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Zusammenfassung

D E  V̈  L  P   J,
P   Z    T̈-Ë-P (CEP)
  S̈   L. I  S-  A-
   P ̈,    E 
̈ H   A  ̈. D -
 T-L ̈ A   L -
  T- S  L. D L  
   L    W . A-
    L ̈     W
 B   H  . D Ë ̈ 
E  H  B  Y- Y-
A-G (Y:YAG). D ̈ L  B  W .
D ̈    E  A  
W ≥ 100 H. S,    P,  W-
  CEP- P ,    ̈,  
̈ E  E  A . D-
  Y:YAG-L , - V̈  
S ̈ A. S ̈   V̈
 P  E   J. D  L  S
     K   P
̈.

D A    Ë ̈  E 
Y:YAG  L ̈ A   W-
. F̈   E   E  A 
   Y:YAG S ̈   V̈ 
CEP- P . D L  P  ̈
2 J  W  100 H  P   200 . D CEP-
S̈  P    V̈ . D A -
    U  M   V  CEP-S̈
.

D W   H-OPCPA-A ,   
Y:YAG S  . D L   Z̈
 2.1 µ  L   D  20 ,  P  
 5 J   W  10 H. D    S-
   CEP-R   S  100  .
D P,  V    L̈,  -
 L    T ̈ A
 P  B   R̈.
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         . M
       . W   
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Chapter 2

Theory of Ultrashort Light Pulses

I   I           
            
 . I           
 .

2.1 Fundamental Properties of Light

T        M’ .
F             
-,           
 . F -   ,      
 E. 2.1 [40, .78 .]

E(r, t)− 1

c2
∂2E(r, t)

∂t2
= 0  (2.1)

H, c       ,    N-. A
    -,         
        E(z, t) = A0  i(kz− ωt+ ϕ). M
            
  A0, - k,   ω   ϕ.

N,          E. 2.1    
   . T   -     -
  [40, S. 7]. T      
         .

E         ,   .
S            ( E. 2.26).
A    ,       
E. 2.1.

A          -
  . T        ϕ     
 . T      E1(r, t) = A1e

i(k1·r1−ω1t+ϕ1)

 E2(r, t) = A2e
i(k2·r2−ω2(t+τd)+ϕ2)     E. 2.2 [40, .628 .]

I = I1 + I2 + 2


I1I2  (k1 · r1 − ω1t+ Φ1 − k2 · r2 + ω2(t+ τd)− Φ2)  (2.2)
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H, I1 = |E1|2  I2 = |E2|2       . A
      -      
   E. 2.2    

I = I1 + I2 + 2

I1I2  (Φ1 − Φ2 − ωτd) = I1 + I2 + 2


I1I2  (Φ1 − Φ∗

2)  (2.3)

T  ωτd          τd   
. I         ,     
        ϕ∗

2. T , ,    
       S. 2.7.2. I    E. 2.3  
 I         I1+I2−2

√
I1I2 (

)  I1 + I2 + 2
√
I1I2 ( ). T   

          . T
             
  ( ),      . T, 
            .

I               
  . T          
P (t). T  -         
 

E− 1

c2
∂2E

∂t2
=

1

ϵ0c2
∂2

∂t2
P (t)  (2.4)

U           , 
           

P (t) = ϵ0
(1)E(t)  (2.5)

H, ϵ0       (1)      
  [41, .2].

B  E. 2.5  E.2.4     n =

1 + (1),  

     vph          
  

vph =

∣∣∣∣
dx

dt

∣∣∣∣ =
ω

k
=

c

n
 (2.6)

I       ,       
        . T     
        n > 1. T  
            . T 
      S. 2.3.1  S. 2.5, .

2.2 Gaussian Laser Beams

I   ,           
       (E. 2.1). H, 
         ω   -
  ,            .
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T,       E. 2.1     
    .

A  S         ,   -
          - 2.1.
A,          ω 
     E(r, t) = Re [A0(r,ω)e

iωt]. A      
            r   
H-. A        - 
 slowly varying envelope approximation  

λ

∣∣∣∣∣
∂

∂A
∂z



∂z

∣∣∣∣∣ ≪ 2π

∣∣∣∣
∂A

∂z

∣∣∣∣ (2.7)

, H       E. 2.8 [42, .94]

2
⊥A0 − 2i

∂A0

∂z
= 0  (2.8)

A       E. 2.8     G-H
. W Ã0 = A0(jz0),       

E(r) = Ã0Hn

(√
2x

w(z)

)
Hm

(√
2y

w(z)

)
ei(n+m)ζ(z)

· w0

w(z)
e
− r2

w2(z) e−ik r2

2R(z) e−ikz+iζ(z) 

(2.9)

I  , w(z)  R(z)         
     , . I  ,      
                
  1e2 · I0. I      1/²- . ζ(z) = arctan(zz0) 
  Gouy phase. r =


x2 + y2    . T  Hn 

Hm   H    n  N  m  N, . T
        [42, .114]  E. 2.10

H0(x) = 1

H1(x) = 2x

Hl+1 = 2xHl(x)− 2lHl−1(x) 

(2.10)

I  ,         ,
      E. 2.9     
(TEM). A        n = m = 0,    
TEM00 . D         ,  
    TEM00    .

T             -
 H     n  m  E. 2.9

E(r) = Ã0

(√
2x

w(z)

)(√
2y

w(z)

)
w0

w(z)
e
− r2

w2(z) e−ik r2

2R(z) e−ikz+iζ(z)  (2.11)
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T      

I(r) = Ĩ0

(√
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2

e
−2 r2

w2(z)  (2.12)

I     ,   TEM00    G 
        . A  
 TEM00       G  ( [42, S. 3.1.2-3.1.5]). N
              
G .

T              
  G . T,     G 
         . T   
      G    -  
          λ    w0  
zf     [42]

w2(z) = w2
0 +


λ

πω0

2

· (z − zf)  (2.13)

A       w(z)   

w(z) = w0

√
1 +


z

zR

2

 (2.14)

 zR =
πw2

0

λ
  R . zR      

        
√
2w0. I    E.

2.14,  w(z)      z >> zR     
 Θ0 =

λ
πw0

. W  R  zR,       G
     

R(z) = z0


z

zr
+

zr
z


 (2.15)

I         q(z),    
   G  [43, .80 .]

