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アクティブミラーとは
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Fig. 1. Schematic diagram of three-element disk amplifier.
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Fig. 2. Schematic diagram of three-element active mirror
amplifier.

pected. Finally, the surfaces receiving the highest heat
deposition are cooled by direct contact with a flowing
liquid. This leads to short thermalization times, typi-
cally shorter than that of an equivalent aperture disk
amplifier.8

Both disk and active mirror amplifiers have compa-
rable gain and high power performance. Consider first
the parasitic oscillation limited gain performance. A
disk amplifier can sustain a maximum gain per unit
length a that is inversely proportional to the largest
path across the glass-the major axis D. The constant
of proportionality is dependent on the degree or quality
of parasitic oscillation suppression. This suppression
is a result of proper choice of geometry and the ability
to absorb the outgoing spontaneous emission with
minimum backscatter or feedback. If all parasitic os-
cillations were decoupled, the gain in each disk would
be limited by the single-pass amplified spontaneous
emission.

The limiting parasitic in disks is the surface mode.9
Near the front and back surfaces the gain is the highest
and thus most sensitive to circulating energy. The
active mirror, being pumped from only one side, would
appear to be at a disadvantage if the gain is limited by
the stored energy at the surface. For the case of high
dopant concentration and reasonable thickness, the
maximum aD would only be about half of that of a disk.
However, if one compares amplifiers of equal beam
aperture, the active mirror regains its attractiveness,
when operating at near normal incidence, in that the
semimajor axis of a disk is 1.8 times the largest length
of an active mirror. Hence, at the limiting aD for both
configurations, the stored energy is equal.

In any nonlinear optical medium such as glass, there
is a critical power level above which self-focusing effects
become important. The B integral is an evaluation of
the nonlinear phase change induced by the high inten-
sity beam and is also an indication of the growth rate of
various components contributing to self-focusing. The
value of the parameter B is given by

B = C I I(Z)dZ,
o no (1)

where n2 is the nonlinear index, no the linear index, I
the intensity, C a constant, and the integration is taken
along the Z axis through a nonlinear material of length
L. Physically, B represents the phase retardation rel-
ative to a zero intensity beam traversing the same path.
The B integral has become a standard way of evaluating
beam degradation in high peak power laser systems and
should be kept as low as possible for good perfor-
mance.

The B-integral contribution to an active mirror will
be larger than that of an equivalent disk because the
beam to be amplified overlaps itself in the region near
the reflecting surface. In the overlap region the local
power density is the sum of the instantaneous contri-
butions of the incoming and reflected portions of the
laser beam. In the long pulse limit, the B integral of the
active mirror will be twice the value calculated assuming
no overlap. However, as the pulse is shortened so that
its spatial extent is less than the glass thickness, that
increase will be reduced since overlap only occurs in a
small fraction of the glass. For example, for a 50-psec
pulse and a 3-cm thick active mirror the increase is only
15% higher than for the nonoverlapping situation. The
effects of the overlap are to a degree compensated by the
active mirror's ability to operate with circularly polar-
ized light. This leads to a decrease in the nonlinear

Fig. 3. Key features of present active mirror design.

352 APPLIED OPTICS / Vol. 20, No. 2 / 15 January 1981

!
"
#
"
媒
質

!
"
#
$
%
"
&
'

高反射膜

入射
ビーム

増幅

ビーム

旧世代（２０世紀）

1) J. P. Chernoch (GE), US 3466569, “Laser device” (1969).
2) S. William, et al. (GE), US 3534291 “Apparatus for face 

pumped laser device” (1970).
3) J. A. Abate, et al., “Active mirror: a large-aperture medium-

repetition rate Nd:glass amplifier,” Appl. Opt. 20, 351 (1981).
(GE, DOE, Kodak, LLE Rochester Univ.)

