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Recent development in mass spectrometry has far-reaching e#ects not only in physical and chemical studies
of gaseous molecules and ions, but also in biological studies, including proteomics and metabolomics. In mass
spectrometry, collisions are very important elementary processes in ionization, collision-induced dissociation,
and mobility, whose methods are useful for the development of proteomics and metabolomics. In the present
review, to understand the basis of collision, the concepts of center-of-mass system, laboratory system, cross
section, kinetic energy release, and impact parameter are explained. The cross sections, which provide the
magnitude of elementary reactions, depend on reaction species, collision energies, and reaction processes. I have
attempted to present these dependences with the support of various examples.
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5. �����
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Fig. 6 ������� �	
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�-%E�F7 6 �-G;���
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(24)�� x�0 ���� �!	 L"�#�$��% &
�'(��)�
��

�
IOUT

IIN

dI(x)
I(x)

�[loge I(x)]
IOUT

IIN
�loge(IOUT/IIN)

��
L

0
*sD dx�*sLD (25)

(IOUT/IIN)+ 1,-.	�/�0-% loge(IOUT/IIN)+1�
/���� (25)��23���4��% &��)�
��

IOUT/IIN�exp(*sLD) (26)

��5��678# s�9:�;<$��&������

s�* loge(IOUT/IIN)
LD

� loge(IIN/IOUT)
LD

(27)

44�% �� �!	 L% =�>?@�3AB D�CD
��� IIN�ED��� IOUT�FB�GH�I
J% ��
78# s �9:�4���I�� KLM<�� �!	�
NO	P��+Q���% ���FB�RS/�9"��
�TU�V% =�>?@�3AB�NO	P�% WXYF
B�Z[ IOUT/IIN�NO�GH$�4�����78#�
9:�
�� K\<KLM<��78#�9:�]:<%
4�^_�`��
�I����
a 6: �� �!	� 1.0b10�2 m, 25c ��� �
de� 1.0 Pa 5fgd�h 105i�� 16 ��I% CDj
k� 10lZ[�]� 4�mn���78#�9:��

IOUT/IIN�0.9 �0���% loge(IOUT/IIN)�*0.105,

loge(IIN/IOUT)�0.105

opgq�rs^t��`���=�>?@�3AB D

+&��9:�
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D(m�3)� NAP
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�
6.022b1023 (mol�1)b1.0 (Pa)
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�2.423b1020 m�3

(27)�<4
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keVX��������+%�� 1����de���

��% 100 eV ������� ����+% �3���
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���&ST�PL&6�$
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 SI§¨� [J�1 C2 m2]	��"� )© 4pe0	ª�
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Fig. 11. -./������noAp�qrAs��
���
½

Table 1. noAp�qrAs (12,6)�����
��
BA�

:�G	� c [10�10 m] eLJ [meV]

He 2.57 0.93

Kr 3.59 14.9

CH4 3.81 12.8

Table 2. @AJ�����
��BA�

2:�	� re [10�10 m] De [eV]

O2 1.21 6.6

O2
� 1.12 5.18
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V(r)��
7.20a�q2

r 4 (37)

���� (K) � a� 	
� 43.4 (10�30 m3) ����
q�1, r�3.0�10�10 m����� 3.86 eV �������
������� (12,6)���� !�meV��"#�$
%��� &�'���� !()* eV����(��+
�,-.�/ 0!1� (Ar)� a� $ 1.64 (10�30 m3)	
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89�
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�iP,7�I�#�H�*A�GK%-�/ +�P
Q� ?�ST�~&�'���+�$��K�(	
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�
� (41)
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b
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�sin��

p!q

2
�
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p

2
! q

2
�
�

�cos��
q

2
�
� (43)

(43) ��-.�/012343�567� "�-,�
Fig. 15 �815 b/(RInc�RTar) 9 1 :;��)*1(<
�� q�0��� b/(RInc�RTar)91:=7(�' (41)�
7>�����9?@4($� )*+, 0 3(ABCD)
*������p (180�)'($E�3FGH7��I�� 
JKL�)*�� RInc�RTar �M,������ (43) �

�NO�PQ3�"'7#$� ���R� 
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�! 1
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sin��

q

2
�
�dq (44)

db
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�! RInc�RTar

2
sin��

q

2
�
�

�! RInc�RTar

2
sin��

p

2
!f
�
�

� RInc�RTar

2
cos f (45)

"���� (38) �7S��'PQTDU9���V6
�� 

q(q)� b
sin q

�
�

db
dq
�
�

� (RInc�RTar) sin f

2 sin f cos *
�
�

(RInc�RTar) cos f

2
�
�

�
(RInc�RTar)2

4
(46)

(46) �983#W7JKL�)*��� PQTDU9��
� q 7XY1(<Z
��7(��<� [��TDU

�� q(q) �3\������UQ3�'V6�����
JKL�)*�� (46) ��UQ3�"'7#$����
��� ]7V65[TDU'^_3� 

s�2p �
p

0
q(q) sin q dq�2p �

p

0

(RInc�RTar)2
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sin q dq

�2p
(RInc�RTar)2

4 �
p

0
sin q dq

�
p(RInc�RTar)2

2
[cos q]

p
0�

p(RInc�RTar)2

2
[2]

�p(RInc�RTar)2 (47)

`a�Qb��)*��� 6 c�Qbdefghij�
8I�5#W(kl�mnop'ql�rnop���I
�� s�t�u�� Fig. 16 783 vwgQb)*(x
�)*��� Qb�JK'y�5z{#$|�'?@(}
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���7�<
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�� ����� ��	�� ��	
!������"
#$%&�'()%&�� ��'$� *+,-./�0!
()%&��

8. �������	


2���,-�� CM1��2345 m �!6��"7
89:;<=>� V(r)��	)��?@AB��$��
����� 789:;<=>� V(r)"C�D��EF�
GHIJ� 4578K�L�,-���MNOPQ�� r

'��'� 789:;<=>��R�STU��EF�C
H� 4578'�VWX�5'YZ�[\ r '[\"?]
��	78'��'�
^ f�_/����'"`a�
C��

Lab1' CM1��,-� 2b�c �"� CM1�!
�dZ�EF�����"Ue������f2)� �
gh��&i� x ' y �jk�lY� Fig. 17 �m�RJ
� r ' f �'�'� n�_o�pq�� ����

xrr cos f � yrr sin f (48)

��q�st�uv��'pq'&��
dx
dt
r dr

dt
cos fwr sin f

df

dt
,

dy
dt
r dr

dt
sin fxr cos f

df

dt
(49)

CM1��EF����� (T)� (10)q�� ��Zi�
��pq�fy�$��

Tr 1
2

mv2r 1
2

m
�
�
�
�

dx
dt
�
�

2

x��
dy
dt
�
�

2�
	

r 1
2

m
�
�
�
�

dr
dt

cos fwr sin f
df

dt
�
�

2

x��
dr
dt

sin fxr cos f
df

dt
�
�

2�
	

r 1
2

m
�
�
�
�

dr
dt
�
�

2

xr2�
�

df

dt
�
�

2�
	 (50)

��"z{�\��'�|��:;<=>� V(r)� 0'
N%'�����}�~RH������ (E)�p�qK
������

Er 1
2

mv0
2rTxV(r)

r 1
2

m
�
�
�
�

dr
dt
�
�

2

xr2�
�

df

dt
�
�

2�
	xV(r) (51)

z{���EF������h���������"� 
��� r "()%&����ZV(r)"���� � ��'
&�� :;<=>�" r ���������� ?ST��
EF'&H� 
EF5 (L)�}�)��� 
EF5�[\
�EF5��������<Q ( mr2)�
�^ (df/dt)�
OPQ���� ������ pq"�H�6�

Lrr�mvrbmv0rmr2 df

dt
(52)

�� L��iZ� (51)q� df/dt��$2 �'���
���pq�� ����

Er 1
2

m
�
�

dr
dt
�
�

2

x
L2

2mr2 xV(r) (53)

[\ (r)�_��EF������ (1/2)m(dr/dt)2 �� 
������ n�����:;<=>�'c ��'"�
$�� n��� (53)q� 2��' 3����YZ� pq�
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��������	
�� VE# (E#ective) �����
�������

VE#(r)�
L2

2mr2 �V(r)�
Eb2

r2 �V(r) (54)

