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はやぶさ２
• C型小惑星：地球近傍小惑星1999JU3を目指す
• 2014年12月3日 打ち上げ
• 2018年到着，2019年離脱，2020年地球帰還
• ３箇所からのサンプルリターン
• 水・有機物を含む試料の採取：生命起源物質の研究
• 小型搭載型衝突装置（SCI）で人工クレーターを形成
• 宇宙衝突実験：小惑星上で惑星形成過程で起きた天体衝突
を再現する
• 人工クレーターの形成過程を分離カメラ（DCAM3）で観測
• 地下試料を採取：宇宙風化や太陽放射による熱変成をを受
けていない新鮮な試料

4

15年1月7日水曜日



小惑星の位置づけ
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天文観測

惑星探査

現在の姿

過去の姿

氷微惑星岩石微惑星

氷原始惑星岩石原始惑星

国立天文台HPより 6
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天文観測

惑星探査

現在の姿

過去の姿

missing link
氷微惑星岩石微惑星

氷原始惑星岩石原始惑星

国立天文台HPより 6
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惑星形成過程の記録はどこに？

• 小惑星に注目！

• 火星と木星の間の軌道に多く存在する
小天体の総称：< 1000km

• 微惑星から原始惑星への成長過程を
様々な段階で凍結した「化石」

• 小惑星の研究 → missing linkを繋ぐ
7
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原始惑星系円盤

付着
合体成長

ダスト

微惑星

アグリゲイト

惑星彗星 小惑星 準惑星

巨大衝突

再集積
破壊熱進化

原始惑星

衛星

デブリ円盤

サイズ

0.1μm 1 cm 10 km 1000 km 10000 km

太陽系天体の多様性と衝突現象
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惑星形成のmissing link を繋ぐ
小惑星探査

•日本の小惑星探査

•「はやぶさ」によるサンプルリターン

• S型小惑星「イトカワ」

•「はやぶさ２」によるサンプルリターン

• C型小惑星「1999JU3」
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惑星形成のmissing link を繋ぐ
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はやぶさ２
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原始惑星系円盤から
現在の小惑星への進
化に伴う物質の変遷
の解明 

微惑星から近地球型小惑星に至るまでの熱進化
の紐解き。現在の表面特性を把握した上で、サン
プルの詳細分析を実施。熱進化イベントの時間軸
を付け、軌道進化の理論も加味し，45億年にわ
たる熱進化の履歴を理解する 

汚染・サンプリングバイアスのないサンプルを採
取し，ミクロスケールでの詳細分析を実施する．
小惑星表面のマクロスケール地質・物質情報と合
わせ，微惑星での鉱物・水・有機物相互作用に
よる有機物の多様化を探る 

分光観測，サンプル分析から天体スケールでの小
惑星材料物質の非均一性を同定．原始太陽系円
盤から微惑星が取り込んだ高温物質（鉱物）・
低温物質（水・有機物）を調べ、円盤内での物
質の不均一分布や移動を理解する 

衝突破壊・合体のプロセスの履歴を含めた謎解
き。 天体全体スケールで構造を観測し、微小天
体の衝突過程をモデル化する。微惑星のアナログ
天体としての微小天体の姿を理解する。 

ɎɎɵɵʀʀɷɷɟɟˑˑɏɏɴɴʘʘʊʊʍʍˆ̂ʜʜʥʥˉ̄ʹ́��

微惑星と小惑星の構造的・ 
力学的なりたちの解明 
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JAXA/JSPEC12
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太陽電池パネル

分離カメラ（DCAM3）

X バンド 高利得アンテナ X バンド 中利得アンテナ
X バンド 低利得アンテナ

Ka バンド 高利得アンテナ

スタートラッカー

近赤外分光器（NIRS3）
再突入カプセル

サンプラーホーン
レーザー高度計（LIDAR）
光学航法用カメラ（ONC）

はやぶさ２概観
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ミネルバ-IIローバー

DLR MASCOT ランダー

ターゲットマーカーx5

赤外線カメラ（TIR）

小型搭載型衝突装置（SCI）

イオンエンジン

スラスターx12

はやぶさ２概観 
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試験中のはやぶさ２

JAXA/JSPEC JAXA/JSPEC
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神戸大学
•小型搭載型衝突装置（SCI）のサイエンス検
討と分離カメラ（DCAM3）の開発を担当

爆薬により2kgの銅円盤を2km/sまで加速
小型搭載型衝突装置

分離カメラ

8.2 分離カメラ部 

8.各機器詳細設計結果 

41 

内部搭載機器形状，回路検討，搭載位置，ハーネスルーティング，組み立て方法を確定 
構㐀設計も終えている．設計確認後㏿やかにFM製作に入る． 
 

前面ユニット（光学面） 

主構㐀ユニット 

アナログ画像送信機ユニット 

後面ユニット（デジタル画像送信面） 

JAXA/JSPEC18
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SCI フライトモデル

Small Carry-on impactor of HAYABUSA-2 Mission (IAC-11.A3.4.6)�

Configuration�

!   Total weight of SCI: <20 kg (incl. separation device) 
!   Size: φ300mm x h300mm 
!   Mounting position: -Z surface (asteroid side) of S/C 
�

��

Separation 
mechanism

Explosive

CaseMain
structure

Metal liner (copper)

Safe & arm device
Incl. detonator

Electronic device
incl. ignition circuit

SCI�
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SCI 仕様
• Total weigh of SCI: < 20kg
• Size: Φ300mm x h300mm
• Explosive part:
• Shape: Circular cone (Diameter: 265mm)
• Explosive: 4.5kg, Liner: 2.5kg
• Deformation of liner:
• Shape of projectile: Shell type
• Velocity of projectile: > 2000m/s
• Weight of formed projectile: > 2kg

15年1月7日水曜日



分離カメラ（DCAM3）
• 工学検証用のアナログカメラ（DCAM3-A）と理学
観測用のデジタルカメラ（DCAM3-D）からなる．

DCAM3-D 
レンズ 

DCAM3-A 
レンズ 

デジタル 
アンテナ 

φ 78 mm × L 78 mm 

アナログ 
アンテナ 

母船退避経路 

1999JU3 
(直径~1 km ) 

~1000 m 
~250 m 

SCI 
DCAM3 視野（74°） 

衝突地点 
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DCAM3&D'Specifica/on'Requirements�

