achievable  a t  t h e  minimum gaps shown as a 
f u n c t i o n  of r i n g  energy ( G e V )  f o r  the 14 keV undulator  of Fig. 2. 
The h o r i z o n t a l  l i n e s  r e p r e s e n t  t he  d e s i r e d  i n i t i a l  (7 keV) and f i n a l  
(4.7 keV) phase ope ra t ion  photon e n e r g i e s  a t  the minimum gap. 

K-values as a func t ion  of r i n g  energy (GeV) f o r  d i f f e r e n t  va lues  of 
photon e n e r g i e s  (of 14, 7, and 4.7 keV) f o r  the 14 keV undulators .  
The corresponding gaps are given i n  Fig. 2. 

Constant photon energy (keV) p l o t s  of t he  gap va lues  ( c m )  a s  a 
f u n c t i o n  of r i n g  energy (GeV) needed by 20 keV undulators .  
per iod (cm), A ,  of the devices  is t h a t  permit ted by the maximum gap 
c o n d i t i o n ,  G/X = 0.7. 

The 

Photon e n e r g i e s  (keV) achievable  a t  t he  minimum gaps shown as a 
f u n c t i o n  of r i n g  energy (GeV) f o r  t he  20 keV undulator  of Fig. 5 .  

K-values as a f u n c t i o n  of r i n g  energy (GeV) f o r  t he  20 keV undulator  
a long  the  c o n s t a n t  photon ene rg ie s  shown. 

A p l o t  of the per iod (cm), A ,  versus r i n g  energy f o r  a 14 keV device 
ope ra t ing  a t  the maximum gap G/X = 0.7 and a 7 keV device ope ra t ing  
a t  a min3mum gap of 1.5 c m  and 1.3 c m .  The c r o s s i n g  p o i n t s  are the 
minimum pe r iod  which w i l l  provide both photon e n e r g i e s  a t  t h e  
s p e c i f i e d  gap. The r i n g  ene rg ie s  are t h e  minimum ones a t  which the  
t u n a b i l i t y  i n t e r v a l  can occur ,  
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