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P
articles m

ade to interact coherently w
ith their parent 

radiation. S
am

e principle as stochastic cooling. Larger 
bandw

idth available for faster cooling
. 

  R
elatively sim

ple 
am

plifier.  
1) A gain m

edium
.  

2) A pum
p laser.  

3) focusing optics.  



W
avelength Selection 
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C
ooling range for the case of equal dam

ping rates in 
horizontal and longitudinal planes is  H

ere k=2π
/λ radiation 

w
avevector, and Δ

S is delay in 
the chicane.  

A larger w
avelength perm

its m
ore delay for fixed 

cooling range. A larger delay allow
s for a longer 

crystal. A longer crystal yields higher gain.  
H

ence Ti:S
apphire (800nm

) w
as abandoned for 

C
r:ZnS

e (2490nm
). 

µ
01  ≈

2.405, D
*, 𝛽* are dispersion and beta function at 

chicane center.  𝜖 is horizontal em
ittance.  𝜎

p is rm
s 

m
om

entum
. 



C
r:ZnSe: C

haracteristics for gain 
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Property 
Significance  

σ
pa   

R
elated to  ability to 

absorb pum
p laser 

σ
s  

R
elated to probability 

for stim
ulated em

ission 
of signal 

 𝜏
2  

 A
bility to hold a 

population inversion 
Δ f 

Large bandw
idth 

reduces cooling tim
e 

O
ther im

portant param
eters are index of refraction, therm

al 
conductivity, expansion coefficient.  
The large absorption spectrum

 prom
pted us to study in detail how

 
pum

ping frequency and intensity determ
ine gain.  

 

C
ourtesy of IP

G
 photonics 



Population D
ynam

ics 
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C
r:ZnSe is a 4 level system

. 
𝜅

1  and 𝜅
3 are fast so that 

N
0  >> N

3 and N
2  >> N

1 
And so N

t ≈
N

2 +N
0 , N

t  is total 
doping concentration of 
crystal. 
 Pick-up undulator radiation is 
on the order of m

W
/cm

2 w
hich 

is neglible in the rate 
equations.  

This fact along w
ith C

W
 pum

ping allow
s us to look for steady 

state solutions to the rate equations.  
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Population D
ynam

ics 
There is an 
overlap w

ith the 
em

ission and 
absorption cross 
sections. 
 This m

eans not 
only does the 
signal cause 
spontaneous 
em

ission…
..so 

can the pum
p! 
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Population D
ynam

ics 
W

e can solve for the ground 
state population density: 
  A
nd relate this to the 

attenuation of the pum
p as it 

propagates through crystal: 

  W
hen          =0 can solve w

ith Lam
bert W

 function  
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H
igh intensities cause depletion of the ground 

state. Low
er intensities approach exponential 

decay.  



A
m

plification 
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The undulator intensity grow
s as it propagates 

 
grow

th of signal can be related to 
loss of the pum

p as: 

𝜈𝑠 =
2.49 𝜇𝑚

   
 L=1.4 m

m
 (2m

m
 optical 

delay) 
 N

t  =2.0*10
19 ion/cm

3 



Therm
al Lensing 
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P
rim

ary contribution to therm
al lensing com

es from
 

tem
perature dependence of index of refraction: 

𝑑𝑛𝑑𝑡  

Ih is the fraction of absorbed intensity that goes into heat 

D
ecrease in absorbed 

heat for higher 
w

avelengths from
 

explicit dependence but 
also from

 cross sections. 

=7*10
-5  K 

𝜅
=

1  W
/m

*K 



Therm
al Lensing 
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A
nother contribution to therm

al lensing com
es from

 
bulging of the ends   

L=1.4m
m

 

This contribution is m
uch sm

aller. For a laser w
ith a 

spot size of 100 µm
 at an intensity of 200 K

W
/cm

2 fb  
~160 cm

.  
 A

nother contribution com
es from

 heat induced strain 
but this is also expected to be sm

all.  



Pum
p Selection 

12 

Tw
o candidate pum

ps. E
rbium

 fiber laser at 1550 nm
 or a 

Thulium
 fiber laser at 1930 nm

. A
ssum

e both have 50 W
.  

A
m

plifier w
ill be pushed close to dam

age threshold 
by pum

p. H
igher w

avelengths absorb less heat. So 
pum

ping can be done w
ith a higher intensity w

ith 
Thulium

 laser, and so perform
s better. 



O
ptics 
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To elim
inate depth of field effects transfer m

atrix 
should be ‘I’ the identity m

atrix since D
(-L)ID

(+L)=I 
 A

dditionally R
M

S
 spot size m

ust be sm
all at crystal to 

keep laser pow
er reasonable.  

F
x  



O
ptics 
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           R
equirem

ent for inside system
 to be identity 

                    F=LL
1 /(L+L

1 )          F
x =L

1 2 /2(L+L
1 )  

 Then choose M
1 M

2  to be inverses so. M
1 IM

2 = I 
This requires D

1 = D
3  , D

2 = D
4  and F

1 = F
2  = (D

1 +D
2 )/2.   

Lens placem
ent constrained by beam

 optics. For further 
analysis w

e set D
1 =D

4  

=M
1 

 

=M
2  

F
x  



O
ptics 
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S
ynchrotron R

adiation 
W

orkshop (S
R

W
) is used to 

find W
igner function 

num
erically. 

    C
an then calculate C

ourant-
S

nyder param
eters for photon 

beam
.  



O
ptics 
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2 lens system
 

results in a 600 µm
 

spot size at the 
crystal. W

ould 
require 2300 W

 of 
laser pow

er! 
 A

dditional lenses 
reduce size to  
100 µm

 or 60 W
.  

      S
pot size can not be reduced further 

because of constraints brought on by 
beam

 optics. 



Future w
ork 
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D
ispersion: 

 
-O

ptics m
ust be chosen to reduce dispersion. 

 
-Fortunately C

r:ZnS
e has an opposite 

 
dependence of m

ost glasses that can be used for 
 

lenses (for exam
ple C

aF
2 ) 

 P
hase distortion: 

 
-A

m
plification can cause phase distortion that 

 
can spoil cooling.  

 
-Interferom

etry experim
ent w

ill be done w
ith an 

 
O

PA as a stand in for broadband undulator 
 

radiation. S
im

ilar w
ork is being done w

ith 
 

Ti:S
apph. 


