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東北大学大学院工学研究科 航空宇宙工学専攻
高橋聖幸

Microwave-driven In-Tube 
Accelerator (MITA) の検討

第三回「高エネルギー電磁ビームに誘起される放電とその工学的応用」
研究会／第五回マイクロ波ロケット研究会



マイクロ波ロケットの問題点と対策案

2

• ビームが発散し，長距離伝送が困難
　　対策案：導波管中に機体を入れてビームを照射

• 繰り返しパルス照射時はノズル内部に停留するプラズマが邪魔
　　対策案：ビームを機体前方から照射し，プラズマは後方へと排気
　　　　　　

Laser-driven In-Tube Accelerator (LITA) を応用出来ないか？
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導波管

UD !
!
"γ2 − 1#ηSav

2ρf UD
$ a2

f

"1∕2
$

!
"γ2 − 1#ηSav

2ρf UD

"1∕2
; (3)

where Sav; η, ρf , and γ respectively denote the beam
power density, absorption efficiency, gas density, and
specific heat ratio. The absorption efficiency was
assumed to be 100%. Equation (3) was solved
numerically using the Newton–Raphson method.
Parameters behind the microwave detonation wave
were determined using UD as presented below:

P2 !
U2

D $ "γ − 1#CvT1

"γ $ 1#"γ − 1#CvT1
P1; (4)

a2 ! v2 !
γ%U2

D $ "γ − 1#CvT1&
"γ $ 1#UD

; (5)

M2 !
UD − v2

a2 1
: (6)

Here, Cv, P, T, and v respectively stand for the spe-
cific heat at constant volume, pressure, tempera-
ture, and the flow velocity. Indices 1 and 2
respectively represent variables upstream and
downstream of the detonation wave. The expansion
wave propagates behind the detonation wave. Pres-
sure behind the expansion wave, which is repre-
sented with index 3, was calculated as

P3 ! P2

#
1 −

γ − 1
2

M2

$
2γ∕γ−1

: (7)

The next step starts after the detonation wave
reaches the open-end. This period was determined as

τ1 !
Lth

UD
: (8)

In this equation, Lth is the thruster length. The
pulse width of the millimeter wave was set as τ1.
When the detonation wave reaches the open end,
an expansion wave propagates toward the thrust-
wall. The expansion wave causes pressure decay in
the thruster. That pressure decay can be calculated
using the PDE model proposed by Endo et al. [17].

The last step is refilling the thruster through a
reed valve air-breathing system. The reed valve is
used as pressure-driven flow controller for compres-
sors, jet engines, two-stroke engines, and so on
[18–20]. Reed valve systems have a simple light-
weight structure requiring no actuator. When the
pressure in the thruster falls below the external
pressure, refilling occurs through the reed valve sys-
tem. A simple model for refilling is adopted, with
simplified assumptions. When the air breathing
starts, initial conditions in the thruster are pre-
sumed to be uniform. To estimate the final conditions
in the thruster, the intake presumably forms a closed
volume in which an adiabatic evolution of air occurs.
During air breathing, the gas conditions in the intake
are assumed to be equal to flight stagnation condi-
tions. The following equations model the refilling:

ρf !
ρthV th $ ρstagVple

V th $ Vple
; (9)

Tf !
ρthV thTih $ ρstagVpleTstag

ρf "V th $ Vple#
; (10)

Pf ! ρf RTf : (11)

Therein, V and R respectively represent the volume
and gas constant. Indexes f , th, and ple respectively
denote values of the final condition, inside the
thruster, and inside the intake. Figure 3 presents
a comparison of pressure history in the thruster be-
tween the computation and experiment. The result
shows good agreement.

Finally, the time-averaged thrust is obtained as
follows:

F̄ !
1

τcycle

Z
τcycle

0
"Pw − P0#Adt: (12)

Here, A and τcycle respectively denote the thrust wall
and engine cycle time.