Specifica(ons� Requirements�

Space'resolu/on� <''1'm/pixel''''''(2000'x'2000'pixels)�

Frame'rate� 1'frame/sec'maximum�

Op/cs'FOV'angle� 74°'x'74°�

Op/cs'F' <''1.7�

Op/cs'Ensquared'Energy� >''65%''@2'x'2'pixels�

ADC'digits� >''8'bit''(gray'scale)�

S/N� >''5''for'far'SCI'body�

Opera/on'dura/on� 1000'sec'for'ejecta'curtain'
1&2'hours''for'low&velocity'dust'

	�detect'SCI'body'before'explosion'to'determine'the'collision'angle.'
	�determine'the'ejecta'curtain'angle'within'10%'error.'
	'detect'high&speed'spall'fragments'(50'm/s)'from'a'rocky'surface.'
	�have'high&speed'transmi\er'for'immediate'data'transmission'to'the'mother'ship.'
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Alt.20km��

Alt.100m��

Alt.30m��

Alt.0m��
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ɃɃLeaving HP. 
Starting GCP-NAV 
(Ground/Onboard Hybrid 
Navigation)��

ɄɄEntering Autonomous Mode��

ɅɅDeploying Target Marker��

ɆɆAligning Attitude to Local Surface��

ɇɇTouch Down��

ɈɈEscape 
�V��

1999JU3�
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“GCP” Landmark 
based navigation��

ONC�� LIDAR��

Target 
Markers 
& FLASH 

LRF��
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ɃSCI Separation 

ɄHorizontal Escape�
ɅVertical Escape�

ɆDCAM3 
Separation�

ɇDetonation 
& Impact�

ɈReturn to HP�

�$'��*�
��)�(.�+&%�

��*&%�+&%�;�
�$'��*�

EFP (Explosively Formed Projectile)-based 
technology applied to Small Carry-on 
Impactor (SCI) 
L�Very short acceleration distance 
- 2km/s in 1msec. 
L�5kg explosive, 2kg electronics,  
2kg impact mass, 9kg structure 
L�Expected crater size D=2-10m.�

SCI・DCAM3運用

カメラ分離 小型搭載型衝突装置

�100#m�

JAXA/JSPEC
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約2時観測
小惑星落下
観測終了

SCI/DCAM-3の運用

DCAM3-D 
レンズ 

DCAM3-A 
レンズ 

デジタル 
アンテナ 

φ 78 mm × L 78 mm 

アナログ 
アンテナ 

母船退避経路 

1999JU3 
(直径~1 km ) 

~1000 m 
~250 m 

SCI 
DCAM3 視野（74°） 

衝突地点 

SCI観測

イジェクタカーテン
観測

ダスト観測

DCAM3分離

点火
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約2時観測
小惑星落下
観測終了

SCI/DCAM-3の運用

DCAM3-D 
レンズ 

DCAM3-A 
レンズ 

デジタル 
アンテナ 

φ 78 mm × L 78 mm 

アナログ 
アンテナ 

母船退避経路 

1999JU3 
(直径~1 km ) 

~1000 m 
~250 m 

SCI 
DCAM3 視野（74°） 

衝突地点 

SCI観測

イジェクタカーテン
観測

ダスト観測

DCAM3分離

点火

点火前後で1秒おきに13枚
連続でフル画像を撮影
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SCI（小型衝突装置）の目的
• SCIによるアクティブ探査：1999JU3の起源と進化
–人工クレーターを形成し，その内部（もしくは周囲）から
地下試料のサンプリングを可能にする．
–宇宙風化のない内部を暴露し，リモセンによる宇宙風化の
比較観測を可能にする．
–クレーター内部の観測から浅層構造に関する知見を得る．

• 宇宙衝突実験による「衝突の科学」：1999JU3を利用した物理
素過程の研究
–1999JU3上でのクレーター形成過程を明らかにする

15年1月7日水曜日



クレーター形成過程：微小重力の影響

地球

小惑星・微小重力

距離, x規
格
化
イ
ジ
ェ
ク
タ
速
度

, v
/U

地球

1999JU3

R1 R2R1

R2

速度分布
は同じ

out when considering launch points inward from the crater edge
using the same argument. Then we again would arrive at Eq. (5).
Such a form is used below in Section 6. Thus, the form of the scal-
ing law is the same in either strength or gravity-dominated im-
pacts, but the range of x/a over which it holds will be shown to
be different. The validity of this assumption will be tested when
Eq. (5) is compared to laboratory data.

Now consider the form of the ejection velocity scaling law cast
in terms of the final crater radius. In the gravity regime, the appar-
ent radius, R, of the final crater is determined by some function

R ¼ f ðaUldm;q; gÞ ð6Þ

Using Eqs. (2) and (6) to eliminate the point-source measure gives
the velocity in terms of the crater radius

v ¼ f ðR;q; g; xÞ ð7Þ

The target density cannot occur in Eq. (7), because it is the only
variable involving units of mass. The remaining four variables in-
volve only the two independent dimensions of length and time,
so there is a relation between two nondimensional variables:

vffiffiffiffiffiffi
gR

p ¼ f
x
R

" #
ð8Þ

which describes the ejection velocity at all launch positions for a
gravity-dominated crater. There is an apparent dependence on the
gravity g in this expression – in the left term and inherently in
the crater radius R. But, as mentioned above, v should not depend
on gravity for launch points inward from the crater edge. The only
way that this can occur in Eq. (8) is if the function f is a power-law
in its argument so that the dependence of R on g cancels the square
root of g on the left. The nondimensional form of Eq. (6) can be used
to show that R is proportional to g$l=ð2þlÞ. As such, Eq. (8) is inde-
pendent of g if and only if

vffiffiffiffiffiffi
gR

p ¼ C2
x
R

" #$1=l
ð9Þ

which is easily verified with a little algebra. It should be noted that
Eqs. (5) and (9) are entirely equivalent descriptions of the ejecta
velocity distribution. The choice of which to use is a matter of which
variables are known for a given problem: the impactor conditions or
the crater size.

Using similar arguments, the scaling laws for v(x) and for M(v)
can be determined. They are listed in Table 1 for both the strength
and gravity regimes.

Note that the impact angle was not included in the above anal-
ysis. For oblique impacts, the ejecta fields need not be symmetric
around the impact point: generally more high-speed ejecta will
be launched down-stream (e.g. Anderson et al., 2003, 2004). That
result is not precluded in the point-source assumptions, there is
just a different point source solution for each impact angle, and
the ejecta distributions will have an azimuthal angle dependence.
Again, experiments are required to delineate the range for which
that point-source result is valid (as discussed next), and specifically
it may not hold for the earliest, highest-speed ejecta. But, it is
known that many of the latest-stage results such as the final crater
size and shape become simply related to the normal component of
impact angle, and there is no observed asymmetry.