(L2/2mr2)(�(Eb2/r2)) ���������� ��! �"
��#$���	
��%&��� �"'���()�
*+�,-�./01�23�,-�./�,-45��
���!���� L2 ��6�7��88"'59!
l :;"<3�� L2��2l(l�1) ��=��5>�&5
�5��
�"����	
��: Fig. 18 ��?� O2

� "��	

�� V(r) �@��! E�500 eV, b�0.1, 0.15, 0.20A
10�10 m ��	�BC� �� #$���	
���!
r�2 �DE?�"�� 
6"���F� VE# �G� (r) �
H�45��IJ�K45�� �6L" r�6 0MN	�6
O" r�4 "��	
��"PQ�@�� r�2 �"RS
� �BT� ()�*+UB�1�23� �VW"�X
� �-� Fig. 18 ��?�Y5��	
��"Z�[
\�� �"Z"�:#$�]��Y�

(53)^_� dr/dt:`T�ab"^5��
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�c� 2E

m � 1d
b2

r2 d
V(r)

E
(55)

�"eMfg"�h�! iLj�G� r �H�45
�"�! 
6�kl4-�mn?�� (52)^:���!
iL��:�o����=�p^:���

dr
df
�c

r2

b � 1d
b2

r2 d
V(r)

E
(56)

qkrG� (rCl: Closest)���"��� 05�"�!
rCl �p^:�B?�

1d
b2

rCl
2
d V(rCl)

E
�0 (57)

(56)^"���6:s�?�p"^5��

df�c b dr
r2 (58)

� 1d
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r2 d
V(r)

E

qkr�" f "'� fCl "'5�"�! Fig. 12 _�
t_��Y�u�� q � pd2fCl � 9! (58)^:�v#
w_�qkrG� rCl U��"^:x�?���u��
q �1�23 b y()�*+ E "z3��p^�`
T����

q(b, E)�pd2 �
{

rCl

b dr
r2 (59)
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b2
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E

9. �������	 
����� ���

|��}��MN	:�}?���� 9! 1�O"
~�qjzF"��O��MN	�6�1�?�M
N	�6O� ��MN	�6O��!���	��!
�6��! MN	"���=5���U�U5O���
�� �"~��! ��Oj�4 ��! ��O� J
�jMN	�6� �VW�a"G��kl_5�
O����5�� 8����B#$���	
��� �
MN	�6� �VW�a"G��kl4���-
5�� �"�Y5./�O��"�Y���9=�_"
��75����N+����	����Y�=�
Langevin ��	��	� ��J�������917)! ��
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MN	�6O��>��4"./�! MN	~ �
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��� 9! (36)

^��=B� �! p^������

VPol(r)�d
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9p^��=����
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��������	
 (61)�� E ��������
����������

r4�b2r2�
aq2e2

32p2e0
2E
�0 (62)

���� r2 ����� ���	!�� ���
"	�#�$��	
 %��&����'������
��� 0����$��
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2E

(63)

()*+,-.� E �!
 �/01234,����
���5678 bCr (critical impact parameter)� (63)�
� 49�$�� :;
 <�=�>?@� rCr � r2 � (62)
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 �
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� 22
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I� Fig. 19 �J�� ��K�LM��5678
	NO�;PQ2�
 RS�TU	JV��WX�YZ5
6S[�\�� rCr ��"	]�]�^_����
$�� ��; �
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����	!$�� fg()*+,-.	 bCr lZqV
$5678	rs�;ij�
 RS�tU	JV��lm
�
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E

(66)

�������� 10�30 m3 	 E ���� eV ��
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+,-.� 1.0 keV ��
F.�a�� K �ij a� �
43.4�10�30 m3 $�	 sOr � 3.5�10�20 m2 h!$K
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sReact �h!V��µ�l��_�¶g���
 q·�
��¸����19) .

PQ2�Ivw�01234,��
 PQ2�ª¹
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����������	
� ������������
��������������������� !"
�# $%�&�!� Averaged dipole orientation (ADO)

���'
(��)*%�20) .

10. �����Massey ��	
�� ����

$$+��,	�&�!�-�-�.
�)/!�0
�� �12��������34�,	�5�!'

