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1. Free collisions in a microgravity many-particle experiment. I. Dust 
aggregate sticking at low velocities
R. Weidling, C. Güttler, J. Blum, Icarus in-press

• 概要
• 原始惑星系円盤でのダスト付着成長を
調べるため，mmダストアグリゲイト
の付着速度を調べた

• 新規性
• 付着の直接観察＠Vi ~1mm/s
• 付着遷移領域／付着確率の導入

• 手法
• 空隙率65%SiO2ダストの低重力多体
衝突 in ブレーメン落下塔

• 結論
• Vi =2-30mm/sで付着した（7/103回）

! 反発／付着境界は確率的に分布
! 付着物理過程"完全付着は0.2mm/s
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• 背景
• 直接合体成長における反発の壁(Zsom et al. 2010)

! 付着速度モデルに依存"実験の必要性

• 手法
• ダストアグリゲイト：~1mm，空隙率65%
• 真空振動容器＠低重力
• 高速度カメラ"二次元速度変化を解析

• 衝突結果
• Vi <30mm/sで付着，従来のモデルより高速度
• 付着はインパクトパラメータ（b/R）に依存
しない（b/R < 0.9）

1. Free collisions in a microgravity many-particle experiment. I. Dust 
aggregate sticking at low velocities
R. Weidling, C. Güttler, J. Blum, Icarus in-press
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1. Free collisions in a microgravity many-particle experiment. I. Dust 
aggregate sticking at low velocities
R. Weidling, C. Güttler, J. Blum, Icarus in-press

• 付着確率
• 完全付着：0.08mm/s ，完全反発：20mm/s

• 反発係数
• 分散大#不規則表面，回転
• 速度増で減少（Thornton & Ning 1998モデルと
調和的）
! T&N98モデルの付着速度

! 完全付着：0.21mm/s，実験結果と調和的

• ダスト成長への影響
• mmサイズでの成長促進(本研究)＋cmサイズでの
破壊促進 (Beitz et al. 2011）

! 「反発の壁」は狭くなり，ダストのサイズ分布
は広くなる（新たな成長モードを導く？）

<176)4316-<1+ -6-:/ A 16 <0- 6- @ < + 7441;176� � 7:-7> - : � <0- 5 7, -47.
� 4=5 ) 6, � D6+ 0 � 	 � � � � ) ;;=5 -; ;80-:1+ ) 48) :<1+ 4-; � ? 01+ 0 A1-4, )
416-) : :-4) <176 * -<? - -6 <0- 15 8) + < 8) :) 5 -<-: ) 6, <0- ;16- 7. <0-
15 8) + < ) 6/ 4- � � 6 <0- C:;< ) 88:7@ 15 ) <176� 7=: 8) :<1+ 4-; ) :- :-8:- �
;-6<- , *A -4418;71, ; � .7: ? 01+ 0 <0- , 1. .- :-6+ - 16 15 8) + < ) 6/ 4- + ) 6
-) ;14A * - 7. <0- 7:, - : 7. 	 
 ! .7: ) 6A / 1> -6 15 8) + <8) :) 5 -<-:� � 7:- �
7> - : � <0- ;1B- :) <17 7. 7=: 8) :<1+ 4-; + ) 6 * - =8 <7 	 � � 16 - @ <:-5 -
+ ) ;- ; � ? 014- 1<1; ) ;;=5 - , <7 * - =61<A 16 <0- 5 7, -4�

4. Discussion

� 6 <01; ;- + <176 ? - ? 144 , 1; + =;; <0- ) + <=) 4<0:-;074, ; * -<? - -6
;<1+ 316/ ) 6, * 7=6+ 16/ + 7441;176; � � 6 $ - + <176 � � 	 ? - ? 144 8:-;-6<
7=: :- ;=4<; 16 <-:5 ; 7. ) > -47+ 1<A� , -8-6, -6< ;<1+ 316/ 8:7* ) * 141<A
)6, 16 $ - + <176 � � 
 ? - ) , ) 8<) <0-7:-<1+ ) 4+ 7441;176 5 7, -4<7 , - , =+ -
<0- > -47+ 1<A <0:-;074, * -47? ? 01+ 0 ) 44 , =;< ) / / :- / ) <-; ;<1+ 3� � 6
$ - + <176 � � � ? - ? 144 , 1; + =;; ) 8- + =41) : + 7441;176 * -<? - -6 ) ;16/ 4-
, =;< ) / / :- / ) <- ) 6, <? 7 , =;< ) / / :- / ) <-; ;<1+ 316/ <7/ -<0-:� � :75
<01; ? - ? 144/ -< 16;1/ 0< 16<7 <0- * 16, 16/ .7:+ - ; * -<? - -6 ;<1+ 316/
, =;<) / / :- / ) <-; 16 7=: - @ 8- :15 -6<; � � * :1- . , 1; + =;;176 7. <0- 15 841�
+ ) <176; 7. <0-;- :- ;=4<; 76 <0- / :7? <0 5 7, -41; / 1> -6 16 $ - + <176 � � � �

� � � � 
  � � � � � � � � � � � � � � �  $

� :75 <0- :-;=4<; 7. <0- - @ 8- :15 -6< ? 1<0 <0- ;5 ) 44-: 	 5 5 , =;<
) / / :- / ) <-; 8:-;-6<- , 16 $ - + <176 � � 	 1< 1; ) 88) :-6< <0) < ;<1+ 316/ 7.
8) :<1+ 4-; ) 4;7 7+ + =:; ) < > -47+ 1<1-; 01/ 0-: <0) 6 8:787;- , * A <0-
, =;<� ) / / :- / ) <- + 7441;176 5 7, -47. � D<<4-: -< ) 4� � 
 � 	 � � � � 4<07=/ 0
? - + 7=4, 7* ;- :> - 764A ;- > -6 + 7441;176; 16 ? 01+ 0 <0- 8) :<1+ 4-; ;<=+ 3
<7 76- ) 67<0-:� ? 01+ 0 1; 2=;<) ;5 ) 44.:) + <176 7. <0- <7<) 46=5 * - : 7.
7*; - :> - , + 7441;176; � <0-:- 1; ) + 4-) : <:-6, 7. ;<1+ 316/ 0) 88-616/ ) <
47? - : > -47+ 1<1-; � � 7: <0- .7447? 16/ + 76;1, - :) <176; ? - , 1; + ) :, <0-
;16/ 4- ;<1+ 316/ - > -6< 7. <0- <? 7 , 1. .- :-6<� ;1B- , , =;< ) / / :- / ) <-; �
� 7? - > - : � <01; + 7441;176 , 7-; 67< + 0) 6/ - <0- 7> - :) 4481+ <=:- �

� ; ? - 7* ;- :> - , ;<1+ 316/ ) 6, * 7=6+ 16/ 16 <0- ;) 5 - :) 6/ - 7.
> -47+ 1<1-; ) 6, 15 8) + < 8) :) 5 -<-:; � ? - 8:787;- <0) < <0-:- 1; 67
;0) :8 <0:-;074, * -<? - -6 ;<1+ 316/ ) 6, * 7=6+ 16/ + 7441;176; � * =<
:) <0-: ) ;5 77<0 <:) 6;1<176 7> - : :7=/ 04A <? 7 7:, - :; 7. 5 ) / 61<=, -
16 > -47+ 1<A� � 1/ � � ;07? ; <0- 8:7* ) * 141<A 7. ) + 7441;176 4-) , 16/ <7
;<1+ 316/ .7: C> - > -47+ 1<A 16<-:> ) 4; * -<? - -6 v � 	 � !� 5 ;!	 ) 6,
v � � � 
 5 ;!	 � * 4) + 3 + :7;;- ; � � %0- 8:7* ) * 141<A ? ) ; + ) 4+ =4) <- , * A
, 1> 1, 16/ <0- 6=5 * - : 7. ;<1+ 316/ + 7441;176; 16 <0- 16<-:> ) 4* A <0- <7�
<) 46=5 * - : 7. + 7441;176; � $ 16/ 4- + 7441;176; ) :- 16, 1+ ) <- , * A <0- > - : �

<1+ ) 4* ) :; ) <;<1+ 316/ 8:7* ) * 141<1-; � � * 7=6+ 16/ � ) 6, 	 � ;<1+ 316/ � � %0-
;741, 416- 16 � 1/ � � ;07? ; ) 47/ ) :1<05 1+ C<

� ;<1+ 3ðvÞ ¼ !� : � ! � : � % 4/ v
5 ;!	 ð 
 Þ

� .7: � & 	 � !
 5 ;! 	 � v � 
 � � & 	 � ! 
 5 ;!	 � <7 <0- <0:-- > ) 4=-; 7. <0-
;<1+ 316/ 8:7* ) * 141<A <0) < ) :- 676B-:7� � 4<07=/ 0 <01; 8:7* ) * 141<A
;07=4, * - <) 3-6 ? 1<0 + ) :- � 1<61+ -4A :-8:7, =+ - ; <0- 	 � � � 8:7* ) * 141<A
;<1+ 316/ > -47+ 1<A 7. 
 � 	 & 	 � ! � 5 ;!	 � ? 01+ 0 ? - ? 144 , - :1> - 16
$ - + <176 � � 
 �

� 6 <0- + 7441;176; * -<? - -6 	 � 
 5 5 , =;< ) / / :- / ) <-; ? - , 1, 67<
7* ;- :> - ) 6A ;<1+ 316/ - > -6<; � %7 ;<) <1;<1+ ) 44A -;<15 ) <- <0- 6=5 * - :
7. ;<1+ 316/ + 7441;176; <7 * - - @ 8- + <- , .7: <0-;- , =;< ) / / :- / ) <-; � ? -
=;- <0- > -47+ 1<A 7. -) + 0 * 7=6+ 16/ + 7441;176 <7 + ) 4+ =4) <- <0- - @ �
8- + <- , ;<1+ 316/ 8:7* ) * 141<A� � , , 16/ =8 ) 44<0-;- 8:7* ) * 141<1-; A1-4, ;
) 6 - @ 8- + <- , 6=5 * - : 7. 
 � 
 ;<1+ 316/ + 7441;176; 16 <0-;- - @ 8- :15 -6<; �
? 01+ 0 ;07=4, * - 7* ;- :> - , 1. <0- 	 � 
 5 5 , =;< ) / / :- / ) <-; * -0) > - ,
;15 14) : <7 <0- 	 5 5 , =;< ) / / :- / ) <-; � � 7::- + <16/ <0- > -47+ 1<A * A )
.) + <7: 7. ð � 	 =� 
 Þ!



	 � ¼ 	 :� � ? 1<0 � 	 ) 6, � 
 * -16/ <0- ) > - :) / - 5 ) ;;

7. <0- ;5 ) 44-: + 7441;176 8) :<6-: 7. <0- 	 ) 6, 	 � 
 5 5 , =;< ) / / :- �
/ ) <-; ) ; , 1;84)A- , 16 � 1/ � 
 � :- ;8- + <1> -4A� 4-) , ; <7 ) 6 - @ 8- + <- , 	 � 

;<1+ 316/ + 7441;176; � %01; + 7::- + <176 <)3-; ) 5 ) ;; , -8-6, -6+ A 7.
<0- ;<1+ 316/ 8:7* ) * 141<A 16<7 ) + + 7=6< .7447? 16/ <0- 5 7, -4* A � D<�
<4-: -<) 4� ) 6, $ - + <176 � � 
 � � 7? - > - : � ? - , 7 67<;-- ) 6A ;<1+ 316/ + 74�
41;176 .7: <0- 	 � 
 5 5 , =;< ) / / :- / ) <-; � & ;16/ � 9� � 
 � ? - + ) 4+ =4) <- ,
<0- 8:7* ) * 141<A 7. 7* ;- :> 16/ 67 ;<1+ 316/ + 7441;176 .7: <0- / 1> -6
6=5 * - : 7. + 7441;176; ? 1<0 <0-1: :- ;8- + <1> - > -47+ 1<1-; <7 * - � � � � .
? - + 7::- + <<0- > -47+ 1<1-; ) ; ) * 7> - <7 ) + + 7=6<.7: <0- 01/ 0-: 5 ) ;;- ; �
? - / -< ) 8:7* ) * 141<A 7. 
 
 � 7. 67< ;--16/ ) 6A ;<1+ 316/ + 7441;176�
%0-:- .7:- � 7=: 7* ;- :> ) <176; , 7 67< + 76<:) , 1+ <<0- - @ 8- + <- , :- ;=4<�

� � � � 	 � � � � � � � �  � � �  � � � � � � " � � � � �  $

� :75 <0- + 7- .C+ 1-6<; 7. :- ;<1<=<176 8:-;-6<- , 16 $ - + <176 � � 
 ? -
+ ) 6 4-) :6 15 87:<) 6< , A6)5 1+ 5 ) <-:1) 48) :) 5 -<-:; 7. <0- 5 14415 - �
<- :� ;1B- , , =;< ) / / :- / ) <-; � %07:6<76 )6,  16/ � 	 � � � � , - > -478- , )
5 7, -4.7: <0- > -47+ 1<A , -8-6, -6+ - 7. <0- + 7- .C+ 1-6<7. :- ;<1<=<176
16 + 7441;176; * -<? - -6 -4) ;<1+ � 84) ;<1+ ) , 0-;1> - ;80-:-; � , - ; + :1* - , * A
<0-1: � 9; � � � � � ) 6, � � 	 � � � 6 � 1/ � � ? - 8:- ;-6<7=: + 7- .C+ 1-6<; 7. :- ; �
<1<=<176 ) ; ) .=6+ <176 7. <0- 15 8) + < > -47+ 1<A � * 4) + 3 + :7;;- ; � ) 6, <0-
5 -) 6 > ) 4=-; 7. 	 	 + 76;- + =<1> - , ) <) 8716<; � :- , ;9=) :- ; � ) :1<05 -<1+
5 -) 6 16 e� / -75 -<:1+ 5 -) 6 16 v � � %0-:- 1; ) 47< 7. ; + ) <<-: <0) < ? -
) <<:1* =<- <7 <0- , 1;<:1* =<176 7. 15 8) + < 8) :) 5 -<-:; � ;- - � 1/ ; � �
) 6, � � � 1::- / =4) : ;=:.) + - ; � ) 6, :7<) <176� ' ) 4=-; ) * 7> - e � 	 ) :-

