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We propose a simple and effective synchronization M etween a reference elec-

-~ )
rrowband picosecond Laser-Compton

trical oscillator and a mode-locked laser for a
1-chip frequency synthesizer,

scattering ~-ray source by using a comnt;:c;n
T)e mode-locked laser has been suc-

which is widely used in radio communicati

cessfully synchronized in time with 4 jittersf 180 fs rms for 10 Hz - 100 kHz band-
%% z repetition rate for 10 hours operation

width. A good stability of 640 /ULHZX\

has also been confirmed. We d wss inedetail the design and performance of this

technique (in terms of timing \f?’éf bility, and validity).
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Publishihg INTRODUCTION

The development of laser-Compton scattering y-ray (LCS-v) sources with a combination
of a laser system and a conventional electron accelerator has been progressing!™®. ~-ray
beams can be used as a probe to detect an isotope of interest with nuclear resonance flu-
orescence (NRF)%®. A conceptual design of the detection system' fornondestructive assay
of Pu and minor actinides have been proposed®. Numerical si 1}011 has been performed
to estimate the 2°Pu component whose fraction is 1% in t n oiling Water Reactor
(BWR) nuclear fuel assembly consisting of 8 x8 nuclear el esults of the simulation
calculation imply that stastical accuracy lower than 2% is po ible with photons of 10° per
second and 4000 sec measurement time. To gen —rays high-power narrowband
laser pulses and high-current electron bunches rgﬂe(ze@ry to maintain higher photon flux.
Moreover, synchronization between the lasgr be afid electron beam is also important.
Contribution of timing jitter A7t for degrai%\i he original v-rays N, o can be obtained

through discussion of luminosity”. For a Causstan profile of a laser beam including timing
jitter A7 and a relativistic electron % we btain

7 = (A7) Ny, (1)

2 A2 gin? ' <2)
1 _'_ c2AT sm ) .
(07 +0%)cos? 6+ (0T +oZ ) sin’s

0,,7/ Oey, Oez) are the size of the laser beam and the electron beam

where

Here Ula:a Uly7 %

in the (x;, yi, M Xe, Ve, Ze) directions (see in Fig. 1). ¢ is the speed of light. The

ectron beam propagate in the z; and z. direction, respectively. The two

laser bea

rectanqu:rdl te systems (x;,y;,2;) and (Xe,ye,%) crossed in the x-z plane with an angle

of 2¢ For o Oz = 30 pm in root-mean-square (rms), 0, = 0., = ¢ t, = 600 pm in rms
h@g\&t&n t, = 2 ps) and ¢ = 9 © which are the nominal design values of the LCS-,

g& s is necessary to maintain efficient performance (i.e. n(A7) > 0.95). Stabilization
nlques of the repetition rate of the laser system and master clock oscillator have been

10,11 However, this techniques do not meet for such applications

p posed for a long time
due to lower sensitivity or poor accuracy in the phase error (e.g. phase detection frequency
and phase noise of the phase detector), directly. Recently, the synchronization technique

has rapidly progressed for the x-ray free electron laser (XFEL). Timing jitter between a
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Publishimge-locked Ti:Sapphire laser pulse and the x-ray pulse is 120 fs root-mean-squared devi-
ation (RMS)'?13. This technique uses frequency multiplying of the laser repetition rate for
amplification of the phase error. In the Lineac Coherent Light Source (LCLS), the 42th
(X7 at a photo diode and x6 at a multiplier) harmonic is used'®. More recently, phase

error detection with attosecond resolution by using optical cross (Korrelationl“’15 has been

ﬁm SwissFELY. In
both cases, precise detection of the phase error is perforn inking of modules. In
particular, the development of an integral circuit (IC) i %\a 1o communication has

d
remarkably progressed!®. It provides high performance .G\}ﬁ‘a-low phase noise for radio
—

proposed and applied at Deuches Elektronen-Synchrotron (D
d

communication. However, to date, there are no reports of the combination of this advanced
IC device and short pulses laser for synchronizatgl'z If 1t4s-possible to apply this advanced
technology to laser development, it would be p6ssible t(;)onstruct a simple and conveniently

L -

high-performance system. In this work, w n a simple synchronization technique

communication. The experimental gesult fits well with a theoretical model of the phase-

for a mode-locked laser with a 1-chip qu\%qs thesizer, which is widely used for radio

locked-loop (PLL) based on radiQ }rﬁbation.
V.
II. EXPERI%’E L RESULTS AND DISCUSSIONS