1

q(z)
=

1

R(z)
− iλ

πw(z)
 (2.16)

T           -
        . I  ,
               -
   L     22   M 

M =


A B
C D


 (2.17)

T    G        -
  M    q2 

q2 =
Aq + B

Cq +D
 (2.18)
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T     A,B,C  D       
 . A          
       . A    , 
            
Y:YAG-       . A  
            
      [43, S. 1.2].

2.2.1 The Beam Quality Parameter

A             M²-
parameter      . T M²-   
         TEM00 . T      ,
     G         
    TEM00 . T      
    G       .
T M²           θ  
 w0  [44, .482]

M2
x/y =

π

λ
θx/y · w0,x/y  (2.19)

F  TEM00   M²            .
H  , ,  M²  > 1. I      
G-H TEMnm    E. 2.9     
    [43, . 100]

wx = w0,x

√
2n+ 1 θx = θ0x

√
2n+ 1

wy = w0,y

√
2m+ 1 θy = θ0y

√
2m+ 1

 (2.20)

T,            M2
x = (2n+1)

 M2
y = (2n+ 1). C  M²      ,   

            [45]

W 2(z) = W 2
0 +


M2 λ

πW0

2

· (t− zf)  (2.21)

I   G-H   ,  M²   
     [45]

M2
x =

inf∑

n=0

inf∑

m=0

(2n+ 1)|C̃nm|2 (2.22)



M2
y =

inf∑

n=0

inf∑

m=0

(2m+ 1)|C̃nm|2  (2.23)

T  C̃nm        TEMnm . F
             
   . T,      TEM00  
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. T       M² . A 
          () 
 ,  1/²         . T,  
    M² ,  - D4σ beam diameters
   . T          
  I(x, y)   E.2.24

D4σ = 4

√∞
−∞

∞
−∞ I(x, y)(x− x̄)2dxdy∞
−∞

∞
−∞ I(x, y)dxdy

(2.24)

 x̄       .

2.3 Properties of Ultrashort Pulses

T            
      . M , -
,             . T
    ’       
 -     . F,   
         . T     -
  -      . T
            A(t), 
  ω0     frep. E      
 Pavg      Ep = Pavgfrep. S     
     

E(t) =
1

2π

∞∫

−∞

A(ω) ∗ ei(kr−ωt)+ϕ(ω)dω  (2.25)

T   frep = 1T         
           T   . T -
             
          Ep. I    
    . H,       -
     . T,    
               
  .

T             E.2.25 
 

E(t) = A(t) · ei(kz−ω0t+ϕ(t))  (2.26)

H,       G  A(t) = A0  (−4  (2) · t2τ 2)
 --- (FWHM)    τ   A0. T
            ∆ν
     -         
   F-. T       



C 2. T 11

 -  ptb

τ∆ν = τ
c∆λ

λminλmax

= ptb = .  (2.27)

H, ∆λ = λmax−λmin        . F
E 2.27            
. T            
       . F     G 
  -   ptb ≈ 044.

T    τ0          
  ∆ν   - . I     -
          F--
. T,         τ0    -
          .

T             -
     . D       
       ,       
    vg 

vg =


k

ω

−1

ω0

=
c

n
− k · c

n2

n

k
 (2.28)

T,           
   . I          
..  - . T      
         S. 2.3.1.

I    ,          
    . I        -,  
         . T,    
              
   . T    ,    Ppeak  
 Ipeak  . T       
 Ep     τp 

Ppeak = fs
Ep

τp
 Ipeak = 2

Ppeak

A
(2.29)

 fs             . T
    G  ,    fs = 2


 22 ≈ 094.

A        .

2.3.1 Dispersion

A              
    . T     E. 2.25  
 . I          
            n. T
 , ,      ω = 2πcλ   
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. F E. 2.6    ,       -
 k = ωn

c
          

n. T          
     -    S  [40,
.181]

n2(λ) = 1 +
N∑

j=1

Ajλ
2

λ2 − B2
j

 (2.30)

H,           λ   -
 . T S  Aj  Bj   
.

F       ∆ωp = [ωmin,ωmax], n(ω)   
      . H     
          - 
    . T        
,        k   T-   
    ω0. W Ω = (ω − ω0), k(ω)   

k(ω) = k(ω0) + Ω


∂k

∂ω



ω0

+
1

2
Ω2


∂2k

∂ω2



ω0

+
1

6
Ω3


∂3k

∂ω3



ω0

+ · · ·  (2.31)

T             
vph = k(ω0)

ω0
    . T        

     . T       -
     S. 2.3.2. T      
 Ω       .

T    Ω         

    vg(ω0) =

∂k
∂ω

−1

ω0
  . I     ,

           . T, 
             
 .

T          
            .
F               
   .

T  


∂2k
∂ω2


ω0

      

     (GVD). T        -
            
 . A         (GDD) 
           . T GVD
   GDD   . F GVD > 0,   
     . T      
. A,       GVD < 0 
        . T   
      F. 2.1

I     ,     
              -
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n( )
normal dispersion

anomalous dispersion

2k/ 2 > 0

2k/ 2 < 0Ultrashort pulse

Figure 2.1: The eect of normal and anomalous dispersion on short light pulses.

 ω(t̃)   . I  ,      
            
     F- . H,   
          . T,
             
  CPA .

T      Ω      (TOD) 




∂3k
∂ω3


ω0

. T          ∆ω 

           . T 
 TOD         -   .

2.3.2 The Carrier-Envelope-Phase

T CEP             
      . I      ---
 (CEO)   fceo = d

dt
ce. T    CEO   

    [46, 47]       CEP-
 . T , ,         CEP.

T CEP             -
           -
. F      E. 2.26       ∆t  
            .
T              
2π  . T,  CEP       [0, 2π]. F. 2.2
         CEP- ce.
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ϕce = 0 ϕce = π/2 ϕce = c1

cosine sine

Eeff

Figure 2.2: Schematic drawing of few-cycle-pulses illustrating the electric eld evolution in time for
a pulse with a CEP of ce = 0 (left), ce = π/2 (center) and ce = c1 with an arbitrary constant c1
(right). A clear dierence in the maximum electric eld strength can be observed between the ce = 0
and ce = π/2 case.

T             -
  . E       
        Ee   -    
 CEP. F F. 2.2   ,        
    - (ce = 0)      - 
(ce = π2). F,          
    - (  F. 2.2)   --
()  ce = 0. T       
     HHG- [48].

I      ,  CEP  . H,    
    ,  CEP      .
F E.2.31,             
    . T      . T
           CEP 
∆ce = (1vg − 1vp) · ω0L [49]. I         ,
 CEP             .
T        ω0 ∆NL = −Bω0(dndω)n2   
   ω0         
n2 [50]. T   CEP        B,  
 B- (. E. 2.44).