Fig. 8. %0- <:) 6;1<176 * -<? - -6 ;<1+ 316/ ) 6, * 7=6+ 16/ + 7441;176; 1; 67< ;0) :8 * =<
.7447? ; ) 8:7* ) * 141<A , 1;<:1* =<176 16 > -47+ 1<A � ;741, 416- � � %0- * 4) + 3 + :7;;- ; , -67<-
<0- .: ) + <176 7. ;<1+ 316/ + 7441;176; 16 <0- / 1> -6 16<-:> ) 4; � %0- > - :<1+ ) 4<1+ 3; ) < � ) 6, 	
, -67<- <0- 16, 1> 1, =) 4 * 7=6+ 16/ ) 6, ;<1+ 316/ + 7441;176; � :- ;8- + <1> -4A� %0- ) ;<-:1;3
5 ) :3; <0- ;<1+ 316/ > -47+ 1<A v;<1+ 3 � � � 
 	 5 5 ;! 	 , - :1> - , 16 $ - + <176 � � 
 �

Fig. 9. ! =: , ) <) .7: <0- + 7- .C+ 1-6< 7. :- ;<1<=<176 ) ; ) .=6+ <176 7. + 7441;176 > -47+ 1<A
.7: ) 4415 8) + <8) :) 5 -<-:; � %0- :- , ;9=) :- ; ) :- ) > - :) / - ; 7> - : 	 	 ;16/ 4- > ) 4=-; � ? 01+ 0
) :- + 75 8) :- , <7 <0- 5 7, -4 * A %07:6<76 )6,  16/ � 	 � � � � � , -67<- , * A <0- / :--6
;741, ) 6, , ) ;0- , + =:> - ; � � � 7: 16<-:8:-<) <176 7. <0- :- .- :-6+ - ; <7 + 747: 16 <01; C/ =:-
4-/ -6, � <0- :-) , - : 1; :- .- ::- , <7 <0- ? - * > - :;176 7. <01; ) :<1+ 4- � �

� � � � � � � � � � � �  � � � � 
 � � � ! � # # # � � � � � � # # # % # # #

" 4- ) ;- + 1<- <01; ) :<1+ 4- 16 8:-;; ) ; � ( -1, 416/ � # � � -<) 4� � :- - + 7441;176; 16 ) 5 1+ :7/ :) > 1<A5 )6A� 8) :<1+ 4- - @ 8- :15 -6<� � � � =;<) / / :- / ) <- ;<1+ 316/ ) <47? > -47+ 1<1-; �
� + ) :=; � 
 � 	 	 � � , 71� 	 � � 	 � 	 � � 2� 1+ ) :=; � 
 � 	 	 � 	 � � � � 


<176) 4316-<1+ -6-:/ A 16 <0- 6- @ < + 7441;176� � 7:-7> - : � <0- 5 7, -47.
� 4=5 ) 6, � D6+ 0 � 	 � � � � ) ;;=5 -; ;80-:1+ ) 48) :<1+ 4-; � ? 01+ 0 A1-4, )
416-) : :-4) <176 * -<? - -6 <0- 15 8) + < 8) :) 5 -<-: ) 6, <0- ;16- 7. <0-
15 8) + < ) 6/ 4- � � 6 <0- C:;< ) 88:7@ 15 ) <176� 7=: 8) :<1+ 4-; ) :- :-8:- �
;-6<- , *A -4418;71, ; � .7: ? 01+ 0 <0- , 1. .- :-6+ - 16 15 8) + < ) 6/ 4- + ) 6
-) ;14A * - 7. <0- 7:, - : 7. 	 
 ! .7: ) 6A / 1> -6 15 8) + <8) :) 5 -<-:� � 7:- �
7> - : � <0- ;1B- :) <17 7. 7=: 8) :<1+ 4-; + ) 6 * - =8 <7 	 � � 16 - @ <:-5 -
+ ) ;- ; � ? 014- 1<1; ) ;;=5 - , <7 * - =61<A 16 <0- 5 7, -4�

4. Discussion

� 6 <01; ;- + <176 ? - ? 144 , 1; + =;; <0- ) + <=) 4<0:-;074, ; * -<? - -6
;<1+ 316/ ) 6, * 7=6+ 16/ + 7441;176; � � 6 $ - + <176 � � 	 ? - ? 144 8:-;-6<
7=: :- ;=4<; 16 <-:5 ; 7. ) > -47+ 1<A� , -8-6, -6< ;<1+ 316/ 8:7* ) * 141<A
)6, 16 $ - + <176 � � 
 ? - ) , ) 8<) <0-7:-<1+ ) 4+ 7441;176 5 7, -4<7 , - , =+ -
<0- > -47+ 1<A <0:-;074, * -47? ? 01+ 0 ) 44 , =;< ) / / :- / ) <-; ;<1+ 3� � 6
$ - + <176 � � � ? - ? 144 , 1; + =;; ) 8- + =41) : + 7441;176 * -<? - -6 ) ;16/ 4-
, =;< ) / / :- / ) <- ) 6, <? 7 , =;< ) / / :- / ) <-; ;<1+ 316/ <7/ -<0-:� � :75
<01; ? - ? 144/ -< 16;1/ 0< 16<7 <0- * 16, 16/ .7:+ - ; * -<? - -6 ;<1+ 316/
, =;<) / / :- / ) <-; 16 7=: - @ 8- :15 -6<; � � * :1- . , 1; + =;;176 7. <0- 15 841�
+ ) <176; 7. <0-;- :- ;=4<; 76 <0- / :7? <0 5 7, -41; / 1> -6 16 $ - + <176 � � � �

� � � � 
  � � � � � � � � � � � � � � �  $

� :75 <0- :-;=4<; 7. <0- - @ 8- :15 -6< ? 1<0 <0- ;5 ) 44-: 	 5 5 , =;<
) / / :- / ) <-; 8:-;-6<- , 16 $ - + <176 � � 	 1< 1; ) 88) :-6< <0) < ;<1+ 316/ 7.
8) :<1+ 4-; ) 4;7 7+ + =:; ) < > -47+ 1<1-; 01/ 0-: <0) 6 8:787;- , * A <0-
, =;<� ) / / :- / ) <- + 7441;176 5 7, -47. � D<<4-: -< ) 4� � 
 � 	 � � � � 4<07=/ 0
? - + 7=4, 7* ;- :> - 764A ;- > -6 + 7441;176; 16 ? 01+ 0 <0- 8) :<1+ 4-; ;<=+ 3
<7 76- ) 67<0-:� ? 01+ 0 1; 2=;<) ;5 ) 44.:) + <176 7. <0- <7<) 46=5 * - : 7.
7*; - :> - , + 7441;176; � <0-:- 1; ) + 4-) : <:-6, 7. ;<1+ 316/ 0) 88-616/ ) <
47? - : > -47+ 1<1-; � � 7: <0- .7447? 16/ + 76;1, - :) <176; ? - , 1; + ) :, <0-
;16/ 4- ;<1+ 316/ - > -6< 7. <0- <? 7 , 1. .- :-6<� ;1B- , , =;< ) / / :- / ) <-; �
� 7? - > - : � <01; + 7441;176 , 7-; 67< + 0) 6/ - <0- 7> - :) 4481+ <=:- �

� ; ? - 7* ;- :> - , ;<1+ 316/ ) 6, * 7=6+ 16/ 16 <0- ;) 5 - :) 6/ - 7.
> -47+ 1<1-; ) 6, 15 8) + < 8) :) 5 -<-:; � ? - 8:787;- <0) < <0-:- 1; 67
;0) :8 <0:-;074, * -<? - -6 ;<1+ 316/ ) 6, * 7=6+ 16/ + 7441;176; � * =<
:) <0-: ) ;5 77<0 <:) 6;1<176 7> - : :7=/ 04A <? 7 7:, - :; 7. 5 ) / 61<=, -
16 > -47+ 1<A� � 1/ � � ;07? ; <0- 8:7* ) * 141<A 7. ) + 7441;176 4-) , 16/ <7
;<1+ 316/ .7: C> - > -47+ 1<A 16<-:> ) 4; * -<? - -6 v � 	 � !� 5 ;!	 ) 6,
v � � � 
 5 ;!	 � * 4) + 3 + :7;;- ; � � %0- 8:7* ) * 141<A ? ) ; + ) 4+ =4) <- , * A
, 1> 1, 16/ <0- 6=5 * - : 7. ;<1+ 316/ + 7441;176; 16 <0- 16<-:> ) 4* A <0- <7�
<) 46=5 * - : 7. + 7441;176; � $ 16/ 4- + 7441;176; ) :- 16, 1+ ) <- , * A <0- > - : �

<1+ ) 4* ) :; ) <;<1+ 316/ 8:7* ) * 141<1-; � � * 7=6+ 16/ � ) 6, 	 � ;<1+ 316/ � � %0-
;741, 416- 16 � 1/ � � ;07? ; ) 47/ ) :1<05 1+ C<

� ;<1+ 3ðvÞ ¼ !� : � ! � : � % 4/ v
5 ;!	 ð 
 Þ

� .7: � & 	 � !
 5 ;! 	 � v � 
 � � & 	 � ! 
 5 ;!	 � <7 <0- <0:-- > ) 4=-; 7. <0-
;<1+ 316/ 8:7* ) * 141<A <0) < ) :- 676B-:7� � 4<07=/ 0 <01; 8:7* ) * 141<A
;07=4, * - <) 3-6 ? 1<0 + ) :- � 1<61+ -4A :-8:7, =+ - ; <0- 	 � � � 8:7* ) * 141<A
;<1+ 316/ > -47+ 1<A 7. 
 � 	 & 	 � ! � 5 ;!	 � ? 01+ 0 ? - ? 144 , - :1> - 16
$ - + <176 � � 
 �

� 6 <0- + 7441;176; * -<? - -6 	 � 
 5 5 , =;< ) / / :- / ) <-; ? - , 1, 67<
7* ;- :> - ) 6A ;<1+ 316/ - > -6<; � %7 ;<) <1;<1+ ) 44A -;<15 ) <- <0- 6=5 * - :
7. ;<1+ 316/ + 7441;176; <7 * - - @ 8- + <- , .7: <0-;- , =;< ) / / :- / ) <-; � ? -
=;- <0- > -47+ 1<A 7. -) + 0 * 7=6+ 16/ + 7441;176 <7 + ) 4+ =4) <- <0- - @ �
8- + <- , ;<1+ 316/ 8:7* ) * 141<A� � , , 16/ =8 ) 44<0-;- 8:7* ) * 141<1-; A1-4, ;
) 6 - @ 8- + <- , 6=5 * - : 7. 
 � 
 ;<1+ 316/ + 7441;176; 16 <0-;- - @ 8- :15 -6<; �
? 01+ 0 ;07=4, * - 7* ;- :> - , 1. <0- 	 � 
 5 5 , =;< ) / / :- / ) <-; * -0) > - ,
;15 14) : <7 <0- 	 5 5 , =;< ) / / :- / ) <-; � � 7::- + <16/ <0- > -47+ 1<A * A )
.) + <7: 7. ð � 	 =� 
 Þ!



	 � ¼ 	 :� � ? 1<0 � 	 ) 6, � 
 * -16/ <0- ) > - :) / - 5 ) ;;

7. <0- ;5 ) 44-: + 7441;176 8) :<6-: 7. <0- 	 ) 6, 	 � 
 5 5 , =;< ) / / :- �
/ ) <-; ) ; , 1;84)A- , 16 � 1/ � 
 � :- ;8- + <1> -4A� 4-) , ; <7 ) 6 - @ 8- + <- , 	 � 

;<1+ 316/ + 7441;176; � %01; + 7::- + <176 <)3-; ) 5 ) ;; , -8-6, -6+ A 7.
<0- ;<1+ 316/ 8:7* ) * 141<A 16<7 ) + + 7=6< .7447? 16/ <0- 5 7, -4* A � D<�
<4-: -<) 4� ) 6, $ - + <176 � � 
 � � 7? - > - : � ? - , 7 67<;-- ) 6A ;<1+ 316/ + 74�
41;176 .7: <0- 	 � 
 5 5 , =;< ) / / :- / ) <-; � & ;16/ � 9� � 
 � ? - + ) 4+ =4) <- ,
<0- 8:7* ) * 141<A 7. 7* ;- :> 16/ 67 ;<1+ 316/ + 7441;176 .7: <0- / 1> -6
6=5 * - : 7. + 7441;176; ? 1<0 <0-1: :- ;8- + <1> - > -47+ 1<1-; <7 * - � � � � .
? - + 7::- + <<0- > -47+ 1<1-; ) ; ) * 7> - <7 ) + + 7=6<.7: <0- 01/ 0-: 5 ) ;;- ; �
? - / -< ) 8:7* ) * 141<A 7. 
 
 � 7. 67< ;--16/ ) 6A ;<1+ 316/ + 7441;176�
%0-:- .7:- � 7=: 7* ;- :> ) <176; , 7 67< + 76<:) , 1+ <<0- - @ 8- + <- , :- ;=4<�

� � � � 	 � � � � � � � �  � � �  � � � � � � " � � � � �  $

� :75 <0- + 7- .C+ 1-6<; 7. :- ;<1<=<176 8:-;-6<- , 16 $ - + <176 � � 
 ? -
+ ) 6 4-) :6 15 87:<) 6< , A6)5 1+ 5 ) <-:1) 48) :) 5 -<-:; 7. <0- 5 14415 - �
<- :� ;1B- , , =;< ) / / :- / ) <-; � %07:6<76 )6,  16/ � 	 � � � � , - > -478- , )
5 7, -4.7: <0- > -47+ 1<A , -8-6, -6+ - 7. <0- + 7- .C+ 1-6<7. :- ;<1<=<176
16 + 7441;176; * -<? - -6 -4) ;<1+ � 84) ;<1+ ) , 0-;1> - ;80-:-; � , - ; + :1* - , * A
<0-1: � 9; � � � � � ) 6, � � 	 � � � 6 � 1/ � � ? - 8:- ;-6<7=: + 7- .C+ 1-6<; 7. :- ; �
<1<=<176 ) ; ) .=6+ <176 7. <0- 15 8) + < > -47+ 1<A � * 4) + 3 + :7;;- ; � ) 6, <0-
5 -) 6 > ) 4=-; 7. 	 	 + 76;- + =<1> - , ) <) 8716<; � :- , ;9=) :- ; � ) :1<05 -<1+
5 -) 6 16 e� / -75 -<:1+ 5 -) 6 16 v � � %0-:- 1; ) 47< 7. ; + ) <<-: <0) < ? -
) <<:1* =<- <7 <0- , 1;<:1* =<176 7. 15 8) + < 8) :) 5 -<-:; � ;- - � 1/ ; � �
) 6, � � � 1::- / =4) : ;=:.) + - ; � ) 6, :7<) <176� ' ) 4=-; ) * 7> - e � 	 ) :-