(/!���# +0� �1��&64�'
(�7�!�
��# 8��9�:$/!���;�� �1<=>3?�
1�@�A"�� B1� �1� <=>2,	�	�# 8�
�9�'
(CD eV EF2,	��$%G2�12HI
JK<��L"� �1�M�N���O"+��� P2Q
+�RS!�0TU>VW��X/!Y���Z+/0[
��\/!���!���]^�$�����# N_��
�Y���(�����2�12�`a�&�!��1
�b��(C����Y���cd%�# $2eC�,	
�f�!� ��������34�eC�g�����
����75,	��� �12[��h%ij�"�k
�G��# $2lm�� ,	4��1�no�p4�q�
r���4��s�4�$�����#

rtbuvt (70)

b � v �v��wx�� b � 7y z �!"{�,	|
D} �p�0,	|D�� �	�# ~!"{� (39)o�
#^G%�2�� h2�;�:$��$ P(b, v) ����
$��e
� �;2!"{�no�#^G%�#

st2p�
�

0
P(b, v)b db (71)

$2���,	|D� (Impact parameter method) �
�C#
$$� P(b, v) ������� �%��� (1)o�#^G
%�4S!2B1���12���TU>VW�����
���2���&o�����%d�G��#

H«Y(R, t)t���j
�2

2mj
�juV(R(t))��Y(R, t)

ti� (
(t

Y(R, t) (72)

'��1�������1��%!�!N��(���
��� '��1�������124S!2B1���1
�&�!�)`a��)&D�#^G%!���4�# $
%G2�*� rR� ������>� HR(rR)� ��&D�
*R(rR)�#^��h%G2&6�n2o�+0�!��#

HR(rR)*(rR)tER*(rR) (73)

�� (73)o2 HR(rR) ���� V(R(t)) 2,�� ,	4� 2

�12�����4�TU>VW�2�����34�
r(t) �(�!-4�� (72)o��� �2'/0n2o�
���^�$�����#

{HR(rR)uV(rR, r(t))}Y(rR, t)ti� (Y(rR, t)
(t

(74)

$$���;P�TU>VW�� 0�.�0no���#

HR(rR)Y(rR, t)ti� (Y(rR, t)
(t

(75)

$2o�+04��&D�� no�#^G%�#

Y(ra , t)t*a(rR) exp�� 
Eat
�
�
� (76)

no�p¡%�$2��&D2�n¢m�(�!£¤�
4��

Y(ra , t)t�
a

ca(t)*a(rR) exp�� 
Eat
�
�
� (77)

ca 2+04S�¥¦�no���#

i� dca

dt
t�

b
cb(t)Va b(r(t)) exp�� 

i
� (Eb Ea) t�� (78)

$$�� Vab(r(t)) �� no�	�#

Vab(r(t))t� *a�(rR)V(rR, r(t))*b(rR) drR (79)

,	P�	��52`a�	�2�h2��&D� *0 �
4��� (78)o2§¨¥¦�� tt � � ca(t)©da0 ��
�# $2¥¦ª�� ca(�) ���G%0G� 1�,	�0

2«¬�$�no�#^G%�#

P(0©a, b, v)t	ca(�)	2 (80)

$2�$� (71)o�'%!{�4�$��e
�;!"
{���G%�#
���(�!$%��"�� 0n2o� i�(dca

(0)/dt)

t0 � ca
(0)(t)tda0 �®2`a�//!��lm�N�4

�#
¯ 1n2o�� no�#^G%�

i�
dca

(1)(t)
dt

t�
b

cb
(0)(t)Va b(r(t))

°exp�� 
i
� (Eb Ea)t��

tVa0(r(t)) exp�� 
i
� (E0 Ea)t�� (81)

$%�{�4��no���#

ca
(1)(t)t 1

i� �
t

 �
Va0(r(t)) exp�� 

i
� (E0 Ea)t��dt (82)

«¬�$� ca
(1)(t) 2 tt� �20 ca

(1)(�) �e/!Z+
�# exp( (i/�)(E0 Ea)t) �����7�±�4�&D�
	�# $2±�4�&D� Va0(r(t)) 2{� ca