We make further comments about this case below.

3.1. Limits of applicability

When interpreting ejecta experiments, it is important to under-
stand the conditions for which these scaling laws may apply. At
and near the impact point, the point source does not apply and the
scaling is separately dependent on d, a and U (Holsapple, 1993). Con-
sequently, distances scale with impactor radius a, velocities with U,
pressures scale as dU2, masses with da3 and so on. There is a cylindri-
cal core in which no material is launched upwards: the material right
under the impactor is driven down, and never remerges at the sur-
face. The extent of that core depends on details such as the projectile
shape and velocity. Therefore, the power-law forms based on the
point-source measure shown in Table 1 must break down for small
x. This is illustrated in Fig. 2. Part (a) of the figure shows that the
point-source approximation holds only beyond some minimum dis-
tance which, for everything else fixed, is proportional to the impac-
tor radius, i.e. x = n1a where the multiplier n1 depends on details
such as impact speed, projectile shape, materials, and so on. More
details are given below.

At greater distances from the impact, power-law scaling applies
to the ejecta up to a distance near the crater edge, where the effects
of gravity or strength arrest the flow to zero. Because this is the
same mechanism responsible for determining the crater size, the
location where the power-law breaks down is proportional to
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out when considering launch points inward from the crater edge
using the same argument. Then we again would arrive at Eq. (5).
Such a form is used below in Section 6. Thus, the form of the scal-
ing law is the same in either strength or gravity-dominated im-
pacts, but the range of x/a over which it holds will be shown to
be different. The validity of this assumption will be tested when
Eq. (5) is compared to laboratory data.

Now consider the form of the ejection velocity scaling law cast
in terms of the final crater radius. In the gravity regime, the appar-
ent radius, R, of the final crater is determined by some function

R ¼ f ðaUldm;q; gÞ ð6Þ

Using Eqs. (2) and (6) to eliminate the point-source measure gives
the velocity in terms of the crater radius

v ¼ f ðR;q; g; xÞ ð7Þ

The target density cannot occur in Eq. (7), because it is the only
variable involving units of mass. The remaining four variables in-
volve only the two independent dimensions of length and time,
so there is a relation between two nondimensional variables:

vffiffiffiffiffiffi
gR

p ¼ f
x
R

" #
ð8Þ

which describes the ejection velocity at all launch positions for a
gravity-dominated crater. There is an apparent dependence on the
gravity g in this expression – in the left term and inherently in
the crater radius R. But, as mentioned above, v should not depend
on gravity for launch points inward from the crater edge. The only
way that this can occur in Eq. (8) is if the function f is a power-law
in its argument so that the dependence of R on g cancels the square
root of g on the left. The nondimensional form of Eq. (6) can be used
to show that R is proportional to g$l=ð2þlÞ. As such, Eq. (8) is inde-
pendent of g if and only if

vffiffiffiffiffiffi
gR

p ¼ C2
x
R

" #$1=l
ð9Þ

which is easily verified with a little algebra. It should be noted that
Eqs. (5) and (9) are entirely equivalent descriptions of the ejecta
velocity distribution. The choice of which to use is a matter of which
variables are known for a given problem: the impactor conditions or
the crater size.

Using similar arguments, the scaling laws for v(x) and for M(v)
can be determined. They are listed in Table 1 for both the strength
and gravity regimes.

Note that the impact angle was not included in the above anal-
ysis. For oblique impacts, the ejecta fields need not be symmetric
around the impact point: generally more high-speed ejecta will
be launched down-stream (e.g. Anderson et al., 2003, 2004). That
result is not precluded in the point-source assumptions, there is
just a different point source solution for each impact angle, and
the ejecta distributions will have an azimuthal angle dependence.
Again, experiments are required to delineate the range for which
that point-source result is valid (as discussed next), and specifically
it may not hold for the earliest, highest-speed ejecta. But, it is
known that many of the latest-stage results such as the final crater
size and shape become simply related to the normal component of
impact angle, and there is no observed asymmetry.

We make further comments about this case below.

3.1. Limits of applicability

When interpreting ejecta experiments, it is important to under-
stand the conditions for which these scaling laws may apply. At
and near the impact point, the point source does not apply and the
scaling is separately dependent on d, a and U (Holsapple, 1993). Con-
sequently, distances scale with impactor radius a, velocities with U,
pressures scale as dU2, masses with da3 and so on. There is a cylindri-
cal core in which no material is launched upwards: the material right
under the impactor is driven down, and never remerges at the sur-
face. The extent of that core depends on details such as the projectile
shape and velocity. Therefore, the power-law forms based on the
point-source measure shown in Table 1 must break down for small
x. This is illustrated in Fig. 2. Part (a) of the figure shows that the
point-source approximation holds only beyond some minimum dis-
tance which, for everything else fixed, is proportional to the impac-
tor radius, i.e. x = n1a where the multiplier n1 depends on details
such as impact speed, projectile shape, materials, and so on. More
details are given below.

At greater distances from the impact, power-law scaling applies
to the ejecta up to a distance near the crater edge, where the effects
of gravity or strength arrest the flow to zero. Because this is the
same mechanism responsible for determining the crater size, the
location where the power-law breaks down is proportional to
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out when considering launch points inward from the crater edge
using the same argument. Then we again would arrive at Eq. (5).
Such a form is used below in Section 6. Thus, the form of the scal-
ing law is the same in either strength or gravity-dominated im-
pacts, but the range of x/a over which it holds will be shown to
be different. The validity of this assumption will be tested when
Eq. (5) is compared to laboratory data.

Now consider the form of the ejection velocity scaling law cast
in terms of the final crater radius. In the gravity regime, the appar-
ent radius, R, of the final crater is determined by some function

R ¼ f ðaUldm;q; gÞ ð6Þ

Using Eqs. (2) and (6) to eliminate the point-source measure gives
the velocity in terms of the crater radius

v ¼ f ðR;q; g; xÞ ð7Þ

The target density cannot occur in Eq. (7), because it is the only
variable involving units of mass. The remaining four variables in-
volve only the two independent dimensions of length and time,
so there is a relation between two nondimensional variables:

vffiffiffiffiffiffi
gR

p ¼ f
x
R

" #
ð8Þ

which describes the ejection velocity at all launch positions for a
gravity-dominated crater. There is an apparent dependence on the
gravity g in this expression – in the left term and inherently in
the crater radius R. But, as mentioned above, v should not depend
on gravity for launch points inward from the crater edge. The only
way that this can occur in Eq. (8) is if the function f is a power-law
in its argument so that the dependence of R on g cancels the square
root of g on the left. The nondimensional form of Eq. (6) can be used
to show that R is proportional to g$l=ð2þlÞ. As such, Eq. (8) is inde-
pendent of g if and only if

vffiffiffiffiffiffi
gR

p ¼ C2
x
R

" #$1=l
ð9Þ

which is easily verified with a little algebra. It should be noted that
Eqs. (5) and (9) are entirely equivalent descriptions of the ejecta
velocity distribution. The choice of which to use is a matter of which
variables are known for a given problem: the impactor conditions or
the crater size.