Fig. 8. %0- <:) 6;1<176 * -<? - -6 ;<1+ 316/ ) 6, * 7=6+ 16/ + 7441;176; 1; 67< ;0) :8 * =<
.7447? ; ) 8:7* ) * 141<A , 1;<:1* =<176 16 > -47+ 1<A � ;741, 416- � � %0- * 4) + 3 + :7;;- ; , -67<-
<0- .: ) + <176 7. ;<1+ 316/ + 7441;176; 16 <0- / 1> -6 16<-:> ) 4; � %0- > - :<1+ ) 4<1+ 3; ) < � ) 6, 	
, -67<- <0- 16, 1> 1, =) 4 * 7=6+ 16/ ) 6, ;<1+ 316/ + 7441;176; � :- ;8- + <1> -4A� %0- ) ;<-:1;3
5 ) :3; <0- ;<1+ 316/ > -47+ 1<A v;<1+ 3 � � � 
 	 5 5 ;! 	 , - :1> - , 16 $ - + <176 � � 
 �

Fig. 9. ! =: , ) <) .7: <0- + 7- .C+ 1-6< 7. :- ;<1<=<176 ) ; ) .=6+ <176 7. + 7441;176 > -47+ 1<A
.7: ) 4415 8) + <8) :) 5 -<-:; � %0- :- , ;9=) :- ; ) :- ) > - :) / - ; 7> - : 	 	 ;16/ 4- > ) 4=-; � ? 01+ 0
) :- + 75 8) :- , <7 <0- 5 7, -4 * A %07:6<76 )6,  16/ � 	 � � � � � , -67<- , * A <0- / :--6
;741, ) 6, , ) ;0- , + =:> - ; � � � 7: 16<-:8:-<) <176 7. <0- :- .- :-6+ - ; <7 + 747: 16 <01; C/ =:-
4-/ -6, � <0- :-) , - : 1; :- .- ::- , <7 <0- ? - * > - :;176 7. <01; ) :<1+ 4- � �

� � � � � � � � � � � �  � � � � 
 � � � ! � # # # � � � � � � # # # % # # #

" 4- ) ;- + 1<- <01; ) :<1+ 4- 16 8:-;; ) ; � ( -1, 416/ � # � � -<) 4� � :- - + 7441;176; 16 ) 5 1+ :7/ :) > 1<A5 )6A� 8) :<1+ 4- - @ 8- :15 -6<� � � � =;<) / / :- / ) <- ;<1+ 316/ ) <47? > -47+ 1<1-; �
� + ) :=; � 
 � 	 	 � � , 71� 	 � � 	 � 	 � � 2� 1+ ) :=; � 
 � 	 	 � 	 � � � � 


$反発

#付着

6599/(2+ /, * ; 9: ' - -8+ - ' :+ 9 ' 8+ 85:' :/4- ( + ,58+ :. + )522/9/54 ' 4*
:8' 49,583 85:' :/54' 2+ 4+ 8- ? /4:5 :8' 492' :/54' 2+ 4+ 8- ? � 54+ )522/9/54
+ < + 4 . ' * ' )5+ ,A) /+ 4: 5, 8+ 9:/:; :/54 5, e � � � 
 � � 4 :. + ' < + 8' - + * * ' :' �
. 5= + < + 8� ' )2+ ' 8 :8+ 4* 5, * + )8+ ' 9/4- )5+ ,A) /+ 4: 5, 8+ 9:/:; :/54 = /:.
/4)8+ ' 9/4- < + 25)/:? ) ' 4 ( + ,5; 4* � = . /) . ) ' 4 ( + )53 6' 8+ * :5 :. +
3 5* + 2 ( ? $ . 584:54 ' 4* � /4- � � + 8+ � = + /-458+ :. ' : :. + 3 5* + 2
= ' 9 * + < + 256+ * ,58) + 4:8' 2)522/9/549= . /2+ 5; 8)522/9/54 6' 8' 3 + :+ 89
' 8+ 8' 4* 53 2? * /9:8/( ; :+ * � % + = /22)53 3 + 4: 54 :. ' : 65/4: 2' :+ 8� ( ; :
/, = + 1+ + 6 :. /9 )549:8' /4: /4 3 /4* � = + = /22' 88/< + ' : /4:+ 8+ 9:/4- 8+ �
9; 2:9� $ . + 542? ,8+ + 6' 8' 3 + :+ 89/4 :. + 3 5* + 2' 8+ :. + 9:/)1/4- < + 25) �
/:? v9:/)1 ' 4* :. + ? /+ 2* < + 25) /:? v ? /+ 2* 5, :. + * ; 9: ' - -8+ - ' :+ 9� $ . +
? /+ 2* < + 25) /:? /9 :. + 3 /4/3 ' 2< + 25)/:? ,58= . /) . :. + 95 ) ' 22+ * ? /+ 2*
68+ 99; 8+ � ? /+ 2* /9 ' ) . /+ < + * ' : :. + )54:' ) : 9; 8, ' ) + � = . /) . 3 ' 819 :. +
549+ : 5, 62' 9:/) * + ,583 ' :/54� $ . + 68+ 9+ 4:+ * ) ; 8< + 9 /4 � /- � � ' 8+
3 ' /42? * + :+ 83 /4+ * ( ? :. + ? /+ 2* < + 25) /:? � :. + 9:/)1/4- < + 25)/:? * + �
A4+ 9 ' ) ; :� 5, , ' : 25= < + 25)/:/+ 9� = . /) . 5) ) ; 89 /4 :. /9 625: ' : < + 25) �
/:/+ 9 25= + 8 :. ' 4 
 	 !� 3 9!
 �  ; 8 3 + ' 4 * ' :' � 8+ * 97; ' 8+ 9� ' - 8+ + 9
= /:. :. + 3 5* + 2,58v ? /+ 2* ¼ 	 :� þ
 : �

!	 : � 3 3 9!
 � - 8+ + 4 952/* ' 4* * ' 9. + *
) ; 8< + 9� � $ . + 8+ 2' :/54 ( + := + + 4 ? /+ 2* 68+ 99; 8+ ' 4* ? /+ 2* < + 25) /:? ' 9
- /< + 4 ( ? $ . 584:54 ' 4* � /4- ,5225= 9 ,853 :. + /8 � 7� � 
 	 � ' 9

v ? /+ 2* ¼ � : 


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
� �
? /+ 2* � �

� 
 �

�

; ð � Þ

= . + 8+ � � � � ' 4* � ' 8+ :. + 8' * //� 3 ' 99+ 9 ' 4* & 5; 4- � 9 3 5* ; 2/ 5, 9/3 �
/2' 86' 8:/)2+ 9� 8+ 96+ ) :/< + 2? �

� 9 ' 3 + ' 9; 8+ ,58:. + ? /+ 2* 68+ 99; 8+ � = + ; 9+ :. + 9:' :/) )53 68+ 9�
9/54 3 + ' 9; 8+ 3 + 4:9 ( ? � 2; 3 + : ' 2� � � 	 	 � � � = . 5 ; 9+ * * ; 9: ' - -8+ �
- ' :+ 9 ,853 :. + 9' 3 + * ; 9: ' 9 /4 5; 8 + > 6+ 8/3 + 4:9� � 58 ' 68+ 99; 8+
5, �	 	 ! ' � :. + * ; 9:� ' - -8+ - ' :+ 3 ' :+ 8/' 29:' 8:+ * :5 ? /+ 2* :5 :. + ' 6�
62/+ * 68+ 99; 8+ � = . /) . = + :. + 8+ ,58+ :' 1+ ' 9 :. + ? /+ 2* 68+ 99; 8+ � � ,
= + ' 99; 3 + * ; 9: ' - -8+ - ' :+ 9 = /:. � � 	 � � 3 3 ' 4* . � � 
 	 1- 3 !� �
= + ) ' 4 ; 9+ � 7� � � � :5 ) ' 2) ; 2' :+ & 5; 4- � 93 5* ; 2; 95, 5; 8 * ; 9: ' - -8+ �
- ' :+ 9:5 ( + � � � 
 	 	 ! ' � = . /) . /9 ' ( 5; : ' 4 58* + 85, 3 ' -4/:; * + . /- . �
+ 8 :. ' 4 + ' 82/+ 8 ' 99; 3 6:/549 � + � - � � B::2+ 8 + : ' 2� � � 	 	 � � ' 4* 5:. + 89� �
$ . + 9:/)1/4- < + 25)/:? /4 :. + 3 5* + 2 5, $ . 584:54 ' 4* � /4- � :. + /8
� 7� � � 
 � � /9

v9:/)1 ¼ 
 : �
c �+ , , � 


� � � �

" #
 = �

; ð 
 Þ

= . + 8+ c + , , /9 :. + 9; 8, ' ) + + 4+ 8- ? 5, ( 5:. 9; 8, ' ) + 9 /4 )54:' ) :� = . /) .
= + ) ' 22 + , , + ) :/< + 9; 8, ' ) + + 4+ 8- ? � $ . /9 9; 8, ' ) + + 4+ 8- ? /9 ' )53 62/�
) ' :+ * 6' 8' 3 + :+ 8 /4 :. /9 )54:+ > : ' 9 = + . ' < + := 5 < + 8? )53 62+ > 9; 8�
, ' ) + 9 /4 )54:' ) :� $ . + 3 5* + 2 ( ? $ . 584:54 ' 4* � /4- ' 99; 3 + 9 '
93 55:. )54:' ) : 9; 8, ' ) + :. ' : ; 4/,583 2? )54:8/( ; :+ 9 :5 :. + )54:' ) :
+ 4+ 8- ? � � 4 5; 8 ) ' 9+ � = + ; 9+ :. + � � � � � � � � � 9; 8, ' ) + + 4+ 8- ? ' 9 ' )53 ( /�
4' :/54 5, :. + 145= 4 9; 8, ' ) + + 4+ 8- ? � ,58 ' 93 55:. 9; 8, ' ) + � � :. + * ; 9:
' - -8+ - ' :+ 65859/:? � ' 4* :. + � + 8:@ , ' ) :58 � :. + 8' :/5 ( + := + + 4 )54:' ) :
9; 8, ' ) + ' 4* )8599 9+ ) :/54 5, := 5 3 5453 + 8 -8' /49� ' 4* ' 662?

c+ , , ¼ c & / & �
�

� �	
: ð � Þ

$ . + A89: :+ 83 54 :. + 8. 9� 5, � 7� � � � /9 :. + 9; 8, ' ) + + 4+ 8- ? 5, :. + # / �

3 ' :+ 8/' 23 + ' 9; 8+ * ,583 /)853 + :+ 8� 9/@ + * 3 5453 + 8 -8' /49 ( ? � + /3
+ : ' 2� � 
 � � � � :5 ( + c � 	 � 	 � � � 3 !� � + 4+ 8- ? 5, ( 5:. 9; 8, ' ) + 9 /4 )54�
:' ) :� � $ . + 9+ )54* :+ 83 /9 :. + < 52; 3 + A22/4- , ' ) :58� = . /) . = + ; 9+
' 9 ' 9; 8, ' ) + A22/4- , ' ) :58 5, / � 	 � � � ' 4* :. ' : ' ) )5; 4:9 ,58 :. +
* ; 9:� ' - -8+ - ' :+ 65859/:? � # :/22� := 5 -8' /49 /4 )54:' ) : * 5 45: . ' < + '
)54:' ) : = . /) . /9 ' 92' 8- + ' 9 :. + /8)85999+ ) :/54 ( ; : 93 ' 22+ 8:. ' 4 :. /9�
* ; + :5 :. + � + 8:@ , ' ) :58� $ . + � + 8:@ , ' ) :58� � � � � 	 � � � /9 :. + 8' :/5 ( + �
:= + + 4 :. + )54:' ) : )8599 9+ ) :/54 5, := 5 96. + 8/) ' 2 * ; 9: 3 5453 + 89
p� � ' 4* :. + 3 5453 + 8 )8599 9+ ) :/54 p � �	 � % + ' 6685> /3 ' :+ :. + )54�
:' ) : - + 53 + :8? 5, 5; 8/88+ - ; 2' 8-8' /49( ? :. ' : 5, 96. + 8/) ' 2-8' /49 � :. +
- + 53 + :8/) 3 + ' 4 * /' 3 + :+ 85, 5; 8-8' /49 /9 
 � 	 l3 � & 5; 4- � 9 3 5* ; 2; 9
/9 
 
 � ! ' � ' 4* ! 5/9954� 9 8' :/5 /9 m � 	 � 
 � � :5 ) ' 2) ; 2' :+ :. + � + 8:@ , ' ) �

:58� � 58 :. + )54:' ) : 8' * /; 9 � = + ' 99; 3 + 96. + 8+ 9 9:/)1/4- :5 + ' ) .
5:. + 8 542? * ; + :5 :. + /8 ' * . + 9/54� $ . + )54:' ) : 8' * /; 9 /9 :. + 4 - /< + 4
( ? � 5. 4954 + : ' 2� � 
 � � 
 � :. + /8 � 7� � � 	 � � ' 9

� ¼ � pcð
 ! m� Þ� �	
� 	

" #
 =�

; ð � Þ

' 4* :. + � + 8:@ , ' ) :58 /9 )549+ 7; + 4:2?