Figure 2(a Rws a typical block diagram of a PLL, which is widely employed in electronic

applicatibus sfich as radio communication'®?°. The PLL generates an output signal whose
phasefis relatedo the phase of an input "master” signal. It is an electronic circuit consisting
ofranre en(; oscillator, a voltage control oscillator (VCO), a phase frequency detector
(PED), %gain amplifier, and a feedback divider. The frequency is controlled by the error
?@a{ and is stabilized by repeating this loop. The cut-off frequency of the low-pass filter is
rélated to the repetition rate of the stabilization procedure. Here, the phase locked loop can
be analyzed as a negative-feed back system with a forward gain term and a feedback term

in the frequency domain. Figure 2(b) shows the main phase noise contributors in a PLL.

The output phase noise Sy, (s) in the frequency domain, which is equivalent to the timing

3
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Publishij‘jg‘ 1 in the time domain can be described as

1
1+ G(s)H(s)

G(s)

Sp,(8) = Sp,(5) | ? +55,(s) | T4 G(s)H(s) 1 [s = jw=j2nf]. (3)

where Sy, (s) is the phase noise of the voltage control oscillator, Sy (s) is the phase noise
of the reference at the PFD, H(s) is the feedback transfer functiot/ t the feedback divider,
G(s) is the forward gain at the gain amplifier, and f is the oﬂ@*.
Here, an electromechanical device such as lead zironate titan@te T) can convert an elec-
trical signal to a mechanical displacement. By installingsuch déwice into the laser cavity,
the mode-locked laser repetition rate f,., = c¢/2L (heze, is the speed of light and L is
the cavity length between the end-mirrors) can be vatied b§) changing the applied voltage,
and this component can be treated as a VCO. e‘;efore, e basic design of the repetition
rate control in a mode-locked laser system C&N%tr@_ ed as the above block diagram. In
addition, the theoretical phase noise of th@ rate with stabilization is also obtained

in the above equation. \;~‘

Figure 3(a) shows a schematic view ngex imental setup and the block diagram of devel-

oped repetition rate stabilizationdeguip a6nt. In the experiment, a mode-locked Ti:Sapphire

laser was used. The laser systefu &%&j 6 MHz repetition rate, 840 nm center wavelength,

15 nm spectrum band-width %th—half—mammum, and 200 mW output power. The

output of the laser pulée %onverted to an electric signal by a fast p-i-n photo-diode
S/CO. td!). This signal was band-pass filtered (fppr = 83+7 MHz)

and amplified to detectithe Jaser repetition rate. The filtered signal was input into a 1-chip
frequency sy h%ize ADF4002, Analog Devices Co.Ltd)'® in a test circuit (see in Fig.

uéncy synthesizer is composed of limit amplifiers, frequency dividers for the

output signal frein the phase error detector fed into an external loop filter in the test circuit.
I m&gmphfy the theoretical consideration, a passive 2nd order low-pass filter was
used in éye experiment. The passive 2nd order low-pass filter was composed of a 1st order
&3—@85 filter Cy Ry with time constant of T, = C5 Ry and a capacitor C; for relaxation of
pattern jitter with time constant of T, = CyRy. The low-pass filtered signal was buffered by a
OP-AMP (LF412, Texas Instruments) in the test circuit and fed into an external PZT driver
(M-2654, Mess-tek Co.ltd). The PZT driver provided a control signal to a PZT actuator
(AE0203D04F, NEC tokin Co.Ltd), which was installed into the Ti:Sapphire mode-locked
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Publishih;\g( r cavity. The phase noise of the laser pulse was obtained by another PD (DET10A /M,
Thorlabs Co.Ltd.). The phase noise of the laser repetition rate signal was analyzed by the
signal source analyzer (E5052A, Agilent Co.Ltd.).