Using similar arguments, the scaling laws for v(x) and for M(v)
can be determined. They are listed in Table 1 for both the strength
and gravity regimes.

Note that the impact angle was not included in the above anal-
ysis. For oblique impacts, the ejecta fields need not be symmetric
around the impact point: generally more high-speed ejecta will
be launched down-stream (e.g. Anderson et al., 2003, 2004). That
result is not precluded in the point-source assumptions, there is
just a different point source solution for each impact angle, and
the ejecta distributions will have an azimuthal angle dependence.
Again, experiments are required to delineate the range for which
that point-source result is valid (as discussed next), and specifically
it may not hold for the earliest, highest-speed ejecta. But, it is
known that many of the latest-stage results such as the final crater
size and shape become simply related to the normal component of
impact angle, and there is no observed asymmetry.

We make further comments about this case below.

3.1. Limits of applicability

When interpreting ejecta experiments, it is important to under-
stand the conditions for which these scaling laws may apply. At
and near the impact point, the point source does not apply and the
scaling is separately dependent on d, a and U (Holsapple, 1993). Con-
sequently, distances scale with impactor radius a, velocities with U,
pressures scale as dU2, masses with da3 and so on. There is a cylindri-
cal core in which no material is launched upwards: the material right
under the impactor is driven down, and never remerges at the sur-
face. The extent of that core depends on details such as the projectile
shape and velocity. Therefore, the power-law forms based on the
point-source measure shown in Table 1 must break down for small
x. This is illustrated in Fig. 2. Part (a) of the figure shows that the
point-source approximation holds only beyond some minimum dis-
tance which, for everything else fixed, is proportional to the impac-
tor radius, i.e. x = n1a where the multiplier n1 depends on details
such as impact speed, projectile shape, materials, and so on. More
details are given below.

At greater distances from the impact, power-law scaling applies
to the ejecta up to a distance near the crater edge, where the effects
of gravity or strength arrest the flow to zero. Because this is the
same mechanism responsible for determining the crater size, the
location where the power-law breaks down is proportional to
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out when considering launch points inward from the crater edge
using the same argument. Then we again would arrive at Eq. (5).
Such a form is used below in Section 6. Thus, the form of the scal-
ing law is the same in either strength or gravity-dominated im-
pacts, but the range of x/a over which it holds will be shown to
be different. The validity of this assumption will be tested when
Eq. (5) is compared to laboratory data.

Now consider the form of the ejection velocity scaling law cast
in terms of the final crater radius. In the gravity regime, the appar-
ent radius, R, of the final crater is determined by some function

R ¼ f ðaUldm;q; gÞ ð6Þ

Using Eqs. (2) and (6) to eliminate the point-source measure gives
the velocity in terms of the crater radius

v ¼ f ðR;q; g; xÞ ð7Þ

The target density cannot occur in Eq. (7), because it is the only
variable involving units of mass. The remaining four variables in-
volve only the two independent dimensions of length and time,
so there is a relation between two nondimensional variables:

vffiffiffiffiffiffi
gR

p ¼ f
x
R

" #
ð8Þ

which describes the ejection velocity at all launch positions for a
gravity-dominated crater. There is an apparent dependence on the
gravity g in this expression – in the left term and inherently in
the crater radius R. But, as mentioned above, v should not depend
on gravity for launch points inward from the crater edge. The only
way that this can occur in Eq. (8) is if the function f is a power-law
in its argument so that the dependence of R on g cancels the square
root of g on the left. The nondimensional form of Eq. (6) can be used
to show that R is proportional to g$l=ð2þlÞ. As such, Eq. (8) is inde-
pendent of g if and only if

vffiffiffiffiffiffi
gR

p ¼ C2
x
R

" #$1=l
ð9Þ

which is easily verified with a little algebra. It should be noted that
Eqs. (5) and (9) are entirely equivalent descriptions of the ejecta
velocity distribution. The choice of which to use is a matter of which
variables are known for a given problem: the impactor conditions or
the crater size.

Using similar arguments, the scaling laws for v(x) and for M(v)
can be determined. They are listed in Table 1 for both the strength
and gravity regimes.

Note that the impact angle was not included in the above anal-
ysis. For oblique impacts, the ejecta fields need not be symmetric
around the impact point: generally more high-speed ejecta will
be launched down-stream (e.g. Anderson et al., 2003, 2004). That
result is not precluded in the point-source assumptions, there is
just a different point source solution for each impact angle, and
the ejecta distributions will have an azimuthal angle dependence.
Again, experiments are required to delineate the range for which
that point-source result is valid (as discussed next), and specifically
it may not hold for the earliest, highest-speed ejecta. But, it is
known that many of the latest-stage results such as the final crater
size and shape become simply related to the normal component of
impact angle, and there is no observed asymmetry.

We make further comments about this case below.

3.1. Limits of applicability

When interpreting ejecta experiments, it is important to under-
stand the conditions for which these scaling laws may apply. At
and near the impact point, the point source does not apply and the
scaling is separately dependent on d, a and U (Holsapple, 1993). Con-
sequently, distances scale with impactor radius a, velocities with U,
pressures scale as dU2, masses with da3 and so on. There is a cylindri-
cal core in which no material is launched upwards: the material right
under the impactor is driven down, and never remerges at the sur-
face. The extent of that core depends on details such as the projectile
shape and velocity. Therefore, the power-law forms based on the
point-source measure shown in Table 1 must break down for small
x. This is illustrated in Fig. 2. Part (a) of the figure shows that the
point-source approximation holds only beyond some minimum dis-
tance which, for everything else fixed, is proportional to the impac-
tor radius, i.e. x = n1a where the multiplier n1 depends on details
such as impact speed, projectile shape, materials, and so on. More
details are given below.