A          ,  CEP 
        CEP-. A      
 CEP-. O,  CEP       . C-
    -          
    CEP-. M     
-- (EOS)    ,     
     . CEP-     
        .
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2.4 Amplication of Ultrashort pulses

A            . W-
           
,        ,    -
    . I  , I    -
           ,  
T:  Y:YAG. P      
   S. 2.6. A       
     [51, 52],  [53, 52],  [54, 52]   [55,
52]       . T  
   , ,      . I 
  ,           
,      . T      
         . P 
 ,            
  . T            . I
 ,            .
A            . I
  ,  4    . B     
, F. 2.3       Y:YAG.

2F5/2

2F7/2

9
4
0
n
m

9
6
9
n
m

1
0
3
0
n
m

1
0
4
9
n
m

(0,4)

(0,2)

(0,1)

(0,3)

(1,3)

(1,2)

(1,1)

10941 cm-1

10624 cm-1

10327 cm-1

785 cm-1

612 cm-1

565 cm-1

0

a) b)

Figure 2.3: a) Energy level structure of the Yb3+ ion in yttrium-aluminum-garnet (YAG). The most
important pump and emission transitions are marked. b) Absorption and emission cross section of Yb:YAG
at 295 K. The graph was taken from [56].

I -  ,       
        . Y:YAG   
        941   969 . I  , 
      2F7/2 -, ,     
    . A     969 ,  
       . T     
 phonon free,   -       
  . T          
          .

I        ℏω      



C 2. T 16

          ,  
     . I   ,   
     ,         
. I     , ,    
         . T  
             ℏω [1]. T
            
 . T  G         
          σabs  σem 
            ∆N = Nupper−Nlower.
T,     -     -
      L    E. 2.32[57, .280].

G =
I(L))

I(0))
= e(2αmL)  (2.32)

H I(L)  I(0)           
2α = N2σem(λ) − N1σabs(λ)       .
T         . I   
 ,       . H,  
 ,           .
T         

Eam = (N2 −N1))ALℏω  (2.33)

H, AL        . S  -
          ∆N(t) T, 
            
    Isat    Fsat. N,   
  σem    ℏω     
   [57, .293, .367]    

Isat =
ℏω

σemτe
 Fsat =

ℏω
2σem

 (2.34)

I  , Isat         
          τe     . T
  Fsat           
           
   . F   ,    
        .

A    ,      Y:YAG   
 . T           
        . B   -
          . T Y:YAG 
              100 µm 
200 µm    9   13 . T      /
        . T       
       --     
. T,         
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      [58]. T     
       . T    
        . T B- 
         500 µ     
     . T,      -
       J . I   E. 2.32, 
         , ,   
  . T,          
 - ,      .

2.4.1 Chirped Pulse Amplication

T    CPA        -
          [14]. T  
   -    T:, CPA  
      . B     -
           
  CPA . D           
            N  
    2018. T   CPA      
  F. 2.4 ). T       
       ,       
 .

Figure 2.4: Schematic illustration of the amplication process in direct pulse ampliers (a) and
chirped pulse amplication (b).

T      Epτ    Ep   -
 τ . T,             
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  τ sτ ,  τ s       . T, 
      -     
 ,        GDD   . D
       CPA-,     
              
      . T,    
         .

2.4.2 Gain Bandwidth and Gain Narrowing

F E. 2.32            
 N2  N1             
 σem     σabs. I  ,   
         . T,    
       ∆ωa   midband 
ωa. T            
   ω = ωa

D         ,  
    . A  L    
         FWHM  ∆ωa, 
         [57, .282]

∆ω = ∆ωa

√
3

10 10 (G(ωa))− 3
 (2.35)

N,           
 G(ωa). T       gain narrowing 
           
  [53].

2.5 Nonlinear Light-Matter Interactions

I       ,       -
   . T         
   ,        .
T,         . D   
   ,        -
     . I  , I    
    .

I       ,    
      -       
 P (t). W    ,      E.
2.5            . A  
,        E. 2.36 [41, .2]

P (t) = ϵ0

[
(1)E⃗(t) + (2)E⃗2(t) + (3)E⃗3(t) + · · · = P (1)(t) + P (2)(t) + P (3)(t)

]


(2.36)
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F n = 2, 3, 4, ,   (n)     -   -
  ϵ0      . I     
(n)        n + 1. T,     -
           
            . I 
         ,  -
     P (t) = P (1)(t)+PNL(t). B     E.
2.1 -           
 

2E(t)− n2

c2
∂2E(t)

∂t2
=

4π

c2
∂2PNL(t)

∂t2
 (2.37)

H,        S. 2.3.1     
    n. I           
 ,        . W    
 E. 2.37            
   .

N,        .
T         -  
          [41, S.
1.4]. I     ,         
,         P (2)(t)  P (3)(t), .
T    -        .
I            
     E(t) = A0  (−iωt)  . H,  
   A0    A0(r, t). T S. 2.5,  
     ,      
     ω    . I   -
 , ..  ,     
    .

2.5.1 Third Order Nonlinear Eects

T            
  . T,        
     . T     
            
   . H,        .

T              
 E(t) = A0(t)  (iω0t)    . H,  
         . T  
    E(t) = E1(t) +E2(t)   -   -
 -          --
(XPM).
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The Optical Kerr-Eect

A     -  ,   -
           [41, . 207 .]

PNL(t) = 3ϵ0
(3)E(t)E∗(t)E(t) = 3ϵ0

(3)|E(t)|2E(t)  (2.38)

I |A0(t)|2    I0    ,     
        P (t) 

P (t) = P (1)(t) + PNL(t) = ϵ0
(1)E(t) + 3ϵ0

(3)I0E(t)  (2.39)

T             
 (. E. 2.5). I     ,     
  

n2 = 1 + e = 1 + (1) + 3(3)I0  (2.40)

T,     n0        
        . T  
   

n = n0 + 2ñ2I0  (2.41)

H  -    ñ2      

ñ2 =
3(3)

4n0

 (2.42)

T           
         K-. I     
       G    I0    
. H, E. 2.41      . B    
     I(r, t)       -
 n(r, t)    . D      
  ,           
   

ΦNL(r, t) = −ñ2
ω0L

c
I(r, t)  (2.43)

H, L              ω0

   . T      ,  
   B- [57, .368]

B =
2π

λ

∫ L

0

ñ2I(z)dz  (2.44)

T B-            -
      .