(1)(�) 2�
¡�Z��# Va0(r(t)) �N��(2)12²�	��G�
,	4�352�1�	�&4�³�0��´� (82)o
2{��&#4�0�75�]^G%�# $2 2�1�N
��(4�5¡��� a �4��� 2�1�2q4� v �
	�2�� h2N��(4��� t � a/v �#^G%�#
Fig. 20 2 a) 2lm2eC�� $2�����&�!±�
4� exp( (i/�)(E0 Ea)t) 2��6µ�q�¶¨�±�
4�� Va0(r(t)) �	�7·�0�7/!7� (82)o20�
q�±��¸¹º�m/!»¡�0���# 4�*¹

a
(E0 Ea)
�v

¼1 �G P(0©a)½1 (83)
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���������� 	
� ������������
�	
�������� ������� Fig. 20� c)��
������ (82)���������� ��� ���
!"�#$��� Fig. 20� b)���%����&#� '
���"!���(����)�*+�,%����%�
+��#�� +�-"�� ./�+���0�1�

Massey 234567�8�9#3456����( (adia-

batic criterion) �:;��21) .

a�(E0<Ea)
�v

�1 (84)

+�-"����0=%
>�� Hasted��?�?�
@A����*��	�B��0�"���	�CDE
FG0HI4J��� +�KL����� �!M+�
0"N����22)� ��"N#�� aO7P10�10 m �#�
�QR��S$%��"N������ +��3456�
adiabaric���T%0&��U�0�
�'21) #�
aDE/hv #U�0���

>� Hasted�����(V
�
&#WX�
Y�#$�� ++#&�
 a ���(�
� 2p ���Z���� Hasted�WX�
��� (84)�
#� 7P10�10 0 2p #[Z
 a�1P10�10 m �(V�
����-"!��� +�����\]�^�U�#�
)�#����
A#-"��+���_������
�-"�Y��������� ++#�� *`
A�@A
�+a����-" a ����� 3P10�10 m ���
�0&��� �*CDEFGb��.����	0�"�
��CDEFG0c	YZ
�

Table 3 #de�����*�CDEFGf�g���
���+,��-.����������� -.���
CDEFG�� �� 2h�+,��/�%�� 01CDE
FGf���%� 0.03 eV 2�#�� 100 u �6ij�C
DEFG��� 100 eV 2����CDEFG#�*��
�+��de�� �e�� k3l4�
>����m50

*+%-.�$�� 6�) eV ���0YM
A7��
08�
>��� noY����-.#$�� p9
4:
#�;CDEFG#���l<#�=q>�7?CDE
FG
@���� 6��.Yr����m5%�� 100 u

�6ij# 1 eV ��*0s*+%B��� 108 keV

����� ) keV tg���#� 1o���#) eV �
�*0*+%+��uA#$�� p9
4:#�vCDE
FG��#�� ;CDEFG���l<�w�Z
7?C
DEFG
@e!� 1o���#��*l<�*+��

11. �������	
����

p9
4:�x��B��CV�*+�^D�y.#$
�� B���*EF�%�����	��Y�CV�*+
�^D P 0z>�U��-.#$�� �*��
7?C
DEFG�01�{G)�|H��� }~�01�G��
�����Y$�� ������*����*}�CV0
-I����;�!��� ������*�*+���
�� Franck�Condon 2��j���j�j7 Factor0-"
�-.�$�� ,";� Table 3 �=�
p9 100 u �6
ij� 1.08 keV#����������� 4.6P105 m/s