At greater distances from the impact, power-law scaling applies
to the ejecta up to a distance near the crater edge, where the effects
of gravity or strength arrest the flow to zero. Because this is the
same mechanism responsible for determining the crater size, the
location where the power-law breaks down is proportional to
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out when considering launch points inward from the crater edge
using the same argument. Then we again would arrive at Eq. (5).
Such a form is used below in Section 6. Thus, the form of the scal-
ing law is the same in either strength or gravity-dominated im-
pacts, but the range of x/a over which it holds will be shown to
be different. The validity of this assumption will be tested when
Eq. (5) is compared to laboratory data.

Now consider the form of the ejection velocity scaling law cast
in terms of the final crater radius. In the gravity regime, the appar-
ent radius, R, of the final crater is determined by some function

R ¼ f ðaUldm;q; gÞ ð6Þ

Using Eqs. (2) and (6) to eliminate the point-source measure gives
the velocity in terms of the crater radius

v ¼ f ðR;q; g; xÞ ð7Þ

The target density cannot occur in Eq. (7), because it is the only
variable involving units of mass. The remaining four variables in-
volve only the two independent dimensions of length and time,
so there is a relation between two nondimensional variables:

vffiffiffiffiffiffi
gR

p ¼ f
x
R

" #
ð8Þ

which describes the ejection velocity at all launch positions for a
gravity-dominated crater. There is an apparent dependence on the
gravity g in this expression – in the left term and inherently in
the crater radius R. But, as mentioned above, v should not depend
on gravity for launch points inward from the crater edge. The only
way that this can occur in Eq. (8) is if the function f is a power-law
in its argument so that the dependence of R on g cancels the square
root of g on the left. The nondimensional form of Eq. (6) can be used
to show that R is proportional to g$l=ð2þlÞ. As such, Eq. (8) is inde-
pendent of g if and only if

vffiffiffiffiffiffi
gR

p ¼ C2
x
R

" #$1=l
ð9Þ

which is easily verified with a little algebra. It should be noted that
Eqs. (5) and (9) are entirely equivalent descriptions of the ejecta
velocity distribution. The choice of which to use is a matter of which
variables are known for a given problem: the impactor conditions or
the crater size.

Using similar arguments, the scaling laws for v(x) and for M(v)
can be determined. They are listed in Table 1 for both the strength
and gravity regimes.

Note that the impact angle was not included in the above anal-
ysis. For oblique impacts, the ejecta fields need not be symmetric
around the impact point: generally more high-speed ejecta will
be launched down-stream (e.g. Anderson et al., 2003, 2004). That
result is not precluded in the point-source assumptions, there is
just a different point source solution for each impact angle, and
the ejecta distributions will have an azimuthal angle dependence.
Again, experiments are required to delineate the range for which
that point-source result is valid (as discussed next), and specifically
it may not hold for the earliest, highest-speed ejecta. But, it is
known that many of the latest-stage results such as the final crater
size and shape become simply related to the normal component of
impact angle, and there is no observed asymmetry.

We make further comments about this case below.

3.1. Limits of applicability

When interpreting ejecta experiments, it is important to under-
stand the conditions for which these scaling laws may apply. At
and near the impact point, the point source does not apply and the
scaling is separately dependent on d, a and U (Holsapple, 1993). Con-
sequently, distances scale with impactor radius a, velocities with U,
pressures scale as dU2, masses with da3 and so on. There is a cylindri-
cal core in which no material is launched upwards: the material right
under the impactor is driven down, and never remerges at the sur-
face. The extent of that core depends on details such as the projectile
shape and velocity. Therefore, the power-law forms based on the
point-source measure shown in Table 1 must break down for small
x. This is illustrated in Fig. 2. Part (a) of the figure shows that the
point-source approximation holds only beyond some minimum dis-
tance which, for everything else fixed, is proportional to the impac-
tor radius, i.e. x = n1a where the multiplier n1 depends on details
such as impact speed, projectile shape, materials, and so on. More
details are given below.

At greater distances from the impact, power-law scaling applies
to the ejecta up to a distance near the crater edge, where the effects
of gravity or strength arrest the flow to zero. Because this is the
same mechanism responsible for determining the crater size, the
location where the power-law breaks down is proportional to

Table 1
Scaling laws for the ejection velocity and crater size.

Crater radius
Crater size Strength regime : R q

m

$ %1=3 ¼ H2
q
d

$ %ð1$3mÞ=3 Y
qU2

h i$l=2
Gravity regime : R q

m

$ %1=3 ¼ H1
q
d

$ %ð2þl$6mÞ=½3ð2þlÞ' ga
U2

h i$l=ð2þlÞ

Strength/gravity transition ga
U2 ¼ H1

H2

" #ð2þlÞ=l q
d

$ %m Y
qU2

" #ð2þlÞ=2

Ejection velocity versus position
In terms of impactor props. v

U ¼ C1
x
a

q
d

$ %mh i$1=l

In terms of crater radius Strength regime : v
ffiffiffi
q
Y

q
¼ C3

x
R

$ %$1=l Gravity regime : vffiffiffiffi
gR
p ¼ C2

x
R

$ %$1=l

C3 ¼ C1ðð4p=3Þ1=3H2Þ$1=l C2 ¼ C1ðð4p=3Þ1=3H1Þ$ð2þlÞ=2l

Mass ejected from inside x
MðxÞ ¼ kqx3

Mass ejected faster than v
In terms of impactor props. MðvÞ

m ¼ C4
v
U

q
d

$ %3m$1
3l

h i$3l

C4 ¼ 3k
4p C3l

1
In terms of crater radius

Strength regime : MðvÞ
qR3 ¼ C6 v

ffiffiffi
q
Y

q" #$3l
Gravity regime : MðvÞ

qR3 ¼ C5
vffiffiffiffi
gR
p
& '$3l

C6 ¼ C4H$3
2 C5 ¼ C4ð4p=3Þ$l=2H$3ðlþ2Þ=2

1

The symbols C1, . . . , C6, H1, H2, and k are constants.

K.R. Housen, K.A. Holsapple / Icarus 211 (2011) 856–875 859

イジェクタカーテン

低速度イジェクタ

u:衝突速度
v:イジェクタ速度
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DCAM3により撮影される予測画像
op+mis+c	  case	  -‐>	  sand	  surface
100m	  height	  ejecta	  curtain
	  

• FOV	  74°x74°
• IFOV	  0.646mrad
• 2000x2000pixel
• Resolusion	  0.646m/pixel	  @	  1000m
• 10	  successive	  images	  every	  1	  sec
　for	  10sec.