4. Launch Trajectory Calculations

The general equations of motions for flight over the
spherical Earth were used, treating the vehicle as a
point mass m. The atmosphere was presumed to be
at rest with respect to the Earth. The equations
were simplified assuming a vertical ascent in the

Fig. 2. Engine cycle model of microwave rocket along with the
pressure distribution.
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Microwave-driven In-Tube Accelerator 
(MITA) の提案

3

gas filled in the acceleration tube can be controlled be-
forehand, although this is a challenging technology.

!3" For steady-state operation, the impulse can be estimated
using generalized Rankine–Hugoniot relation, which
is successfully applied to predict the RAMAC
performance.8

C. On environmental issues
!1" Since the laser beam is transmitted through the tube, the

system is hazardless toward outside against the direct
and associated radiation emission.

!2" If the launch tube is quickly closed after the launch, the
exhaust gas stays in tube, then air pollution can be mini-
mized.

!3" Since the acceleration occurs in the tube, associated
noise can be much decreased.

III. OPTICAL DESIGN

In order to focus the laser beam behind the projectile, a
‘‘double-reflection’’ optical configuration has been devel-
oped. Figure 2 shows the double-reflection configuration
which is employed in this study. The incident laser beam is
supplied from upstream, where the gas remains intact. The
incident laser beam is reflected first on the projectile nose,
second on the projectile shroud wall, then is focused behind.
The effective radius of the projectile centerbody is deter-
mined as the radial location where the ray from the projectile
tip intersects with the projectile surface.

The nose shape is numerically calculated by solving the
following equation:6

d2#
dz2 !

2!cos 2#"2 "

sin 2# ! d#

dz " 2, !1"

where # and z designate the tangential angle of the projectile
surface with respect to the center axis and the axial coordi-
nate, respectively. Once the focal location is given, # at the

nose tip is easily determined from geometrical consideration.
Then, the whole shape is calculated by solving Eq. !1" com-
bined with the relation

dr!#dz . !2"

Changing the focal location, the nose shape and the ef-
fective radius change as shown in Fig. 3. Here, a focal loca-
tion is designated by a subscript ‘‘3,’’ and the length scales
are normalized by the inner radius of the projectile shroud.
For r3!0 the focal location forms a point; for r3$0 a circle.
In all cases, the nose has a concave shape. For z3!2.0 %Fig.
3!a"&, increasing r3 , the effective centerbody radius slightly
increases. For r3!0 %Fig. 3!b"&, increasing z3 , the effective
radius barely increases whereas the axial distance from the
projectile base to the focal location increases. Overall, no
essential superiority from the geometrical point of view is
found among the calculated projectile shapes before conduct-
ing performance measurement. In the present experiment, the
focal location is set z3!2.0 and r3!0. In this configuration,
# varies from 22.5° !at the tip" to 31.6° !at the effective
radius of the centerbody".

IV. APPARATUS

Experiments to demonstrate operation of LITA were
conducted at the Shock Wave Research Center !SWRC", see
Fig. 4. A CO2 transversely excited atmospheric !TEA" laser
is used as the energy source. The nominal output energy per
pulse is 5 J at maximum. The full width at half maximum
!FWHM" of a single pulse duration ranges from 130 to 280
ns. Including low-power tail portion, the pulse width equals
about 4 's. The highest repetition rate is 100 Hz. The output
laser beam is reflected on a plane molybdenum mirror. Then,
the beam dimensions are reduced to the half through the
ZnSe beam reducer lens system, then being incident to the
projectile.

The projectile !Fig. 5" is composed of a centerbody
!nose and base disk", four fins and a shroud. They are all
made of aluminum alloy, A7075-T6. Its outer diameter is

FIG. 1. Schematic illustration of LITA operation principle.

FIG. 2. Example of double-reflection configuration and ray traces. Length
scales are normalized by the inner radius of the projectile shroud.