!
"
#
"
媒
質

冷媒

(
)
*
$
&
+

高反射膜無反射膜

入射
ビーム

増幅

ビーム

半導体
レ−ザー
励起光

新世代（２１世紀）

母材 ガラス YAG (Y3Al5O12) 熱伝導率：ガラスの約20倍

活性イオン Nd3+ Yb3+ 発熱：Nd3+の 1/2.7
励起源 フラッシュランプ 半導体レーザー (LD)



「レーザー駆動による量子ビーム加速器の開発と実証」 2023年度シンポジウム
開催日 ： 2023/08/02 場所 ： 科学技術振興機構 東京本部別館 3

低温冷却・Yb:YAG・アクティブミラーの利点
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where ƫ is the reduced Planck constant, ω is the angular frequency, and kB is the Boltzmann 
constant. From Eqs. (2) and (3), the linear thermal expansion can be expressed as a function 
of temperature by using two constants, A and B. The thermal coefficients of K(T) and ȡ(T) are 
relatively small, so we approximate those components as constants.  

                                    ( ) exp BT A
T

α § ·= −¨ ¸
© ¹

                                                   (4) 

We fitted the experimental result of α with Eq. (4) and found that A = 1.1434 × 10-5 K-1 and B 
= 174.59 K. There is no such simple relationship to represent the temperature dependence of 
the dn/dT data. Therefore, we used a third-order polynomial fit to interpolate the dn/dT values 
within this temperature range. 

 ( ) 2 3
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dn T M M T M T M T
dT

= + + +  (5)  

By fitting this polynomial to the dn/dT data, we obtained the parameters M0 = -1.3698 × 10-6 
K-1, M1 = 1.5974 × 10-8 K-2, M2 = 1.9468 × 10-10 K-3, and M3 = -4.6369 × 10-13 K-4. 
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Fig. 4. Temperature dependence of the refractive index (red) and thermal expansion (blue). 
The solid lines show the fitted curves obtained by using Eqs. (4) and (5). The filled circles 
show our experimental data. The green triangles show α for the YAG ceramics from Ref. [20]. 
The green circles represent dn/dT for the YAG ceramics from Ref. [20]. The black triangles 
show α for the YAG crystal from Ref. [19]. The black squares show dn/dT for the YAG crystal 
from Ref. [18].  

 

3.2 Determination of the temperature dependence of κ 

Figure 5 shows the temperature dependence of κ for four materials: 9.8 at% Yb:YAG 
ceramics, an undoped YAG single crystal from Ref. [23], undoped YAG ceramics from Ref. 
[23], and undoped YAG ceramics that had a 3-µm grain size, as obtained in Ref. [24]. The κ 
of 9.8 at% Yb:YAG ceramics is 15.9 W/mK at 70 K. This value is 1.9 times higher than that 
at 300 K. The κ of undoped YAG ceramics is 50 W/mK at 70 K. We have confirmed a 
significant reduction of thermal conductivity in the doped YAG ceramics. To confirm the 
accuracy of our measurement, we measured another sample that had a different length, 15 
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前置増幅器： 2 J, 100 Hz小型レーザーが視野に

多重パスロッド増幅器ヘッド

2 J, 100 Hz 装置コスト： 市販品（2 J, 10 Hz×10台）の数分の１
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集光強
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Koji Kawabata
A2,A3 M2測定

Spiricon M2-200sを使用してA2,A3（100Hz動作時）のM2の測定を行った。
A2,A3では大きな変化はないことを確認した。

M2測定結果
X：1.1
Y：1.2

下図：実験配置図、右図測定結果PC画面 ※FFPはソフトウェア上の表示倍率が異なる
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アクティブミラー増幅器 （10 J, 100 Hz 増幅）

増幅器筐体外観

(30×35×40 cm)
増幅器筐体内部 液体窒素循環装置

(~78 K, 6-9 ℓ/min, 0.1 MPa)（４台をダブルパス通過）
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模式図 (Thorlabs HP)
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W/O FEL
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昨日の夕方液体窒素循環を停止、取得時温度-10℃程度（-8℃～12℃）
昨日同様Φ400µm球を使用。
局所的な強度リップルは確認できず。ほぼ歪みがない。
いずれにせよ熱負荷を加えたテストが必要。
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the SH power under side cooling was almost saturated at
190 W (conversion efficiency of 40%) for input power of
475 W. In contrast, SH power under longitudinal cooling
was fairly linear with fundamental power with efficiency being
maintained above 60%, and the maximum power obtained was
311 W (65%) at 476 W input.

