Feedback-free optical cavity with self-
resonating mechanism

for laser-Compton scattering sources

Yuuki UESUGI, Hiroshima University
LCWS2015 @ the Fairmont Chateau Whistler Hotel, Whistler B.C. Canada
November 2-6 2015

Hiroshima U., KEK#, Waseda U.B

Y. Uesugi, J. Urakawa®, T. Omori#, A. Kosuge?, T. Takahashi,
Y. Hosaka®B, Y. Honda®, M. WashioB

Yuuki Uesugi, Hiroshima University



Introduction

Scattered photon (energy gain ~ y?)

Laser photon

--m*-.( ‘

€X.)
¢ 10 MeV electron > 10 keV X-ray
e 1 GeV electron = 10 MeV gamma-ray

Electron: y m, ¢’

Laser-Compton scattering sources

* Photon sources by the inverse-Compton scattering of laser photons from relativistic
electrons

Applications

* Compact X-ray sources for a wide field of material science, industrial, medical
applications etc.

* A gamma-ray driven polarized positron source for the ILC

ILC Technical Design Report: Volume 3, Part I, p.p. 137
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Motivation

Gamma-ray generation at KEK-ATF (2013)
Laser storage cavity —

(A~1um) é
NN

24 MeV vy

2.7 x 103 y/sec

T. Akagi et al., Nucl. Instr. Meth. A 724, 63 (2013)

Input laser power 2.2 W avg.
Power enhancement 1,200

\Z

Need more gamma-rays (2 to 3 orders of magnitudes)
—> Need more laser power storage (~ 1 MW)

= Need more power enhancement of the cavity! ( 10k to 100k)

Yuuki Uesugi, Hiroshima University LCWS2015, November 2-6 2015, Whistler B.C. Canada 3



Optical resonant cavity

Fabry-Perot cavity (2-mirror cavity)

Laser A > > >
E in Eout
ECCZV
mirror (R, T) E _ mirror (R, T)

One round-trip path length L

Intra-cavity field Transmitted field

out

Ecav = T 7 | )Em E = TXEcav

Phase factor of the resonance condition ¢ Resonance condition L =Axg

(L: round-trip path length, A: wavelength of light, g: integer, R: reflectance, T transmittance)
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Optical resonant cavity

>

L cavity length domain
* Mode separation equals 4

* Resonance peaks have the “resonance width” written as AL (FWHM)

* “Finesse” 1s defined as the ratio of A and AL,

Fo

AL

* The finesse is almost same as the quality factor, Q-value

v¢ Finesse o< power enhancement factor!
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Issue on the development

An example of the cavity: at KEK-ATF

* Wavelength A=1064 nm
* Finesse F=4,040

* Resonance width AL =260 pm
 Enhancement factor 1,200

Achieved laser power storage

Ring cavity at KEK-ATF

* Input laser power 2.2 Wavg. T. Akagi et al., Nucl. Instr: Meth. A 724, 63 (2013)
* laser power storage 2.6 kW avg.
 Power fluctuation 37 W

—> This fluctuation came from accuracy of the feedback system
—> It corresponds to deviation of the cavity length of 16 pm

The enhancement increases ten times = AL of 26 pm = feedback accuracy of 16 pm

Precise feedback control will be a major technical difficulty for high finesse cavity
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Amplifier Amplifier
Y | 4
v
Cavity /‘:f(;é: Cavity

The wavelength always follows

Principle of the self-resonating mechanism the resonant condition of the cavity

1. An optical amplifier emits seed (noise) light
2. Anpart of seed light, which is satisfied the resonance condition, transmits the cavity

3. That light doesn’t feel the optical loss = reaches the laser oscillation

¢ Laser oscillation condition: (gain — losses) > 1

¢ Laser oscillation < laser storage

The laser oscillation continues without the feedback system to maintain the cavity length!

Y. Honda, et al., Proc. 7th Annual Meeting of PASJ, 1102 (2010)
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Amplifier

to SP YDF to SP
Coupler2 FI1
OL = N
PD2
M1
FP cavity I
" W1 HWP FC1
F2- a4
QWP2 L1 PBS1 QWPI
U
PDI1

* The optical amplifier consists of a laser medium, the Ytterbium-doped fiber (YDF), and a
pumping light sources, the laser-diode (Pump LD)
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to SP to SP

YDF
Couplerl WDM @ Coupler2 FI1
( )L m)
4 )
PD2

W1 HWP FC1
7o
L1 PBSI QWPI
AV
PD3 Cavity PDI

* The optical cavity consists of two concave mirrors with R > 99.999%
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to SP YDF to SP