Self-Focusing

T          ,  
 G . I  ,    -   
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 . T G       -
     ( E. 2.9  n = m = 0). A  E.
2.41,             -
    . T        
               
. T,           
. T               
   -  G . T,   -
            . T,
 -   ñ2          
        . T   -
  -. S-       
               
            
  . T         -
      . T     self-trapping 
lamentation. S           
   (-) λ0        


Pcrit =
πλ2

8n0ñ2

(2.45)

I  ,            [57, .329-331]

zsf = w0


n0

2ñ2I0
(2.46)

T    -     , 
  ñ2       . T  
            
     . S-, ,   , 
         .

Self-phase-modulation

I             . L’
        . A ,     
  I(t̃)         E. 2.41.
H, t̃         . T   
      n0         
  t̃ = 0. T          
    δn(t̃) = 2ñ2I(t̃). F. 2.5     
 δn(t̃)       G   
( ). T           

ΦNL(t) = −ñ2
ω0L

c
I(t)  (2.47)

T             
    -- (SPM).
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-200 -150 -100 -50 0 50 100 150 200

time [arb. u.]

-1

-0.5
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0.5
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1
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Figure 2.5: Depicted in red is the nonlinear refractive index δn(t) induced by an ultrashort light pulse
propagating in a 3-material with ñ2 > 0. The time axis represents a copropagating reference frame with
time zero in the center of the pulse. Depicted in blue is the self induced change in instantaneous frequency
due to the nonlinear refractive index prole. The leading edge experiences a red shift while the trailing
edge is blue shifted.

F ñ2 > 0             
          . T  
              
     δω(t̃).

ω(t̃) = ω0 + δω(t̃) , (2.48)

I  -- ,     
   

δω(t̃) =
d

dt̃
ΦNL(t̃) = −ñ2

ω0L

c

d

dt̃
I(t̃)  (2.49)

T   δω           F. 2.5
( ). I  ,   ñ2 > 0,       
             . T, 
                
. T           
. T      SPM     E. 2.50

δωmax ≃
∆Φmax

NL

τ0
 ∆Φmax

NL = ñ2
ω0

c
I0L  (2.50)

T         I0,  τ  
             
L. S    SPM     δωmax  
      . F     , 
,  SPM       ∆ϕmax

NL  2π. S
   SPM     - 
     [59, .10].
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Supercontinuum Generation by Bulk Filamentation

T  supercontinuum generation        -
,    -      -
. S          
  (HNF) [60],   -  [61]   
[62]. T          
   .

H, I            -
. T      -    - SWIR-
OPCPA    -2-     CEP   
            .

S   -      -
    -  --. I  , 
        ,     . I
           -   
( E. 2.45)      . H I      
   . T         
        . T     
               .
T,       SPM. S    self-trapped 
     ,        
  . T δωmax     .

T SPM           
        . S-   
   SPM     ñ2 > 0. D    ,
            . T,
             . T,
          ,     
      . O   , ,   -
             [59, .82]. T
              
        . O   
        - 
   [63]. T     
   , ,   -     
 . G       
 ∼ 1    . T      
         . W 
      ,      
   [64].

2.5.2 Second Order Nonlinear Eects

W            
,             .
T            .
A      ,       
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   . T       [41,
.22, .29]

U(x̃) =
1

2
meω

2
0x̃

2 +
1

3
meax̃

3 − 1

4
mbx̃4 + · · · (2.51)

    x̃    me. T  a  b
      . I  ,  
  x̃        U(x̃) ̸= U(−x̃). T 
    . T, -   
      . I  ,   
             
. T            
 .

A  -         
-, -       -
. T,     -    
 .

T            
          
 E1(t)  E2(t)   ω1  ω2

E(t) = A1 (−i(ω1t+ ϕ1)) + A2 (−i(ω2t+ ϕ2)) +   (2.52)

I     ,   ϕ1  ϕ2     
  . I      -   
   E. 2.36   -  P (2)(t) 

P (2)(t) = (2)E⃗2(t) =(2)[E2
1 (−2(iω1t+ ϕ1)) + E2

2 (−2(iω2t+ ϕ2))

+ 2E1E2 (−i(ω1 + ω2)t+ ϕ1 + ϕ2)

+ 2E1E
∗
2 (−i(ω1 − ω2)t+ ϕ1 − ϕ2)]

+ 2(2) [E1E
∗
1 + E2E

∗
2 ] 

(2.53)

A  ,  -        
-    . A     
         P (2)(t)   E. 2.53. T
     2ω1  2ω2,   SHG     
. T     ω1 +ω2     - -
 (SFG). T      DFG,    
     ω1 − ω2. T       -
. T            
  ,       . T --
  -       E. 2.53. I   
  ,           
       .

N          ϕ1  ϕ2    
-  - . B ,    
,    ∆ϕ = ϕ1−ϕ2 . T      
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    . T      CEP  
. T,           CEP-
  DFG. I          
      CEP,   S. 2.7.2.

W  -         ,
,           . W  
         .

T              
    E. 2.53. T     
,          
 ∆k = k1 + k2 − k3 = 0. H, I  k1 < k2 < k3. T   
   phase matching . P       
 S. 2.6     OPA. T       
   - SWIR-OPCPA-        
   4.

2.6 Theory of Optical Parametric Amplication

O     --     -
  (2)         DFG. T,
              .
O,              -
    (OPCPA). T   OPCPA , ,
    CPA  . T     
         . A    
    ,       -
       . T,   
           . T 
             -
. T       F. 2.6 ). I   
      .

D           
  ,      
 . OPA         
          . A-
,  OPA            .
T,             
 . T           
 . D       ,   
             . O
           . T
        . D     -
,   ω1, ω2  ω3   ,     
    ∆ω = ω3 − ω2 − ω1 = 0. T    2.6 )  
     .
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(2)

p

s

i

p

s

i

p s

i

p = s + i

ks

ki
kp

Energy Conserva on Phase Matching

kp = ks + ki
Three-Wave-Mixing

a) b) c)

Figure 2.6: Schematic illustration of the OPA process. a) Principle geometry of the process. b)
Energy level description illustrating the energy conservation condition. c) Wave vector addition diagram
illustrating the phase matching condition ∆k = 0. The diagram shows the general case with an angle α
between the wave vectors of signal and pump.