FIG. 3. Calculated projectile nose shapes; solid line, nose shape; broken
line, ray from the nose tip; #, focal location; ", effective radius; !a" z3
!2.0, !b" r3!0. Length scales are normalized by the inner radius of the
projectile shroud.
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円筒導波管に変更

マイクロ波を照射 プラズマは機体後方へ排気

Sasoh (2001)



研究目的と今回やった事
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• レーザーは集光出来たがマイクロ波は集光可能か？
　　　2 次元 FDTD 計算を行い，機体前方からビームを照射して
　　　集光可能かを調査（軸対称計算を行いたかったが，間に合わず）

• 推力の推算（LITA と比べて良いのか悪いのか？）
　　　プラズマ反応移流拡散方程式を解き，エネルギー吸収率を算出
　　　2 次元軸対称 Navier-Stokes 計算を行い，推力を概算

MITA によりどの程度の Cm が得られるかを見積もる



光学系設計の為の計算手法，計算条件
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• 支配方程式と計算手法：Maxwell 方程式を FDTD 法で解く
• 照射マイクロ波周波数：110 GHz, 330 GHz, 600 GHz, 1000 GHz

• 照射マイクロ波電界強度：1 MV/m（σ=0.1 cm のガウス分布）
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gas filled in the acceleration tube can be controlled be-
forehand, although this is a challenging technology.

!3" For steady-state operation, the impulse can be estimated
using generalized Rankine–Hugoniot relation, which
is successfully applied to predict the RAMAC
performance.8

C. On environmental issues
!1" Since the laser beam is transmitted through the tube, the

system is hazardless toward outside against the direct
and associated radiation emission.

!2" If the launch tube is quickly closed after the launch, the
exhaust gas stays in tube, then air pollution can be mini-
mized.

!3" Since the acceleration occurs in the tube, associated
noise can be much decreased.

III. OPTICAL DESIGN

In order to focus the laser beam behind the projectile, a
‘‘double-reflection’’ optical configuration has been devel-
oped. Figure 2 shows the double-reflection configuration
which is employed in this study. The incident laser beam is
supplied from upstream, where the gas remains intact. The
incident laser beam is reflected first on the projectile nose,
second on the projectile shroud wall, then is focused behind.
The effective radius of the projectile centerbody is deter-
mined as the radial location where the ray from the projectile
tip intersects with the projectile surface.

The nose shape is numerically calculated by solving the
following equation:6

d2#
dz2 !

2!cos 2#"2 "

sin 2# ! d#

dz " 2, !1"

where # and z designate the tangential angle of the projectile
surface with respect to the center axis and the axial coordi-
nate, respectively. Once the focal location is given, # at the

nose tip is easily determined from geometrical consideration.
Then, the whole shape is calculated by solving Eq. !1" com-
bined with the relation

dr!#dz . !2"

Changing the focal location, the nose shape and the ef-
fective radius change as shown in Fig. 3. Here, a focal loca-
tion is designated by a subscript ‘‘3,’’ and the length scales
are normalized by the inner radius of the projectile shroud.
For r3!0 the focal location forms a point; for r3$0 a circle.
In all cases, the nose has a concave shape. For z3!2.0 %Fig.
3!a"&, increasing r3 , the effective centerbody radius slightly
increases. For r3!0 %Fig. 3!b"&, increasing z3 , the effective
radius barely increases whereas the axial distance from the
projectile base to the focal location increases. Overall, no
essential superiority from the geometrical point of view is
found among the calculated projectile shapes before conduct-
ing performance measurement. In the present experiment, the
focal location is set z3!2.0 and r3!0. In this configuration,
# varies from 22.5° !at the tip" to 31.6° !at the effective
radius of the centerbody".

IV. APPARATUS

Experiments to demonstrate operation of LITA were
conducted at the Shock Wave Research Center !SWRC", see
Fig. 4. A CO2 transversely excited atmospheric !TEA" laser
is used as the energy source. The nominal output energy per
pulse is 5 J at maximum. The full width at half maximum
!FWHM" of a single pulse duration ranges from 130 to 280
ns. Including low-power tail portion, the pulse width equals
about 4 's. The highest repetition rate is 100 Hz. The output
laser beam is reflected on a plane molybdenum mirror. Then,
the beam dimensions are reduced to the half through the
ZnSe beam reducer lens system, then being incident to the
projectile.