With this cooling technology for the nonlinear crystal, the
two 500 W class beams were frequency doubled and tripled.

For the demonstration of SHG, the second LBOs shown
in Fig. 1 were removed. We used the same type-I LBOs
and focusing lenses described above. A peak intensity of the
fundamental was about 2 GW∕cm2. The two SH beams were
synchronously combined using a PBS. The combining effi-
ciency was more than 98%. Figure 4(a) shows the SHG
(520 nm) performances as a function of the average power of
the fundamental beams. A maximum output power of 600 W
was obtained with the fundamental input power of 900W. The
corresponding pulse energy was 60 μJ at a 10 MHz repetition
rate. The conversion efficiency was ∼67%, which almost
matched the best condition for equal photon fluxes among
the fundamental and SH waves.

For THG, a set of frequency doublers and triplers was used
for each module, as shown in Fig. 1. The LBO crystals were
angularly tuned with type-I configuration for SHG (θ ! 90.0,
ϕ ! 11.2), and type-II for THG (θ ! 48.1, ϕ ! 90.0). The
thickness of both crystals was 20 mm. The gap between two
crystals was about 35 mm. Fundamental beams were focused at
the midpoint in this gap. As a result of our one-dimensional
numerical calculations, the intensity required to generate the
TH is almost half compared with the SH only. Thus, we ad-
justed the spot size to about 200 μm using a lens of focal length
of 687 mm. Finally, the two TH beams also were combined
with a single beam by polarization combining with an efficiency
of ≥98%. Figure 4(b) shows the TH (347 nm) output power
and conversion efficiency. A maximum output power of 300 W
(pulse energy of 30 μJ and conversion efficiency of 40%) was
achieved.

We measured the pulse duration using an optical sampling
oscilloscope (C8188, Hamamatsu photonics, 17.5 ps temporal
resolution). Figure 5 shows the pulse waveforms observed at the

fundamental and TH light. The pulse duration of the com-
bined fundamental light was 285 ps (FWHM), which was sim-
ilar to that of the oscillator. The pulse duration of the TH light
was almost the same as the fundamental.

The beam patterns of TH light measured at 300 W are
shown in Fig. 6. The near-field pattern was quite smooth with
an almost Gaussian profile of 1.7 mm diameter. A far-field pat-
tern was observed by focusing it using a plano–convex lens of

Fig. 3. SH output power at 520 nm wavelength versus fundamental
input power at 1040 nm. The solid and open circles are experimental
data taken with longitudinal cooling and side cooling, respectively.
The solid and dotted lines are least-squares fits.

Fig. 4. Performances for (a) SHG and (b) THG. The solid and open
circles correspond to the output power and conversion efficiency,
respectively.

Fig. 5. Temporal shapes of the polarization-combined (a) funda-
mental and (b) TH light.
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実用化への取組み２:大口径AM開発(パワー拡大則)
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まとめ

・ >10J級世界最高平均出力 (1 kW)
・ 世界初の 6 cm級 伝導冷却型アクティブミラー（独自技術）
・ 純国産（国内数社の協力企業集団の形成）

⽬標達成の状況

・ 前置増幅部の高性能化 (定常運転 2 J, 100 Hz が視野)
・ アクティブミラー主増幅器 光・光変換効率の向上 (10.3 J, 31.3%)
・ アクティブミラー主増幅器 小型化、冷却性能・ビーム品質向上を検証中

実⽤化への取り組み

・ 10 J, 100 Hz & ２倍高調波変換システムの定常運転
・ アクティブミラーの大口径化 (パワー拡大則データベース)
・ Ti: サファイアアクティブミラーへの波及効果

1) J. Ogino, et al., Optics Letters, 46 (3), 621-624 (2021).
2) J. Ogino, et al., Optics Continuum, 1 (5), 1270-1277 (2022). 

(15 Popular Papers on Lasers and Laser Optics, 11th May, 2023)
3) 荻野純平, 他, 第47回レーザー学会業績賞 進歩賞 「革新的パワーレーザー
の開発 -伝導冷却アクティブミラーレーザー 」, 2023年5月31日.

性能向上の成果

成果の発信など