2.6.1 The Coupled-Amplitude Equations for OPA

I         OPA . T 
   ,       

E1(t) = A1 (i(k1z − ω1t) + ϕ1) ()

E2(t) = A2 (i(k2z − ω2t) + ϕ2) ()

E3(t) = A3 (i(k3z − ω3t) + ϕ3) ()



(2.54)

H, I      -    . O 
  . T   A1, A2, A3    .
I  , ,    A3 >> A1 > A2 ≈ 0 .
T          

E(t) =
1

2


A3(z)e

(i(k3z−ω3t)+ϕ3) + A1(z)e
(i(k1z−ω1t)+ϕ1) + A2(z)e

(i(k2z−ωit)+ϕ2)


+ cc 
(2.55)

T         P
(2)
NL   E.

2.53   (2)-. A       
    ,        . F 
    E(t)   E. 2.53,     
  - 2.37. T        
     . T     
         

∂A1

∂z
= −iσ1A

∗
2A3 · e−i∆kz−ei(ϕ3−ϕ2)

∂A2

∂z
= −iσ2A

∗
1A3 · e−i∆kzei(ϕ3−ϕ1)

∂A3

∂z
= −iσ3A1A2 · ei∆kzei(ϕ2−ϕ1) 

(2.56)
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F  ,   ,          
         . T    
  M-R- ,    I1, I2  I3  , 
      [41, .88]

d

dz


I1
ω1


=

d

dz


I2
ω2


= − d

dz


I3
ω3


 (2.57)

2.6.2 Phase Matching

F E. 2.56,   ,          
      z   -  ∆k
 -. T,      - ,  
           . E 
          . T 
     . I  - ∆kz   ,
            ,
       . F    L, 
      -  ∆kL < π. T  
   .

P          

∆k = k3 − k2 − k1 = 0 ( )  (2.58)

N ,  k    . T -  k    
   -       . T  
   F. 2.6 ). I S. 2.1, I      -
,          k = ωn

c
. U

    -   E. 2.58,   
       

n3ω3 − n2ω2 − n1ω1 = 0 ( )  (2.59)

I     ,        
      n3 > n1  n3 > n2 , 
  . I   ,      
           E. 2.59.
T       ,   
             -
  F. 2.7. F    , I    OPA 
   ω1 = ω2 = ω  ω3 = 2ω  F. 2.7. A,
I    . T    
             -
  . F         
  . I        β-  (BBO) 
    (LNB)       
       co. L   
       no   ordinary refractive index.
L          ne  
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z

y
x

c1

c2

no( , , )no(2 , , )

ne(2 , , )

ne( , , )
kkp

no(2 ) ne(2 )

no( )

n(2 , ) co

kp

kiks

c

k

kp

kiks

c1

k
z-y

x

c2a) b)

c) d)

pkp

Figure 2.7: Refractive indices for a negative uniaxial a) and a biaxial crystals with nz > ny > nx

b). In both cases, the values for the refractive indices do not represent a real crystal but were chosen to
illustrate the phase matching conditions in the respective crystal type as clear as possible.
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2.6.3 Optical Parametric Gain
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Figure 2.8: Amplication gain of a 1030 nm driven OPA process in the vicinity of the degeneracy
point at 2060 nm. The small signal gain depending on the phase matching angle θ and wavelength λ was
calculated for type-I phase matching in 4 mm BBO shown in a) and d), 2 mm BiBO schown in b) and e)
and 2.2 mm LNB shown in c) and f). Here, d)-f) show cuts through the gain maps at the marked phase
matching angles.
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2.7 Characterization of Ultrashort Pulses

2.7.1 Frequency-Resolved-Optical-Gating

M          
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       . H, 
             ,
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      -   (FROG)-
 [69].
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          . A 
   SHG-FROG-           F. 2.9.
T            . T

Input beam

variable delay stage

S( )

SFG

Figure 2.9: Schematic drawing of a SHG-FROG setup. A beamsplitter is used to split the pulse
under investigation into two replicas. A motorized delay stage is used to adjust the time delay between
the two replicas in one arm of the interferometer. Both replicas are focused into a nonlinear crystal for
sum-frequency-generation (SFG). The resulting sum-frequency signal is detected by a spectrometer.

             τd.
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2.7.2 Carrier-Envelope-Phase Measurements
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Figure 2.10: a) Layout of a noncollinear f-2f-interferometer. The two arms of the interferometer are
used to generate the supercontinuum (SCG) and the second harmonic (SHG) separately. The overlap-
ping spectral components of SC and SHG are then recombined collinearly and the interference pattern is
detected with a spectrometer (S(λ)). b) Layout of a noncollinear 3f-4f-interferometer. Here, the inter-
ference between the third harmonic (THG) the 4th harmonic of the fundamental light is observed. This
device can be used collinearly if the position of the two nonlinear crystals generating the 4th harmonic
is adjusted carefully. Then the third harmonic can be generated from the surface of one of the nonlinear
crystals.
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Figure 2.11: Spectral interference between two pulses with spectral intensity S2ω (purple) and Sω

(yellow). Depicted in blue and red are the interference signals calculated for a phase dierence of ∆ϕ = 0
and ∆ϕ = π. The dashed lines show the upper (B1) and lower (B2) boundary of the spectral fringes
when cf = 0.
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Figure 2.12: Interference of spectra averaged over multiple pulses in the presence of phase noise. The
purple and yellow lines show the normalized average spectra of 500 pulses S2ω and Sω at the frequencies
2ω and ω, respectively. Depicted in blue and red are the calculated interference spectra according to Eq.
2.2. Phase noise with a Gaussian distribution, a mean value of zero and a standard deviation of δϕ = 1
rad (blue) and δϕ = π was added to the oscillating term of Eq. 2.2. The dashed lines show the upper
(B1) and lower (B2) boundary of the spectral fringes when cf = 0.
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Figure 2.13: a) Calculated average contrast cf of the spectral interference fringes depending on the
number of pulses contributing to spectrum. Depicted in red are the results assuming a random additive
phase term with a Gaussian probability distribution with 0 mean and a standard deviation of 500 mrad.
Depicted in blue are the results when the standard deviation is increased to a value of π. b) Calculated
average contrast cf depending on the standard deviation of the added phase noise. The results have been
calculated for 2 (blue), 10 (red) and 100 (yellow) pulses contributing to the signal. The dashed lines

mark the upper limit of cf = 1 achieved for a single pulse and the expected value c
(∞)
f for large numbers

of pulses (see. Eq. 2.70).
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Chapter 3

A High Power Nonlinear Yb:Yag
Regenerative Amplier
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200 fs, 2.0 mJ, 100 kHz