• Asteroid
	  	  	  	  	  	  	  	  	  	  900m	  	  1400pixel
	  	  	  	  	  	  	  	  	  	  albedo	  0.07
• Ejecta
　　　albedo	  max	  0.07	  is	  assumed
　　　Heigh 100m,	  Width200m
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (156x312pixel)
	   aSer	  400	  sec

• Asteroid image
• Vesta/Dawn
• (dawn-‐image-‐072311-‐700)
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カーテン角度
イジェクタ分離速度

スポール破片速度

クレーターサイズ

イジェクタカーテン移
動速度

砂：重力支配域 岩石：強度支配域

イジェクタスケーリング則の検証と改訂
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砂：重力支配域 岩石：強度支配域
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動速度

Zモデル:	  Z値
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イジェクタ速度分布
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カーテン角度
イジェクタ分離速度

スポール破片速度

クレーターサイズ

イジェクタカーテン移
動速度

Zモデル:	  Z値

砂：重力支配域 岩石：強度支配域

強度：Y	  =	  ρt	  Ct	  ve	  /	  2

イジェクタ速度分布

クレーターサイズ

イジェクタスケーリング則の検証と改訂

15年1月7日水曜日



イジェクタカーテン

• イジェクタ速度分布の改訂

• イジェクタカーテンの拡大速度

• 重力や強度がクレーター形成過程に及ぼす影響

• Zモデルの検証：掘削過程の標準モデル

• イジェクタカーテンの角度

• 掘削流の深さ，放出物の総量，表層における衝撃
波の減衰過程
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克服すべき問題
• イジェクタカーテンの解析方法が確立していない
• 放出位置と粒子速度，放出角度の関係を求めたい
• 個々の粒子の運動とカーテン形状の関係を知る必要
がある

• カーテン形状の時間変化から速度分布と放出角度を
求める解析方法を確立する

30

初期位置

粒子放出角度
カーテン角度

イジェクタカーテン 粒子放出速度

放出粒子
イジェクタカーテンの時間発展

tt+Δt

カーテン角度, α

カーテン移動
速度, 

粒子放出角度, θ

X
.

g, 重力加速度

15年1月7日水曜日



地上実験
•砂やガラスビーズを用いたクレーター形成実験

•個々の放出物の速度分布，放出角度，さらにイ
ジェクタカーテン形状に関する系統的な研究を
開始

•今後，速度範囲を広げ，次に標的物質の物性を系
統的に変化させていく予定．
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石英砂ターゲットにおける 
クレーターエジェクタの速度分布 

に関する実験的研究 

辻堂さやか1，荒川政彦1，保井みなみ1，鈴木絢子2，松榮真一1 

1 神戸大学大学院理学研究科, 2 JAXA	



背景 	

• 太陽系の多くの天体表面には衝突クレーターが存在 
• 衝突クレーター形成: 太陽系の形成、進化において普遍的な現象 

• エジェクタ速度分布 
• 天体表層の衝突進化について議論する上で重要 
• スケール則: クレーターと衝突条件の関係を定量的に理解する鍵 

•  クレーター周りのエジェクタ堆積物の分布を定量的に決定 (Housen et al., 1983) 

•  天体から脱出するエジェクタの量を決定  

• 実際の天体への応用 
•  エジェクタ質量分布からイトカワのボルダーの個数とサイズを計算         

(Michikami et al., 2008) 

•  はやぶさ2のSCI実験(1999JU3)へも応用 (今後) 

   
 



   
•  Housen and Holsapple, 2011    

•  カップリングパラメータ: 
•  エジェクタ速度のスケール則: 
 
 

•  次元解析による、点源近似を仮定 
•  衝突点近傍やクレーター半径近くでは適用できない 

•  クレーターサイズのスケール則:     

　                     , 　                ,               ,　　　　, 

                

先行研究    	 重力加速度: g	

円柱コア: 
上方向に放出されない	

スケール則適用範囲	

(                                  )	



先行研究  	   
•  Maxwell,1977; Zモデル 

•  放出角度θ; tanθ = Z-2   
•  粒体に対するクレーター形成における地下の流線をモデリング 
•  粒子速度の動径方向の成分は、爆破中心からの距離の 
   -Z乗という形で表すことができるとした 
•  ターゲット内部での物質流は非圧縮であると仮定 
•  流線は互いに干渉しないと仮定 
 

•  Housen et al., 1983 
•  クレーター形成に関するZモデルと 

スケール則(                       )の関係: Z=1/µ 

    ⇒ µとθの関係: tanθ=1/µ-2 
 

•  Croft (1980) 
•  爆破中心が浅く埋められていた場合に対してZモデルを拡張 
•  爆破中心の深さが大きいほど、破片の放出角度が大きくなる (Croft, 1980) 



目的	
• クレーター形成時のエジェクタのその場観測から　　　　　　
表層の物性についての情報を取得する 
　⇒　はやぶさ2のSCI実験; 1999JU3 
 

• 重力支配域におけるクレーター形成過程の網羅的研究:　　　　　　　 　　　　　　
＿＿＿＿＿＿＿＿＿エジェクタ速度分布のスケール則を再構築 

 
• エジェクタ速度分布の… 

Ø 弾丸密度依存性 (1.1~11g/cm3) 
Ø 弾丸: Nylon, Glass, Al2O3, Ti, ZrO2, Fe, Cu, Pb (1.1〜11g/cm3) 
Ø 衝突速度：~200m/s (Tsujido et al. in prep.) 
Ø 弾丸の潜り込み効果 

Ø 衝突速度依存性 (200m/s~6.9km/s) 
Ø 衝突速度を1.5〜6.9km/sの間で変化させて衝突クレーター形成実験を行う 
　　⇒過去の〜200m/sで行った実験結果(Tsujido et al.  in prep.)と比較する 

 

を調べる	



実験方法　(低速度域)	
 
-  実験条件 

装置: 縦型一段式軽ガス銃(@神戸大学) 
•  衝突速度: 〜 200 m/s 
•  真空度 : 〜1000 Pa 
•  標的: 500µm 石英砂 
•  弾丸密度: 1.1 – 11.3 g/cm3        　　　

(球形,  φ= 3mm) 