#$�� ���&%��<0 3P10�10 m �%��� ��
���&���� 6.5P10�16 s ���� 6��
A�0
1{G) 10�13 s ���Z���� +�����2#��
�����*0%������<�Jd!���#� �,
KA����2�LM���j���j�j�@��NV
#� OP�)�*+Z����-"���� �e�� Q
y���*+������ , 7��(#�R��S�2�
2.9P10�2 m #$�� 100 eV ��1CDEFG0YM
100 u �6ij�R��S���� 2.1P10�6 s ����
01{G) 10�13 s ���Z�T�01�U�*+��
Y�SM��)^D�K%�U������ ��j��
E��f�]���h�)�#$�� KA)1�*+��
���� ��j��E���h�)��V^��W���
�#Q��U������
� ��X�KA)1��
�E�2����Landau23), Zener24)�Stüeckelberg25)�
��LY�Z[��
��j��E��f���"N��
Demkov26) ���"N��*\#$�� Landau�Zener�
Stüeckelberg ���E�� L�(���]%��^EF
�#����f����_����^�)0 �¡��
+�`M��^��j��E�x���)�^D���j
��E��fab¢�3J£4�¤ 
e!qW����
+�3J£4�¤ 
�qW:�"N��� Q��KA)
1�����	�NV���
� Demkov��E�r�
¥4H£j¦����NV���c1�d§G¢�0¨�
����� +���E�`M���j��E§e�$�S
�����<#R��$�����)�*+����NV
���� +�!0©ª�^�)�K���� fg«¬h
� ®¯CV1i¯°6) �±��²e����� ³CV�
�)^D�� ��y.#$�Q��´µ�$��� ¶~
�CV�|H%�
>� +�j#±·�kV%�+��#
��� ./�¸¹
��KL�j,'º0»-����

Fig. 20. lA����G�01)�6¼G½

Table 3. 3456����# 100 u �6ij���	�.
��0�"�����1CDEFG

�*CDEFG (eV) 0.01 0.1 1 10

�� (m/s) 4.6P103 4.6P104 4.6P105 4.6P106

�1CDEFG (keV) 0.011 1.08 108 1.08P104

���
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��� ��	
���
1A�� B� ���� l�0��� 1 nm��/B E�hn�hc/l�hcñ

A/B kJ�mol�1 J eV Hatree nm s�1 cm�1 K

E
1 kJ�mol�1 1

103/NA

1.66054�10�21

103/eNA

1.03643�10�2

103/27.2 eNA

3.80880�10�4

hcNA109/103

1.19627�105

103/hNA

2.50607�1012

103/102hcNA

8.35935�10
103/R

1.20272�102

E
1J

NA/103

6.02214�1020 1
1/e

6.24151�1018

1/27.2e
2.29371�1017

hc109

1.98645�10�16

1/h
1.50919�1033

1/102hc
5.03412�1022

NA/R
7.24296�1022

E
1 eV

eNA/103

9.64853�10
e

1.60218�10�19 1
1/27.2114

3.67493�10�2

hc109/e
1.23984�103

e/h
2.41799�1014

e/102hc
8.06554�103

eNA/R
1.16045�104

E
1 Hatree

27.2eNA/103

2.62550�103

27.2e
4.35975�10�18

27.2
2.72114�10

1
hc109/27.2e
4.55633�10

27.2e/h
6.57969�1015

27.2e/102hc
2.19475�105

27.2eNA/R
3.15775�105

l: v�
1 nm

hcNA 109/103

1.19627�105

hc 109

1.98645�10�16

hc 109/e
1.23984�103

hc 109/27.2e
4.55633�10

1
109c

2.99792�1017

109/102

1.00000�107

hcNA 103/R
1.43878�107

n: �{�
1 s�1

hNA/103

3.99031�10�13

h
6.62607�10�34

h/e
4.13567�10�15

h/27.2e
1.51983�10�16

109c
2.99792�1017 1

1/102c
3.33564�10�11

hNA/R
4.79924�10�11

v: v�
1 cm�1

102hcNA/103

1.19627�10�2

102hc
1.98645�10�23

102hc/e
1.23984�10�4

102hc/27.2e
4.55633�10�6

109/102

1.00000�107

102c
2.99792�1010 1

102hcNA/R
1.43878

T: � 
1 K

R/103

8.31447�10�3

R/NA

1.38065�10�23

R/eNA

8.61734�10�5

R/27.2eNA

3.16681�10�6

hcNA103/R
1.43878�107

R/hNA

2.08366�1010

R/102hcNA

6.95036�10�1 1

¡¢£¤¥� NA�6.022142�1023¦§¨mol�1 Y©ª9 e�1.602176�10�19 C ©«¬� R�8.314472 J (K mol)�1

®�¯¬� h�6.626069�10�34 J s °±  c�2.997925�108 m s�1 1 Hatree�27.2114 eV
1 cal�4.184 J
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