� �

� �	
¼ � pcð 
 ! m � Þ

� 	 � 	

" #� =�

: ð � Þ

� 58 :. + - 8' /49 ' 99; 3 + * . + 8+ � :. /9 8+ 9; 2:9 /4 � � = � �	 ¼ 
 : 
 ' 
 	 !� ' 4*
:. + + , , + ) :/< + 9; 8, ' ) + + 4+ 8- ? /4)2; * /4- ( 5:. - + 53 + :8/) + , , + ) :9 /9 ' 9
25= ' 9 c+ , , � 
 � � ' 
 	 !� � 3 !� � � /- � 
 	 - 8' 6. /) ' 22? /22; 9:8' :+ 9 :. + 8+ �
9; 2:95, :. + ' ( 5< + )549/* + 8' :/549� ( ' 9+ * 54 � 7� � 
 � = + /4:+ 4* :5 * + �
* ; ) + :. + 9:/)1/4- < + 25)/:? ,58 ' 3 ' :+ 8/' 2 = /:. 96' 89+ 2? 145= 4
& 5; 4- � 9 3 5* ; 2; 9 ' 4* ' 4 + , , + ) :/< + 9; 8, ' ) + + 4+ 8- ? = . /) . 2' 8- + 2? * + �
6+ 4* 9 54 - + 53 + :8? � $ . + ( + 9: + 9:/3 ' :+ ,58 & 5; 4- � 9 3 5* ; 2; 9 /9
� 
 	 	 ! ' � 9+ + ' ( 5< + � � = . /) . /9 :. + ( 2' )1� * /' - 54' 22/4+ � $ . + 9; 8, ' ) +
+ 4+ 8- /+ 9 ' 8+ * + 45:+ * ( ? :. + - 8+ + 4 < + 8:/) ' 22/4+ 9 ' 4* :. + ( + 9: < ' 2; +
,58 :. + 9:/)1/4- < + 25)/:? /9 ' : 	 � � 
 3 3 9! 
 � = . /) . /9 8+ 68+ 9+ 4:+ * ( ?
:. + /4:+ 89+ ) :/54 5, :. + 2+ , : < + 8:/) ' 22/4+ � ( + 9: < ' 2; + ,58 :. + + , , + ) :/< +
9; 8, ' ) + + 4+ 8- ? � ' 4* :. + ( 2' )1 * /' - 54' 22/4+ � ( + 9: < ' 2; + ,58:. + * ; 9:�
' - -8+ - ' :+ 9� & 5; 4- � 93 5* ; 2; 9� � � = /* + 8' 4- + 5, & 5; 4- � 93 5* ; 2/ ,853
:. + 95,:+ 9: ; 6 :5 952/* 3 ' :+ 8/' 29 � -8' ? 2/4+ 9� ' 9 = + 22' 9 :. + 9; 8, ' ) +
+ 4+ 8- /+ 9 = /:. :. + :. 8+ + )588+ ) :/549 � -8+ + 4 2/4+ 9� ' 8+ 625::+ * ,58
)53 6' 8/954�

$ . + 68+ * /) :/54 ,58 :. + 9:/)1/4- < + 25)/:? ,58 * ; 9: ' - -8+ - ' :+ 9 5,
	 � 
 3 - 3 ' 99 = ' 9 ' 6685> � 
 	 !� 3 9!
 /4 :. + 3 5* + 2 5, � B::2+ 8
+ : ' 2� � � 	 
 	 � � $ . + ' 99; 3 6:/54 ( + . /4* :. ' : = ' 9 :. ' : � � � 5, :. + 1/�
4+ :/) + 4+ 8- ? /4 ' )522/9/54 /9 /49:' 4:2? * /99/6' :+ * * ; + :5 62' 9:/)
* + ,583 ' :/54 � e � 	 � � � ' 4* :. + 8+ 3 ' /4/4- + 4+ 8- ? /9 ( ' 2' 4) + * ( ?
:. + )54:' ) : + 4+ 8- ? 5, :. + - 8' /49� � 5= + < + 8� ' 9; ) ) + 99,; 2' * ' 6:' :/54
5, :. + 3 5* + 25, $ . 584:54 ' 4* � /4- /3 62/+ 9 ' 9:/)1/4- < + 25)/:? /4 '
3 58+ + 2' 9:/) 8+ - /3 + � = . + 8+ 9:/)1/4- /9 * 53 /4' :+ * ( ? ' * . + 9/54
8' :. + 8 :. ' 4 ( ? 62' 9:/) + 4+ 8- ? * /99/6' :/54� /� + � :. + )5+ ,A) /+ 4: 5, 8+ 9�
:/:; :/54 /9 9/-4/A) ' 4:2? 2' 8- + 8 :. ' 4 e � 	 � � � $ . /9 /9 )2+ ' 8 ,853 :. +
3 + ' 4 < ' 2; + 9 /4 � /- � � ' 4* ' 295 /4* /) ' :+ * ( ? :. + - 8+ + 4 952/* 2/4+ � �
9:/)1/4- < + 25)/:? 5, 
 	 ! � 3 9!
 * 5+ 945: * /8+ ) :2? )54:8' * /) : 5; 8* ' :'
( ; : 9. 5; 2* /49:+ ' * ( + /4:+ 868+ :+ * ' 9 ' � 	 � 9:/)1/4- 685( ' ( /2/:? �

" + ) ' 6/:; 2' :+ * � :. + 3 ' /4 9/3 62/A) ' :/549 = + 8+ :. + ,5225= /4- � � /�
:. + ' < + 8' - + )5+ ,A) /+ 4: 5, 8+ 9:/:; :/54 68+ 9+ 4:+ * /4 � /- � � /9 ' 295
' < + 8' - + * 5< + 8 /3 6' ) : 6' 8' 3 + :+ 89 � /� + � � 
 � 
 ( 	 � � � � = . /) . 8+ 9; 2:9 /4
' 9? 9:+ 3 ' :/) 9. /, : :5 . /- . + 8 < ' 2; + 95, e � ) , � � /- � � � � � ; + :5 6850+ ) :/54

Fig. 10. � 8' 6. /) ' 2/22; 9:8' :/54 5, :. + 9:/)1/4- < + 25)/:? ,5225= /4- � 7� � 
 � ,58 ' 8' 4- + 5,
9; 8, ' ) + + 4+ 8- /+ 9 ' 4* & 5; 4- � 9 3 5* ; 2/�  ; 8 ( + 9: < ' 2; + 9 ,58 :. + 9; 8, ' ) + + 4+ 8- ?
� 
 � � ' 
 	 ! � � 3 ! � � ' 4* & 5; 4- � 9 3 5* ; 2; 9 � � 
 	 	 ! ' � 8+ 9; 2: /4 ' 9:/)1/4- < + 25)/:? 5,
	 � � 
 3 3 9! 
 �


 � � � � � � � � � � � � � � � 	 � � � � � � � � � � � � � � � � � � � � � �

! 2+ ' 9+ ) /:+ :. /9 ' 8:/)2+ /4 68+ 99 ' 9� % + /* 2/4- � " � � + : ' 2� � 8+ + )522/9/549/4 ' 3 /)85-8' < /:? 3 ' 4? � 6' 8:/)2+ + > 6+ 8/3 + 4:� � � � ; 9: ' - -8+ - ' :+ 9:/)1/4- ' : 25= < + 25)/:/+ 9�
� ) ' 8; 9 � � 	 
 
 � � * 5/� 
 	 � 
 	 
 � � 0� /) ' 8; 9� � 	 
 
 � 
 	 � 	 	 �

!eff：有効表面エネルギー
r：ダストサイズ
m：ダスト質量
E：ダストヤング率

4



2. Free Collisions in a Microgravity Many-Particle Experiment. II. The 
Collision Dynamics of Dust-Coated Chondrules
E. Beitz, C. Güttler, R. Weidling, J. Blum Icarus pre-print