-  観察 
　   NAC高速度ビデオカメラ 

•  撮影速度: 2000 fps 
 

ターゲット	

高速度ビデオカメラ	

サボ　　　
ストッパー	

弾丸物質	 Pb	 Cu	 Fe	 ZrO2	 Ti	 Al2O3	 Glass	 Nylon	

密度 
(g/cm3)	 11.3 8.9	 7.9	 5.7	 4.5	 3.6	 2.6	 1.1	

加速ガス
は入り込
まない	



実験方法　(高速度域)	
 
-  実験条件	

装置: 縦型二段式軽ガス銃 @宇宙研	
•  衝突速度: 1.6 〜 6.9 km/s	

•  真空度: 〜7.0 Pa	

•  標的: 500μm 石英砂 	

•  弾丸: ポリカーボネイト球	

　　(ρ=1.2 g/cm3 ,Φ=4.7mm)	

-  観察 	
   　 ① CASIO 高速度ビデオカメラ	

•  撮影速度: 600fps（上から）	

　  　② NAC 高速度ビデオカメラ	
•  撮影速度: 2000 fps	

    　③ HPVX 高速度ビデオカメラ	
•  撮影速度: 20000fps	

    　④ HPV1 高速度ビデオカメラ	
•  撮影速度: 125000fps	

ターゲット	

高速度ビデオカメラ	



実験方法　(高速度域)	
	

-  マイラー膜と風よけによって	

　　加速ガスがエジェクタカーテンに　　　　	

　　与える影響を除いた	

　　→　遅い粒子の観察も可能	

    	

	

高速度ビデオカメラ	

風よけ	

マイラー膜 
（~弾丸直径の穴）	

真空チャンバー内	

ターゲット	



結果	

}  弾丸 
}  鉄 (7.9 g/cm3) 

}  衝突速度 
}  188 m/s 

}  クレーター形成時間 ( √R/g) 
}  0.060 s	

}  弾丸 
}  ナイロン (1.1 g/cm3) 

}  衝突速度 
}  208 m/s 

}  クレーター形成時間( √R/g) 
}  0.048 s	

βNylon=53°	
βIron=61°	

αNylon ǂ αIron	

	



}  衝突速度: 6.9 km/s 
}  弾丸：ポリカーボネイト 

風よけを用いたことで、 
エジェクタカーテンは加速ガスの影響を受けずに成長 
　→　粒子の計測範囲が広がった	



解析方法	
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v0	

θ	

x0	 x	

y	

衝突点	

個々の粒子を観測 
•  初期位置 “x0” 
•  放出速度 “v0” 
•  放出角度 “θ” 

弾道軌道	

カーテン形状を観測 
•  カーテン角度 “β” 

形成後のクレーターサイズを計測 
　 ・ クレーター半径 ⇨ R=Rrim/1.3 



弾丸 : 全て(1.1~11g/cm3) 
衝突速度 ：  〜 200m/s  

π4に対するベキ 
 a=0.088 ± 0.012 

R： クレーター半径, m: 弾丸質量 
ρt: ターゲット密度, ρp: 弾丸密度 
g: 重力加速度, rp: 弾丸半径 
vi: 衝突速度	

,　　　　　　 ,	

クレーターサイズの 
スケール則 ~重力支配域~	

クレーターサイズの 
スケール則(1)	



,　　　　　　 ,	

クレーターサイズの 
スケール則 ~重力支配域~	

クレーターサイズの 
スケール則(2)	

    弾丸　:　全て 
衝突速度：  200m/s 〜 6.9km/s   

µ = 0.35±0.006 
ν = 0.50±0.013 
k1 = 0.85±0.034 

 

R： クレーター半径, m: 弾丸質量 
ρt: ターゲット密度, ρp: 弾丸密度 
g: 重力加速度, rp: 弾丸半径 
vi: 衝突速度	



クレーターサイズの 
スケール則(2)	

弾丸:Ny(1.1g/cm3),PC(1.2g/cm3) 
衝突速度：  200m/s 〜 5.2km/s 

高速度域

µ = 0.44 
ν = 0.51 
k1 = 0.46 

 

y = 0.3271x-0.216	
R² = 0.84758	

y = 0.4596x-0.182	
R² = 0.98287	

1 

10 

100 

1E-10 1E-09 1E-08 0.0000001 0.000001 0.00001 

石英砂500µm全データ(宇宙研込) 
高速度域と低速度域でわけた時	

低速度域	

高速度域	

累乗近似 (低速度
域) 

低速度域

µ = 0.56 
ν = 0.54 
k1 = 0.33 

 

全データ

µ = 0.35±0.006 
ν = 0.50±0.013 
k1 = 0.85±0.034 

 