Nonlinear Regenerative Amplifier

Figure 3.1: Schematic of the nonlinear Yb:YAG-thin-disk regenerative amplier. VBG LD: volume
Bragg-grating stabilized laser diode, TFP: thin lm polarizer, WP: wave plate.
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Figure 3.2: The nonlinear regenerative Yb:YAG-thin-disk amplier.
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Figure 3.3: Calculated resonator mode of the nonlinear regenerative amplier. The high power
data includes a refractive element at the position of the Pockels cell corresponding to the nonlinear lens
induced in the 20 mm BBO of the Pockels cell by pulses with an energy of 2 mJ. The resonator design
was optimized to keep the beam diameter at the thin disk stable for pulse energies ranging from the few
nJ input energy to 2 mJ to avoid mode instabilities and loss of amplication eciency.
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Figure 3.4: Measurement of the output power of the nonlinear regenerative amplier for multiple
hours of operation after the laser reached a thermal equilibrium. The average output power is 202 W
with rms uctuations of 0.3 %.
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Figure 3.5: Output spectrum of the nonlinear regenerative amplier at 2mJ pulse energy (blue) and
at powers below the onset of nonlinear broadening (red).
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Figure 3.6: SHG-FROG measurement of the 200 W output from the nonlinear regenerative amplier
after compression in a chirped mirror compressor. a) Measured (black) and reconstructed spectrum (blue)
and spectral phase (red) of the 2 mJ output pulses. b) Reconstructed temporal prole (blue) and temporal
phase (red).
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Figure 3.7: M2 measurement of the compressed output beam. The inset shows the beam prole of
the 2 mJ pulses after compression in the CM-compressor.
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3.3 Carrier-Envelope-Phase Measurements
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Figure 3.8: Results of the relative CEP measurements of the seed pulses before injection to the
nonlinear regenerative amplier and after amplication to 2 mJ pulse energies. a) and d) show the
respective spectral fringe-trace, b) and e) the retrieved relative CEP and c) and f) the histogram of the
retrieved CEP values. The data for the seed pulses was recorded using the low-energy f-2f-interferometer
with 5 ms integration time and 187 spectra/s. The data for the amplied pulses was recorded using the
high-energy f-2f-interferometer with 0.3 ms integration time and 2640 spectra/s.
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Figure 3.9: a) Five spectra of the interference region of the f-2f-interferometer recorded in consecutive
time steps of the fringe-trace shown in Fig. 3.13. For this measurement, the repetition rate of the laser
was reduced to 1 kHz allowing for single shot measurements using 1 ms integration time. c) Five spectra
of the interference region of the f-2f-interferometer recorded in consecutive time steps of the fringe-trace
shown in Fig. 3.8 b). With 0.3 ms integration time, each spectrum is an average of 30 shots.
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Figure 3.10: CEP measurement of the oscillator pulses after three round trips in the resonator of
the nonlinear regenerative amplier while no pump light was applied. a) shows the recorded fringe-trace
and b) shows the retrieved relative CEP for each step in the 137 s measurement time with an rms relative
CEP noise of 348 mrad. The integration time on the spectrometer was 5 ms, corresponding to an average
of 500 laser shots contributing to each measured spectrum.
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Figure 3.11: Calculated shift in the carrier envelope phase of a laser pulse centered at 1030 nm
depending on the propagation distance in air.
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Figure 3.12: a) Observed rms CEP-noise of the seed pulses depending on the number round trips the
pulses were kept in the resonator of the nonlinear regenerative amplier before the measurement. Each
data point is derived from a 13.4 s long CEP-measurement recording 741 spectra/s at an integration
time of 1 ms. b) Relative carrier-envelope-phase observed for the seed pulses after 3 resonator round
trips with active and inactive water cooling of the thin disk, respectively. During an 8 s time interval,
1180 spectra/s were recorded with an integration time of 0.5 ms. c) Power spectral density of the CEP
noise calculated from the measurements displayed in b).
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Figure 3.13: a) and b) show the measured CEP-fringe-trace and the retrieved relative CEP of the
seed pulses after 30 resonator round trips. 78 W of pump light were applied to the disk. The spectral
fringes were recorded for 137 s using the low-energy f-2f-interferometer. The integration time was set to
10 ms. The rms CEP noise of the measurement amounts to 488 mrad. c) and d) show the CEP-fringe-
trace and the retrieved relative CEP of the amplied pulses after 33 resonator round trips with ∼ 400 W
of pump power applied to the disk recorded for 13.5 s using the high-energy f-2f-interferometer. The
integration time was set to 1 ms. For this measurement, the repetition rate of the amplier was reduced
to 1 kHz, the data therefore represents a single-shot measurement. The recorded data has a random CEP
for each recorded pulse.
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Figure 3.14: Schematic drawing of the interferometer setup used for recording phase uctuations
induced by thermally induced air turbulences in front of the disk. BS refers to a 50/50-beamsplitter for
the 1064 nm output of the long coherence length photo diode, splitting and recombining the two arms
of the interferometer, respectively. Depicted in red is the 1064 nm beam probing the phase uctuations.
Depicted in blue is a part of the beam path of the 1030 nm pulses which are amplied in the resonator.
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∆ϕ = ϕ1 − ϕ2     . I    ,   
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     3.1         
      . T      
             
  USB  (P T L PS). T  
    ,        
       3.1.

C   Pout [W] tobs []    []
I  758 30 56 213
II  0 30 56 167
III  0 30 56 87

Table 3.1: Overview of the dierent operation states of the amplier during the phase noise mea-
surement using the interferometer setup shown in Fig. 3.14. The table also displays the total rms phase
noise observed in the respective operation state in a time resolved measurement using an oscilloscope.
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Figure 3.15: Recorded direct cw-laser phase measurements using the interferometer setup shown in
Fig. 3.14 in a time resolved measurement using a USB oscilloscope (Pico Technology Ltd PicoScope)
for inactive, and active water cooling of the thin disk as well as during amplier operation with 758 W of
pump power applied to the disk.
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Figure 3.16: Setup used for recording Schlieren images of the air currents in front of the disk.
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Figure 3.17: a) Schlieren image of the gas jet emitted from a ∼ 1 mm nozzle. b) Schlieren-image
of the air turbulences in front of the Yb:YAG-thin-disk. The image shows one of the 53 images taken with
the rst image subtracted to eliminate static background. Only electronic noise and residual background
is visible in the image and no air turbulences can be resolved in the Schlieren-image.
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Figure 3.18: Simulated change in the nonlinear phase ∆ΦNL the pulses accumulate during ampli-
cation to 2 mJ pulse energy in the nonlinear regenerative amplier (blue) and percental change in output
power (red) depending on a change in seed pulse energy (∆Eseed) a), cavity losses (∆α) b) and radius
of curvature of the thin disk (∆Rdisk) c).
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3.5 Summary and Conclusion
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Chapter 4