The experimentally obtained phase noise is shown in Fig. 5. The phase noise of the mode-
locked laser pulses for the free running and reference signal are a}%) plotted. We observed
improvement of phase noise by the PLL in the lower frequency oneut. Here, the theo-

m?qu. (3). To discuss the

theoretical phase noise in more detail, the forward gain G nd feed back divider gain H(s)

5%4:)&810 PLL model for con-

retical phase noise from the control model can be evaluated hy usi

should be obtained by an appropriate model. Figure 6 sh
sideration in our experiment. The feedback transfer u:ctios (s) = 1/N and the forward
transfer function G(s) = K,F(s)K,/s can be obtfained. , K, is the phase characteristic
at phase error detector, F'(s) is the transfer fufietion a@e loop filter, and K, is the slope of
the oscillator frequency to voltage character’b"‘x\SYS‘cituting for H(s) and G(s) in Eq. (3),

we have

NEKF() @
Ns+ Ns+ K,K,F(s) '~

In the experiment, the frequeneyg\\ﬁor the source channel and the phase characteristic
at the phase error detector Wg.ii\t = 2 (i.e. phase comparator frequency: 43 MHz)
0 4

and Kp= L,mp/2m =3 1 rad, respectively where I, was the maximum charge
e

» D -
pump current at the P%bpe of the oscillator frequency to voltage characteristic was
ATh

K,= 1.9 x 10 ? rad/V y ansfer function of the loop filter F(s) can be determined by
the ratio betwe w 1t voltage and the input current. Then,

> +85,(5) |

S6.(8) = 56, (5) |

. 1 ‘I"STQ
F(S)—m (5)

é'gR)., Ag = C1 + Oy, and Ay = C1C5R,. In the experiment, we choose C; =

T; ﬂ&ﬁ.@}or equivalently a 500 Hz cut off frequency). We confirmed that the predicted

phage no%e is reasonable compared with the experimental result. Here, the timing jitter, .J,

hiunction of phase noise S(f) can be described as

1 5(f)
— 2/1 10 df.
I AL (6)

Then, the timing jitters for 10 Hz to 100 kHz bandwidth were estimated to be 5 ps during

free running and 180 fs during the PLL operation, respectively.
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Publishihg darticular, we measured the long-term stability of the cavity lock. Over more than
10 hours of hold time was confirmed by monitoring a frequency counter (53230A, Agilent
Co.ltd.) (Fig. 7). The long-term laser cavity fluctuation is highly compensated by installing
this equipment. Here, the stability of the repetition rate represented by the Allan standard

deviation o,(7) has been universally used to evaluate the stabilityf signal sources®'. Tt is

defined as 3

o) = ST -, @

where 7 is the observation period, 7, is the n-th fracti ‘)L.fr&quency average over the

observation time 7. The stability of the repetition r te was,improved to 640 puHz at 7 =1
sec for 10 hours laser operation. This result implies t De repetition rate of the mode-

S@ in the PLL loop, and this system

locked laser is strongly locked by stable signa
is sufficient for long time operation, Whick%
high-power laser system.

\\\
III. SUMMARY \Q N

The technique of a simple re\ﬁ‘an rate stabilization for a mode-locked laser by using a

a‘f.as a laser operation time such as a

1-chip frequency synthegiz as per ormed. The timing jitter was improved to 180 fs with

this technique. MoregVer, wge co pared the phase noise between the experimental result and
model predlctlo\IZa gn t LL theory for radio communication. The result of the model
prediction was_reasonable ompared with the experimental results. This result shows that

the timing s b)atlon of the mode-locked laser can be simplified including the design of

addition, the cavity locking was strong. A long hold time (>10 hours)

was : T{lese experiments clearly demonstrate that our technique, with its good

synch 1izat§)n as well as being simple and inexpensive, is useful for NRF applications using
ﬁ

LCS-vy rers(interaction between picosecond electron bunches and picosecond laser pulses).

NI
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PublishiRgure captions
Fig. 1. Geometry of the crossing region.
Fig. 2. (a) Basic phase-locked-loop model. (b) Block diagram

tributors. &
Fig. 3. (a) Block diagram of the developed repetition Nh ation equipment. A

timing jitter of the laser pulse was obtained by using signa G}aﬂyﬁer. (b) Photograph of the
ﬁ

test circuit (effective size: 5x5cm). A CD(size:12cm)\is on tse ft side for comparison.

f PLL-phase-noise con-

~ B

-

Fig. 4. Block diagram of the 1-chip frequency&eii_zr .
&ﬂv

Fig. 5. Characteristic of the phase s0 experimental result and prediction of
the simple model are plotted.
\I<

Fig. 6. Block diagram of the as&s)\ odel for the prediction.

Fig. 7. Long-term stab@e laser repetition rate.
AY,
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