The projectile !Fig. 5" is composed of a centerbody
!nose and base disk", four fins and a shroud. They are all
made of aluminum alloy, A7075-T6. Its outer diameter is

FIG. 1. Schematic illustration of LITA operation principle.

FIG. 2. Example of double-reflection configuration and ray traces. Length
scales are normalized by the inner radius of the projectile shroud.

FIG. 3. Calculated projectile nose shapes; solid line, nose shape; broken
line, ray from the nose tip; #, focal location; ", effective radius; !a" z3
!2.0, !b" r3!0. Length scales are normalized by the inner radius of the
projectile shroud.
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を解いて決定

grid: 1200×400



MITA におけるビーム集光の可否
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エネルギー吸収率算出の為のプラズマ計算手法
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• 2 流体移流拡散方程式

• Maxwell 方程式 (FDTD 法) • 電子電流密度（Leap-Frog 法で積分）

@ne
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+r · (�µeneEsp �Derne) = ne⌫i

@ni
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• 数値流束
　　Scharfetter-Gummel 法
• 時間積分
　　オイラー陰解法
• 輸送係数テーブル
　　PIC-MCC 計算から作成



プラズマ伝搬を再現する為の計算条件
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• 仮定1: 1 次元的にエネルギー吸収が行われる
• 仮定2: 集光点では 5 MV/m の電場強度（1.5 MW beam＠Hidaka ら）
• 仮定3: 電離波面での局所電場が亜臨界となる前にビーム照射が終了
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1000 GHz ビーム照射時の電離構造とエネルギー吸収率
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• カットオフ密度が上昇するため，最大電子数密度が増大する
• カットオフに達するまでに時間を要し，その間に電子が拡散
• 周波数が弾性衝突周波数に近づき，エネルギー吸収率が増大
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推力算出の為の流体計算手法
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• 支配方程式：2 次元軸対称圧縮性 Navier-Stokes 方程式
• 空間離散化：セル中心有限体積法
• 非粘性数値流束：AUSM-DV 法 with 2nd-order MUSCL 法
• 粘性項：2 次精度中心差分
• 乱流モデル：全面乱流を仮定した Spalart-Allmaras モデル
• 時間積分：オイラー陽解法
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CFD 計算における加熱項のモデル化
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• 加熱領域は半径 R = 0.1 cm 程度で球状に広がると仮定
• ビーム照射は　　　　　 で終了（Ui = 13.5 km/s, τ = 74 ns）
• 投入 Energy: 

　　　　　　　　 　　　　　　　　　   とすると
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0.1 cm

⌧ = R/Ui

Eabs = Pabs⌧(4/3⇡R
3)

Pabs = 4.79⇥ 1014 W/m3 Eabs = 0.149 J

110 GHz, 1.0 MV/m, sgm=0.1, 軸対称計算 - 8399



MITA と LITA における推進性能の比較
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• MITA と LITA における衝撃波伝搬を CFD により再現
• LITA: 60 N/MW,  MITA: 30 N/MW であり同程度の Cm を獲得可能
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まとめ
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• 直径 1.6 cm の機体に対しては 1000 GHz ビームを照射すると
回折の影響を受けることなくビーム集光が可能

• 330 GHz ビーム照射時は，回折等による集光斑を防ぐために
機体直径を 4.8 cm 程度にすべきだと思われる

• 高周波数ビーム照射時は電離構造が拡散的になる
• ビーム周波数が弾性衝突周波数に近づくため，1 atm 下では 

110 GHz よりも1000 GHz ビームを照射した方がプラズマの
エネルギー吸収率が高い

• MITA は LITA に匹敵する Cm を生成する事が可能