Couplerl WDM Coupler2 FI1
r md A
Pump LD
FP cavity HWP
FC2 W FCl
o {& ] & — +1 -@r N— R

PBSI QWPI

* The intra-loop laser power around the cavity is monitored by wedge plates (W1, 2) and
photo-diode detectors (PD1, 2, 3)
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Cavity length: 208 mm
. (Round-trip length: 416 mm)

* Mirrors are mounted on a super-invar alloy tube by aluminum holders

* All component are in the air with the room temperature
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Laser oscillation and laser power storage

Laser power vs Pump power Laser spectrum
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Laser oscillation and laser power storage
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Laser oscillation and laser power storage

S000 1 < Stored laser power =
s000 [ = Transmitted power / Transmittance
o - ]
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Principle of the q-1 q q+1
measurement . Eout A i i

E in I | E .

| | | Cavity’s response
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Modulation Frequency
See, e.g., N. Uehara, K. Ueda, Appl. Phys. B 61, 9 (1995)
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to SP

=»

)

Modulated the laser

/ Amplifier

frequency with the -

Measured the response
of the intensity of the
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See, e.g., N. Uehara, K. Ueda, Appl. Phys. B 61, 9 (1995)
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* Added the modulation depth of 1 % Modulation frequency f,, [Hz]

* Measured response function has a low-pass filter shape
* The resonance width was 1.55 kHz which was twice of the cut-off frequency, f.=776 Hz
¥¢ Resonance width = 2.3 pm ¥¢ Finesse = 465,000
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Stability of the oscillation

882mHz €  2.00mV
1.97 Hz 2.00mv
A1.60 Hz a0.00v ||

[ 100mv & 100mv 1.005 10.0kS/s o 38)5] 2010 200mv & 200mv 20.0ms 500KkS/s & | 388 201
100k points 296mV J(17:27:45 ~+v39.9920ms 100K points 204mV J(17:30:35

Watched the stability of the resonance condition

» If we added some mechanical noise to the optical table, the laser power and spectrum were
not change; the laser oscillation continued

* The oscillation stopped when the cavity was knocked, however, it recovered soon

» The fall time of ~140 us = decay time constant of the cavity
» The rise time of ~40 ms = maybe, dumping time of the super-invar alloy tube

¥¢ Very robust system!

Yuuki Uesugi, Hiroshima University LCWS2015, November 2-6 2015, Whistler B.C. Canada 19



Summary

* We are working on a development of the optical resonant cavity for laser-Compton
scattering sources

* Developed a new laser storage system which doesn’t need a feedback system to maintain
the resonance condition

* Succeeded the stable and continuous laser storage in the high finesse cavity with the
finesse of 465,000 and the resonance width of 2.3 pm

* Achieved the power enhancement factor of 187,000

« R/D for the high peak-power storage (mode-lock pulse oscillation) = on going!
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backups
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Introduction

The point of issue in the development
* Increase the brightness of X/gamma-rays
* Need 2 to 3 orders

Requirement

v¢ Electron beam - Develop a high current and low emittance accelerator

/ﬁ' Laser light - High leaser power and small spot size at the IP \
» Use an optical resonant cavity

» Store laser light in the cavity

» Enhance the laser power

\_ » Forces the laser light about 10 micro meters )

* We are developing the optical cavity

* The target storage power is about I MW in average
e.g.) 100 W incident laser 10,000 enhancement cavity = 1 MW storage

Yuuki Uesugi, Hiroshima University LCWS2015, November 2-6 2015, Whistler B.C. Canada
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Optical Resonant Cavity

An example of the cavity: at KEK-ATF
* Wavelength A=1064 nm
* Input laser power 2.2 W avg.

* Round-trip path length L =1.68m

* Finesse F=4,040

* Linewidth of the cavity AL =260 pm

 Enhancement factor 1,200

Ring cavity at KEK-ATF
T. Akagi et al., Nucl. Instr. Meth. A 724, 63 (2013)

Achieved storage power
* Power storage 2.6 kW avg.