• 概要
• ダストを纏ったmmガラスビーズの付着
速度を調べた

• 新規性
• ダストリムコンドリュール（隕石中に豊
富に存在）

• 手法
• 前述(Weidling et al. 2011)と同じ装置

• 結論
• porousなリムほど高速度でも付着できる

• 最大Vi =60mm/sで付着，同サイズダ
ストより高速度（慣性大のため？）

• 空隙率82%

• ダスト付着onガス流浮遊ビーズ
• 滑らか

• 空隙率60%

• ダストとビーズを容器に詰め振動
• 不規則

2mm or 3mm
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2. Free Collisions in a Microgravity Many-Particle Experiment. II. The 
Collision Dynamics of Dust-Coated Chondrules
E. Beitz, C. Güttler, R. Weidling, J. Blum Icarus pre-print

• 付着確率
• ビーズが小さく，リムがporousなほど
付着しやすい

• ダスト同士より付着しやすい(17/52回)

• クラスター形成
• 構成粒子の配置変換でE散逸，効率的
付着

! 単体同士よりも付着しやすい

• ダストアグリゲイトとの相違
• 前述の付着速度則と合わない（付着開
始は7.5mm/sと予想⇔ 60mm/s）

• クラスター形成により，cmサイズでの
成長を導く(かも)

Figure 2: Sticking probabilities of the four experiments with two different particle diameters and rim porosities. The averaged sticking probability (circles) decreases
with volume filling factor (to the right) and increasing particle size (downwards). The insets show the particles with different porosities produced by the two setups
described in Sect. 2.1.

3.2. Collision Behavior

In this section we present the results on collisions between in-
dividual 2 mm and 3 mm coated chondrules. A typical sticking
collision is presented in Fig. 1: the two particles collide at a rel-
ative velocity of 1 cm s−1, stick to each other and rotate around
their common center of mass. In this sequence, the glass beads
have a diameter of 2 mm and the porosity of the rims is 82 %. In
total, we observed 192 individual collisions, for which we were
able to follow both particle trajectories. From those we mea-
sured the projected collision velocities and we also discerned
the result into sticking or bouncing. Figure 2 shows the results
of the four experiments (two particle sizes, two porosities) in
terms of the sticking probability. The vertical dashes at sticking
probabilities 0 or 1 denote individual bouncing or sticking col-
lisions, respectively. We averaged the raw data in intervals of 2
cm s−1 (within the boundaries denoted in Fig. 2 by the dashed
vertical lines), which is shown by the circles. The error bars de-

note the standard deviations in sticking probability and collision
velocity for these mean values. There is a clear trend of higher
sticking probability for the smaller particles (upper row) and
also a trend for particles sticking at higher velocities if the rims
are fluffier (compare left and right). We have to note that the
statistics (i.e., the total number of observed collisions) for the
experiments with denser rims is much poorer as the excitation
was turned down as mentioned above. Moreover, as the veloci-
ties plotted here are projected velocities, they are systematically
underestimated by approx. 13 % in average (see discussion in
Paper I).

3.3. Cluster Formation
In the beginning of each experiment, the rim particles were

lying on a pile at the bottom of the experiment chamber and
were then levitated under microgravity conditions due to the
excitation with the shaker. As the particles are very cohesive
(see the previous section), they were not initially separated from
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Figure 3: Clusters of dust-rimmed chondrules formed in each of the four ex-
periments and were observed to be growing. Here, we show a collision of a
single dust-coated chondrule analog and a chondrule cluster at a velocity of 2.7
cm s−1, which leads to sticking after the projectile sufficiently slows down by
rolling over the cluster surface. Also note the deformation of the cluster at the
impact point. A movie of this collision can be found in the online version of
this article.

each other but several clusters repeatedly collided with the vi-
brating top and bottom of the vacuum chamber. After a few
seconds, this led to a quasi-equilibrium between growth and
destruction of the clusters, except for the case were the shakers
were turned down (see Sect. 2.2).

Although we did not yet succeed in a broad quantitative
analysis of the collisions among clusters and between clusters
and individual particles, we qualitatively observed an efficient
growth of these clusters. In both experiments with compact
rims (φ = 0.4) we observed several collisions between indi-
vidual particles (as presented above) but after the shaker was
slowed down, most individual particles were efficiently swept
up by one central cluster. Figure 3 shows an individual 2 mm
particle, which is colliding with a chondrule cluster at a veloc-
ity of 2.7 cm s−1. One can qualitatively see that the sticking
efficiency is enhanced compared to a collision between indi-
vidual particles: the rim particle collides with a salient particle
from the cluster and the cluster is deformed at this position.
This can be seen by following the two vertically aligned, semi-
transparent particles in the line of the impact velocity over the
whole sequence. This deformation goes along with a dissipa-
tion of energy, by which the impactor is slowed down. It is still
moving in the direction towards the cluster, can only roll over
the cluster surface, successively slows down, and finally sticks
to the cluster.

4. Concluding Remarks

We observed sticking in free collisions between particles of
2 and 3 mm diameter at velocities of up to 6 cm s−1. This is
an unexpected result: solid particles of the same size colliding
at a similar velocity do definitely not stick to each other (e.g.,
Foerster et al., 1994; Lorenz et al., 1997), neither do porous
dust aggregates (Heißelmann et al., 2007, Paper I). Only the

combination of solid particles with a highly porous dust rim
apparently makes a huge difference. This is very unexpected
and contradicting against our current understanding. In Paper
I, we adapted a model of Thornton & Ning (1998) to deduce
the sticking velocity of porous aggregates and the agreement
was satisfying. However, extrapolating these results by taking
Equation (4) of Paper I with the same material parameters but
our chondrule density (2500 kg m−3) and radius (1 mm), we ar-
rive at a sticking velocity of 0.05 mm s−1, which is the velocity
where we should expect a sticking probability of 1. This is is
a factor of four lower than the sticking velocity of 0.21 mm s−1

for the 1 mm diameter aggregates in Paper I. Taking this factor
as a scaling also for the velocity with sticking probability of 0,
we get an onset for sticking at 0.75 cm s−1 (approx. 3 cm s−1 in
Paper I), which is well below our maximum sticking velocity
of 6 cm s−1. For aggregates more comparable to our sizes (1.5
mm diameter), Weidling et al. did not find sticking at all.

The velocity range for sticking observed in our experiments
is highly relevant for millimeter-sized particles. As Weidling
et al. (2009) showed in their Fig. 8, the relative velocities for
particles of 1 cm radius are below 1 cm s−1 if they assume a
high solar-nebula surface density considered by Desch (2007).
The collision velocities for millimeter-sized particles are ac-
cordingly slower and a growth to small clusters seems plausible.
In subsequent collisions of centimeter-sized clusters, new ways
for the dissipation of energy as qualitatively shown in Sect. 3.3
may lead to further growth. Higher dust-to-gas ratios as ex-
pected in chondrule forming regions (Alexander et al., 2008)
and from numerical simulations (Johansen et al., 2007; Cuzzi
et al., 2008) may have an additional positive effect to decrease
the relative velocities.

Finally, our experiments indicate a possible way for the for-
mation of the parent bodies of chondrites. It needs to be solved
how stable the observed clusters are against disruption and how
the results depend on material parameters, i.e., grain size, com-
position, and possibly thermal history. This will be done in
future experiments.
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