A High Power CEP-stable SWIR
OPCPA Setup
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Figure 4.1: Overview of high pulse energy SWIR and mid infrared (MIR) OPCPA setups. CEP stable
systems are displayed in red. Sources without CEP stability are shown in blue. The dashed lines mark
lines of constant average power.
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Figure 4.2: Overview of the high power Yb:YAG-amplier chain used as a pump laser for the OPCPA
setup. The individual segments displayed here do not show the actual setup of the respective parts of
the laser but only a general representation of the respective unit. OSC: oscillator, PP: pulse picker,
FBG: ber-Bragg-grating, FPA: ber pre-amplier, RTDPA: regenerative thin-disk pre-amplier, MA:
main power-amplier, GC: grating compressor. Beams traveling in free-space are displayed in red, ber
components are displayed in black (plain waveguide) or orange (laser active bers).
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Figure 4.3: a) Output power of the regenerative thin-disk power amplier measured over more than
140 min showing rms average power uctuations below 0.3 %. The inset shows the beam prole of the
high power pump pulses directly at the output of the power amplier. b) Retrieved spectral intensity and
c) Temporal prole of the high-energy 1030 nm pump pulses measured using a home-built SHG-FROG
device after the grating compressor. The spectral and temporal phase are displayed in red. The retrieved
pulse duration is 1.2 ps.
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Figure 4.4: Schematic drawing of the high power SWIR OPCPA setup. CM: chirped mirrors, DFG:
dierence frequency generation, DS: delay stage, OPA: optical parametric amplication, PM: piezo mirror,
SCG: supercontinuum generation, SHG: second harmonic generation.
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4.3 CEP-stable Seed Generation
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Figure 4.5: a) Supercontinuum spectrum generated from the 515 nm SHG in 8 mm Sapphire (red)
and 6 mm YAG (blue). b) DFG Spectrum generated by dierence frequency mixing the SC from a 6 mm
YAG crystal with 530 mW of the SHG in a 3 mm LBO crystal.
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C I  λp [] λs (λi) [] e [pm
V
] δν [−1]

BBO [107] -1 OPA () 1030 () 2060 1.85 43.3

() (2060)

BBO [108] -1 OPA () 1030 () 2060 2.6 63.0

() (2060)

LNB [109] -1 OPA () 1030 () 2060 -4.025 72.0

() (2060)

YCOB [110] -1 OPA () 1030 () 2060 -0.98 34.1

() (2060)

LIO3 [111] -1 OPA () 1030 () 2060 1.49 124.1

() (2060)

KTA [112] -2 OPA () 1030 () 2060 -2.28 5.9

() (2060)

Table 4.1: Optical properties of nonlinear crystals relevant for SWIR-OPCPA setups. The amplica-
tion bandwidths have been calculated according to Eq. 2.68 for type-I phase matching and according to
Eq. 2.67 for type-II phase matching. The eective nonlinear coecient was calculated using the SNLO
software by Arlee V. Smith [113]. For a better comparability, the values were calculated for a 1mm crystal
with a pump intensity of 100 GW/cm². The sources for the Sellmeier-Coecients used in the calculation
are cited next to the crystal names.

4.4 Broadband Amplication to multi-mJ Energy
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 , ..         ,  
      . T,    
           -   
.

A         ,   ∼ 456 W
       46 W   OPA  2   ∼ 410 W 
 OPA  3. O       ,  
    15   3   OPA 2  12   OPA 3, 
     ∼ 125 GW

cm2  ∼ 50 GW
cm2    . A

               T. 4.2.

C S  [] θ Φ Ipeak [GW/²] CA ø []

LBO DFG 3 90◦ 10.6◦ 110 8

BBO OPA 1 4 21.3◦ - 105 8

BBO OPA 2 2 7.8◦ 0◦ 102 12

LNB OPA 3 2.2 42.9◦ - 50 25

Table 4.2: Overview of the crystals used in the DFG- and the three OPA stages of the SWIR-OPCPA
setup. CA denotes the clear-aperture diameter of the crystals and d denotes the crystal thickness. Θ and
Φ denote the angles between the pump beam and the respective crystal axis as described in Sec. 2.6.2 .
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Figure 4.6: Output spectra of the DFG-stage (a) and of the rst (b), second (c) and third (d) OPA
stage. Measured spectra are depicted in blue, the spectra depicted in red are the results from simulations
using the Lightwave Explorer software [86]. The simulations are full 3D-simulation for Gaussian-input
spectra taking into account second and third order dispersion as well as the noncollinearity angles of the
stages.
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Figure 4.7: Average output power of the three stage high power SWIR-OPCPA setup, recorded with
a water-cooled thermopile power sensor for ∼ 1 hour. The average power amounts to 47.6 W with a
standard deviation of 0.8 %. The insets show the beam prole of the SWIR-pulses directly after the third
OPA stage with 395 W of pump light applied (left) and in the focus of a 500 mm focus distance curved
mirror (right).
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Figure 4.8: a) Measured (blue solid) and simulated (dashed red line) average SWIR-output power
of OPA stage 2 as a function of pump power. The solid black line is a linear t to highlight the linear
increase of output power with applied pump power. b) Measured (blue solid) and simulated (dashed
red line) average SWIR-output power of OPA stage 2 as a function of seed power. c) Measured (blue
solid) and simulated (dashed red line) average SWIR-output power of OPA stage 3 as a function of seed
power. The solid black line is a linear t to highlight the linear increase of output power with applied
pump power. d) Measured (blue solid) and simulated (dashed red line) average SWIR-output power of
OPA stage 3 as a function of pump power. The error bars displayed in the graph represent the rms noise
of the respective power measurement in a ∼ 30 s observation time. However, the necessity for frequent
realignment and adjustments of the phase matching angle might have caused a larger measurement error.
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Figure 4.9: Evolution of the output spectrum of the third OPA stage with increasing pump (a) and
seed power (b). The color coded spectral intensity is normalized to the maximum value of the spectral
intensity at the lowest pump power, and lowest seed power, respectively and displayed on a logarithmic
scale.
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Figure 4.10: Intensity scaling of the SWIR-pulses with pump power (a) and seed power (b). The
curves in a) and b) represent vertical cuts at 1822 nm (the wavelength of the maximum intensity of the
input seed spectrum) and 2158 nm through the intensity map shown in Fig 4.9 a) and b), respectively.
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Figure 4.11: Results of the beam quality measurement for the OPCPA output after OPA stage 3.
The beam prole was measured using a microbolometer camera with 17 µm pixel pitch. a)-c) show the
beam prole measured with 390 W of pump power applied to the LNB crystals at a distance of ∼ -10 mm
(front) 0 mm and ∼ 10 mm (back) from the focus, respectively. After the focus, a donut-like shape
emerges as can be seen in c) which is responsible for the increased M² values as compared to the low-
power case. d) and e) show the D4σ-beam diameters (see Sec 2.2.1) retrieved from the measurements
at 395 W and 280 W, respectively. The values for the X-direction are displayed in blue while the values
for the Y-direction are displayed in red. The data has been tted according to equation 2.21 to retrieve
the respective M² values of M2