* Power fluctuation 37 W
—> This fluctuation came from accuracy of the feedback to maintain the resonance
—> It corresponds to deviation of the cavity length of 16 pm

v¢ The enhancement increases ten times = 26 pm linewidth ~ 16 pm feedback accuracy

* Development of a high accuracy feedback system has technical difficulty...
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Cavity

Laser
1047 nm

—I=l

1

PD
D

Triger signal

Measured the cavity finesse

Switch OFF

becay time constant
T=142.5+0.1 [us]

« Use an external laser source with 1047 nm wavelength

—_ —_— —_— —_
40 60 80 100 120 140
Time [us]

» Switch off the laser light when the transmitted power increases (the cavity reaches the
resonance condition)

* Intra-cavity light goes out with the exponential decay

* Finesse: FF = 2nct/ L

(L: cavity length, 7: decay time constant)

¢ Measured finesse: F = 650,000 which corresponds to R = 99.99952 %
¢ Cavity linewidth: 4L = 1.6 pm
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Mirror M1 or M2 Stray light (background)
|
Laser D_>
— |4 - - - - - — = — - - - > PD
1047 nm Z |
10 mW ~10 nW

Measured the transmittance of mirrors

» Use an external laser source with 1047 nm wavelength

* The transmittance would be ~1 ppm (10-%) - be careful the SNR in the measurement
Y M1 4.2 ppm (input-side mirror)
Ye M2 3.8 ppm (output-side mirror)
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Oscillation with High Finesse

Nocking the cavity, the oscillation is “ | e K W , VR TR
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Relaxation
Oscillations

In the stable condition, the fluctuation of
the laser power didn’t have spikes with the
ringing like as the case of the low finesse
setup.

The power spectrum at the free running
condition has a LPF-like shape.

Power [A.U.]

Power [A.U.]

At the Incident, LD Current = 500 mA

I

| I[IIl[I|

1 IIl]IIII

I ol gl |
10 10° 10° 10°

Fourier Frequency [Hz]

At the Reflected, LD Current = 500 mA

107

I I

| IlIIIl[l

I IIIIIII|

1 llllll

—

10

— "1'(‘)2 3
Fourier Frequency [Hz]
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Measure a frequency response function of the cavity

* In a conventional cavity system (laser oscillator + resonant cavity), the frequency
response of the cavity 1s measured by using amplitude modulation

See, e.g., N. Uehara, K. Ueda, Appl. Phys. B 61, 9 (1995)

* Add the sideband frequency to the carrier frequency of the incident laser light
e Measure a frequency response of the intensity of the sideband resonance

e The modulation depth must be small because large modulation depth would break the
saturated laser oscillation state

Carrier Resonance envelop

Sideband ... » Cavity » ,"l “\
H(CO) L e

)I ..... >I , \
> I I >

s
Modulation Frequency
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Results of ATFilms Cavity

Pump rate: r n Photon density: q
u(w) > B(o) —Pr—iA(w) > X(®)
+ |

If the frequency modulation by LD H(w)
current modulation can be expressed as
linear equations, the ratio between ‘
response of the transmitted power and > y(©)
response of the incident power equals BA
the transfer function of a cavity, H(w). f = BG. =
= =
| _ u 1-AH
For the photon density g, a linear
equation is shown as below, y _ BG. = BAH
for the 4-level T 2
(for the 4-level system) ” 1— AH
d’s do
dtzq +1Y, —dtq +(r=1)y.y,04 =0 G, Aoy
Gy
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High Finesse Measurement
| Incident Signal

- -| Reflected Signal
: Incident - Reflected

1 kHz Modulation Signal to the LD

| LD Current = 490 mA+8 mA

@D 50.0mvh ® 10.0mvh 25 omsxs 25 Sﬁ 2015

Measured the ratio of the amplitude and the phase dlfferenee between the mput signal and
transmitted signal.

Note that the ration of the amplitude between the input signal and the modulation signal 1s
also changes because they are photon density and the population inversion.
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High Finesse Measurement

Bode Plot 0 Nyquist Plot

Re
0 A—A—A—-AA-A_ 0 0
A, -0.05 0.05 0.1 0.15 02 0.25 03 0.35
Ay 0.02
-5 A -15
A -0.04
210 A 30

-0.06

-15 -45 -0.08

-20 -60 -0.1
N < Gain (dB) . 0.12
Phase (deg.)—> i
-30 -90
-0.16
35 qos Ime g
10N 100 1000 10000
Bode Plot of the Gain
Measured data shows low-pass filter nature. _ Z7ndl  0.003118/29
g oo oo oo M 0.3228 +0.003
To get the cut-off frequency, fit a low-pass g | Av/2 719.7 £ 23.28
function to the gain curve. §
_ 107 —
7=0.3228+0.003 -
4/=719.7123.3 Hz -
The frequency is consistent with results of E
the decay time measurement. 10 1of 1€ Fourer Frequency (1]
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From the results of the frequency response function measurement