速度分布	
スケール則 ~重力支配域~	

v0 : 放出速度 
g : 重力加速度 
R： クレーター半径 
x0 ： 初期位置	

弾丸 : 8 物質 
衝突速度： ~200m/s 



スケール則 ~重力支配域~	

速度分布	

• a	

弾丸 : 8 物質 
衝突速度： ~200m/s 

Ny 
Gl 
Al2O3 
Ti 
ZrO2 
Fe  
Cu 
Pb 

Ny	 Gl	 Al2O3	 Ti	

µ	 0.39	 0.52	 0.56	 0.53	

k2	 1.19	 0.76	 0.82	 0.88	

ZrO2	 Fe	 Cu	 Pb	

µ	 0.72	 0.60	 0.64	 0.63	

k2	 0.71	 0.72	 0.73	 0.79	

一致	

傾きは
異なる	

v0 : 放出速度 
g : 重力加速度 
R： クレーター半径 
x0 ： 初期位置	



スケール則 ~重力支配域~	速度分布	

•  衝突点近傍で傾きが小さ
くなる	

    弾丸 :      8 物質    +    ポリカ 
衝突速度 ： ~200m/s +   >1.5km/s 

Ny 
Gl 
Al2O3 
Ti 
ZrO2 
Fe  
Cu 
Pb 

v0 : 放出速度 
g : 重力加速度 
R： クレーター半径 
x0 ： 初期位置	



速度分布	
弾丸 : ポリカ 
衝突速度 ： >1.5km/s 

v0 :放出速度 
vi : 衝突速度 
x0 ：初期位置 
rp ：弾丸半径	

x0<4rp 
点源近似が
成立しない 

この範囲のデータのみ

を用いてスケール則を

求める 



スケール則 ~重力支配域~	

速度分布	
弾丸 : ポリカ 
衝突速度 ： >1.5km/s 

5155 m/s	 3748 m/s	 3381 m/s	

µ	 0.34	 0.39	 0.39	

k2	 0.51	 0.71	 0.66	

2279 m/s	 1684 m/s	 1579 m/s	

µ	 0.30	 0.35	 0.43	

k2	 0.29	 0.45	 0.68	

v0 : 放出速度 
g : 重力加速度 
R： クレーター半径 
x0 ： 初期位置	

x0 > 4rp 
の範囲のみ 



スケール則 ~重力支配域~	

速度分布	
弾丸 : ポリカ 
衝突速度 ： >1.5km/s 

5155 m/s	 3748 m/s	 3381 m/s	

µ	 0.34	 0.39	 0.39	

k2	 0.51	 0.71	 0.66	

2279 m/s	 1684 m/s	 1579 m/s	

µ	 0.30	 0.35	 0.43	

k2	 0.29	 0.45	 0.68	

v0 : 放出速度 
g : 重力加速度 
R： クレーター半径 
x0 ： 初期位置	

x0 > 4rp 
の範囲のみ 



スケール則 ~重力支配域~	

衝突速度依存性	
弾丸 : ナイロン(1.1g/cm3) + ポリカ(1.2g/cm3) 
衝突速度 ：   ~200m/s     +      >1.5km/s 

k 2
  



スケール則 ~重力支配域~	

弾丸密度依存性	
    弾丸 :       8 物質  +       ポリカ 
衝突速度 ： ~200m/s +   >1.5km/s 

µ=0.50~0.66 
Cintala (1999) 

~200m/s (Tsujido, in preparation)	
>1.6km/s	

k 2
  

1.5km/s	

1.5km/s	



放出角度	
    弾丸 :       3 物質  +       ポリカ 
衝突速度 ： ~200m/s +    >1.5km/s 

低速度域: 
0.6〜0.8R 

高速度域: 
0.3〜0.5R 

それぞれのショットに
ついて、放出角度が
ほぼ一定となる以下
の範囲で放出角度の
平均値θaveを決める。 
高速度域：0.3~0.5R 
低速度域:0.6~0.8 R	



放出角度の 
　　弾丸密度依存性　 ,　 衝突速度依存性	



弾丸密度 ρp, g/cm3	

エ
ジ

ェ
ク

タ
カ

ー
テ

ン
角

度
 β

, °

Ny	

Gl	

Al2O3	

Ti	

ZrO2	

Fe	

Cu	

Pb	

PC	

Cu 
Tcr=56ms	

Al2O3 
Tcr=51ms	

クレーター形成時間: Tcr=	
エジェクタカーテン角度	

β=52°	

β=63°	



スケール則 ~重力支配域~	

弾丸密度ρp, g/cm3	

エ
ジ

ェ
ク

タ
カ

ー
テ

ン
角

度
β,

 °
 

衝突点	
×

µ 小 
↓ 

(放出速度v0の差 大) 
↓ 

カーテン角度β 小	

β	
	

v0	

エジェクタカーテン角度	

衝突点	
×

放出角度 θ 小 
↓ 

エジェクタカーテン　
角度β 小	

βθ	

Ny	

Gl	

Al2O3	

Ti	

ZrO2	

Fe	

Cu	

Pb	

PC	



スケール則 ~重力支配域~
  
 	

エジェクタカーテン角度	

エ
ジ

ェ
ク

タ
カ

ー
テ

ン
角

度
 β

, °

平均放出角度 θave, °

Ny, 
0.39	

Gl, 
0.52	

Al2O3,
0.57	

Ti, 
0.53	

ZrO2, 
0.72	

Fe, 
0.60	

Cu, 
0.64	

Pb, 
0.63	

Al2O3, 
0.56	

衝突点	
×

µ 小 
↓ 

(放出速度v0の差 大) 
↓ 

カーテン角度β 小	

β	
	

v0	

衝突点	
×

放出角度 θ 小 
↓ 

エジェクタカーテン　
角度β 小	

βθ	

PC, 
0.34	

PC, 
0.34	



µと放出角度θの関係	

Ny	

Gl	

Al2O3	

Ti	

ZrO2	

Fe	

Cu	

Pb	

Al2O3	

   µとθの関係(Zモデルより): 

      tanθ = 1/µ-2    
 

l  高速度衝突のポリカーボ
ネイト弾丸、低速度衝突
のナイロン弾丸の結果： 

理論値と合う 
l  高密度弾丸の結果： 

理論値と合わない 
 

   ⇒ 弾丸の潜り込み 
　　（流線の始点の深さ） 
　　が関係？ 

Zモデルの点源に
深さを持たせると

µとθはどう 
変わってくるか 

平
均

放
出

角
度

 θ
av

e, 
°



速度分布 （Zモデル）	

流線の中心が深さ：大 
　→速度分布の傾き：小 
　　→　µ：大	

2<x0/rp<20 
でfitting	

Z=3.0 
α=5.0×10-5 

点源の深さd：0〜6mm	



放
出

角
度

 θ
,°

放出角度 （Zモデル）	

Z=3.0 
α=5.0×10-5 

点源の深さd：0〜6mm	

流線の中心の深さ：大 
　→　放出角度：大 

 
10<x0/rp<20 

でfitting 
⇒x0/rp=20 で
のθを求める 

	



   2.3	  2.4	  2.5	2.6 Z=2.7	

9	8	7	65432点源深さ, mm	

Z=2.8 

Z=2.9 

10	 11	0

平
均

放
出

角
度

 θ
av

e, 
°

μ

Ny	

Gl	

Al2O3	

Ti	

ZrO2	

Fe	

Cu	

Pb	

Al2O3	

潜り込みを考慮した Z-model	



〜まとめ〜	 スケール則 ~重力支配域~	

l エジェクタ速度分布の… 
l 弾丸密度依存性（1.1〜11g/cm3） 
l 衝突速度依存性（200m/s〜6.9km/s） 

l 弾丸密度が大きくなる程、µが大きくなる 
l 衝突速度依存性はみられない 
l 速度分布から求めたµとサイズのスケール則から求めたµはほぼ一致 
l エジェクタカーテン角度はエジェクタ速度分布と放出角度によって決まる 
l 低密度のナイロン弾丸、ポリカ弾丸でのµ、放出角度θはZモデルの理論値と一

致、それ以外の高密度弾丸でのµ、θは理論値とは合わない 

l Zモデルの点源に深さを持たせた場合… 
l 点源が深くなる程、µが大きくなる傾向 
l 点源が深くなる程、θが大きくなる傾向 

l Quarter-space 実験 
l 潜り込みのある実験では、流線の中心が連続的に変化 
　　→　単純にZモデルでは表せない 
l Zを弾丸毎に変えると実験結果を説明可能 

を調べた	