X = 1.6 and M2
Y = 1.8 for the high power and M2

X = 1.5 and M2
Y = 1.6.

for low power measurement. In both cases, the measurement of OPCPA output beam caustic shows low
astigmatism and ellipticity and a generally good focusability with a near Gaussian prole in the focus.
f)-h) show the beam proles measured for the low power beam at distances from the focus equivalent to
those displayed in a)-c). The data shows that the donut-like shape is much less pronounced in the low
power measurement.
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Figure 4.12: a) Image of the second OPA crystal recorded with a thermal imaging camera. b)
Temperature of the BiBO-crystal used in OPA stage 2 at the overlap position of pump and seed beam.
c) Image of the LNB-crystal in the third OPA stage recorded with a thermal imaging camera. d) Double-
x-axis plot of the temperature of the LNB-crystal in OPA stage 3. The temperature depending on the
applied pump power is displayed in blue (bottom x-axis), showing a linear increase of temperature up to
∼ 45± 0.5 ◦C at 400 W of pump power. With the full 400 W of pump power applied to the crystal, the
phase matching angle was detuned and the crystal temperature was measured depending on the SWIR
output power after OPA stage 3. The results from this measurement are shown in red (top x-axis).
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4.5 Dispersion Control and Compression
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Figure 4.13: Results of the SHG-FROG measurements on the SWIR-output after amplication in
the 2.2 mm LNB-crystal to 5 mJ. A small portion of the output pulses was compressed by propagating
thru 18 mm of sapphire. The ne adjustment of the dispersion for optimal compression was done using a
pair of fused silica wedges. a) Shows the measured (black) and retrieved spectrum (blue) along with the
retrieved spectral phase (red) in. b) Shows the reconstructed temporal prole of the compressed pulses
(blue) and the retrieved temporal phase (red).
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Figure 4.14: Results of the SHG-FROG measurements on the compressed SWIR-output after ampli-
cation to 4 mJ in two 1.2 mm LNB-crystal placed close together. The results for the best compression
achieved after careful alignment are depicted in blue. An example for the results typically achievable on a
day to day basis is depicted in red. a) Shows the retrieved spectra. b) Shows the reconstructed temporal
prole of the compressed pulses.
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4.6 Carrier-Envelope Phase Stability
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Figure 4.15: Relative CEP simultaneously measured with a collinear 3f-4f-interferometer which is
used for active stabilization (in-loop), a collinear 3f-4f interferometer (out-of-loop) and a noncollinear f-2f-
interferometer (out-of-loop). The rms uctuations of the relative CEP during the 105 min measurement
times amount to 100 mrad for the in-loop-measurement, 101 mrad for the out-of-loop measurement using
the collinear 3f-4f-interferometer and 665 mrad for the out-of-loop measurement using the noncollinear
f-2f-interferometer.
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Figure 4.16: a) First 6 min of the relative CEP measurement displayed in Fig. 4.15. On this
time scale, the phase drift due to the noncollinearity of the f-2f-interferometer is negligible and residual
deviations in the recorded phase uctuations from the in-loop-measurements are due to the intensity- and
pointing-noise-to-phase-noise coupling. b) Histograms showing the probability spread for a measurement
value recorded by the respective measurement device. In this 6 min time interval, the rms CEP noise
amounts to 91 mrad for the in-loop-measurement, 94 mrad for the out-of-loop-measurement recorded
with the collinear 3f-4f-interferometer and 158 mrad for the data recorded with the noncollinear f-2f-
interferometer.
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         F. 4.17 ),      
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          -  
-     ---.

Figure 4.17: Results of two simultaneously acquired measurements of the relative CEP of the output
pulses from OPA stage 3 using two collinear 3f-4f-interferometers. The retrieved relative CEP of the
in-loop device was used to stabilize the CEP during the measurement while the out-of-loop device was
used to just measure the CEP without connection to the feedback-loop. a) and b) show the recorded
spectral fringes for the in-loop and out-of-loop measurement, respectively. c) Retrieved relative CEP
for the in-loop (red) and out-of-loop (blue) measurement. The rms CEP noise during the approximately
75 min measurement time amounts to 91 mrad (in-loop) and 92 mrad (out-of-loop). The occasional phase
jumps are caused by the active pointing stabilization system d) Power spectral density of the CEP-noise
in-loop (red) and out-of-loop (blue), revealing a very similar noise prole for both in- and out-of-loop
measurements.
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Figure 5.1: Schematic drawing of the beamline for attosecond pump probe spectroscopy with isolated
SXR-attosecond pulses in the water-window energy region which will be driven by the high energy SWIR-
OPCPA source developed in the scope of this work.
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Figure 5.2: Ceramic HHG target tube with an 0.3 mm hole. The argon pressure inside the target is
∼ 200 mbar. The target is illuminated by 20 fs SWIR pulses with ∼ 1 mJ of pulse energy, generating
plasma jets extending from the holes of the target tube along the beam propagation axis in both directions
by ionizing the target gas.
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Figure 5.3: Spectra of the SWIR-output of the OPCPA setup. Depicted in blue is the spectrum
directly from the third OPA stage. Approximately 750 mW of the output power were focused into
an 0.5 mm thick TiO2 plate for nonlinear broadening. The spectrum of the pulses after the nonlinear
broadening stages is depicted in red showing a signicant increase in bandwidth with spectral components
down to 1400 nm and a decrease in Fourier-transform-limited pulse duration from ∼ 17 fs to below 14 fs.
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