* Cavity linewidth 1.55 kHz
* Finesse 465,000
* Incident / Transmitted ratio n=0.412
 Enhancement factor 190,000

*Considering the errors of detectors, which had an error of 0.5 % 1n its linearity and an error
of 5 % 1n its absolute value, this results is consistent with the above results
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Yb fiber amp. = 7
P /K'?l % g —~ Input
= > —_ ——
Pump LD >
2 6
Output =5
en
1 Input L 54
[solator e T 3 3
=
<
% PZT o 2
] =
Cavity O o= °
0 50 100 150 200 250 300

Pumping power of the LD [mW]

e Threshold ~150 mW (pumping), Gain = 4.8 dB

* [Lasing wavelength of 1034 nm with fluctuation =1 nm
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251 Hz 75.6mv | 465KH2 115mv |
311 Hz 400V ES | O 26.6kHz 76.8mv
A1.29kKHz A75.2mvV_ | & i A28.2kHz A38.0mv_ |

& 20.0mv & 1.00ms 100MS/s o 11 38 201(@P 20.0mv & 20.0pus 500MS/s & - |1138 201
T 110my J|12:21:44

~»v0.00000s 1M points 76.8mV J|12:18:29 - v59.7500us 100K points

 [asing power was kept up at 8 mW
v" Resonance condition was maintained without any cavity—control

 There were spikes in time scale of acoustic noise
e All spikes had a ringing with a time interval of ~30 kHz
v The origin of time scale of this ringing?

» Decay time of the cavity: ~15 MHz
» Fluorescence lifetime of a Yb fiber: ~1 ms
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Oscillation with Low Fines

Relaxation
Oscillations

Mechanical noise to the cavity

—> a spike with the ringing occurs
Pedestal Line

The frequency of the ringing increases in
proportion to increase the LD current.

Amplitude [A.U.]

=

251 Hz
311 Hz
A1.29kHz

100 1,000 10,000
Fourier Frequency [Hz]

100,000

—OFF
—100
—150
—200
—250

300
350
400

—450
—500
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Rate Equation (4-level System)

dN - S
2 N,-KN,q  w' PEDE

dt"mm‘V2 v, 1 BERHET 0K
c D e
K =cod 4 oo RO N S T A
emiss et R

Equation of a Photon Density

d
_q = _)/cq+KN2q
dt r 0 JAEDERIT )N D e

Ve =—
T

Cc
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Linearized Equation
TEHARRED & OB E B X THIMALT 5( N,= N, + 0N, ¢ =q,, + 6q)

dzéq dog
+rv. — +(r—-1 og =0
SEERMEE DL B

pump High loss

]/' — _I Low loss I I |—

B oA R K
Q= \/(r -Dyer

BRDORFER 2

2

Intensity (arb units)

v 0 24 48 2 9% 120
7/ 2 time (us)
Laser Physics, Lecture text, University of Arkansas Physics, US.
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Oscillation with Low Fines

Relaxation
Oscillations

/ Approximation of the rate equation

d’&g dog
+ry, —+(r-1 =0
a7 V> i (r=Dy.7,09
-1
relax \/(r )}/C)/

g 3000 * measured "

3q Photon Density o 2500F - calculated E
r Pump Ratio S 2000f =
v, 1 / Fluorescence Time S 1500 =
Y, 1 / Light Decay Time in the 1000 F- E
Optical Loop sooF- E

O,efax Angular Frequency of the . -~ | | | | |

Ringing

L 1 1 1 1 1 L L L L L L L L L L L L 1 1 1 1 | 1
1 1.5 2 25 3 3.5
r Pump Rate
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- DIVIOms ...

z 10.0ms 1.25MS/s AC 7 | 548 201
® 100mv & )|§46.67 % 5M points 0.00V [05:26:24

v Lasing power was kept up at 4 mW
v’ Laser oscillating with the high finesse cavity succeeded
* But it was half of the power in case of the low finesse, 8 mW
o [asing power oscillated with about 600 Hz repetition always
o Sometime lasing power fell to zero, FWHM of a dip was 188 Hz
v" The cause of the 600 Hz oscillate and time scale of the dip?
= Now we are looking for mechanisms of these phenomena
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Relaxation
Oscillations

In the stable condition, the fluctuation of
the laser power didn’t have spikes with the
ringing like as the case of the low finesse

setup.

The power spectrum at the free running
condition has a LPF-like shape.

At the Incident, LD Current = 500 mA
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