
1 

 

Laboratory frame and center of mass frame 

Masatsugu Suzuki 

Department of Physics, SUNY at Binghamton 

(Date: February 01, 2021) 

 

The scattering experiment is actually carried out in the laboratory frame, where a beam of 

particles is being scattered by some fixed scattering center (target). This is called the 

laboratory frame. In fact, the target is always free to move. In order to compare experiment 

with theory, it is necessary to convert what is actually observed in the laboratory frame to 

what would have been observed in the center of mass frame. Since the observation of 

scattered flux is done with macroscopic apparatus, this is a purely classical problem. So it 

can be solved using classical notions. We note that the center of mass frame is favorable 

compared to the laboratory frame from a theoretical view-point. The separation of the 

system from the center of mass leads to the decrease of the degree of freedom from 6 to 3. 

In many cases, the scattering theory is discussed in terms of the center of mass frame. 

Here the relation between the cross sections in the center of mass frame and the 

laboratory frame is discussed. 

 

1. Momentum conservation and the energy conservation 

 

 
 

Fig. Laboratory frame. The initial momentum is L

iim 1v . The scattering angle of the 

particle 1 with mass m1 is L
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In the laboratory frame, the velocities of the particles 1 and 2 before and after collision, 

are defined by 
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since the particle with mass m2 is at rest before the collision. The center of mass velocity 

is given by 
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In the center of mass frame 
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We have the relation 
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Note that 
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(i) The momentum conservation in the laboratory frame; 
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which means that the velocity of the center of mass remains unchanged before and after 

the collision. Using Eqs.(1a) and (1b), we get 
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(ii) The energy conservation law; 
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Using Eqs.(1a) and (1b), we get 
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where 1 1 2 2 0CM CM

f fm m v v ,  is the reduced mass and is given by 
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Using Eqs.(2) and (3), we get 
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Fig. The center of mass frame. The scattering angle of the particle 1 with mass m1 is 
CM . In this plane, the z axis is in the horizontal direction and the y axis is in the 

vertical direction. 
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where the z axis is in the horizontal direction and the y axis is in the vertical direction. 

 

Using Eq.(1b), we have 
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The scattering angle in the laboratory scheme: 
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Center of mass frame. 1 2
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3. Example-1: m2/m1 = 2. 

Here we assume that m2/m1 = 2.  

 

(a) 80CM   . 
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(c) 40CM    
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(d) 20CM    
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3. Example-2: Identical particles ( 2 1m m ) 

Here we consider the case of 2 1m m  (identical particles) 
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In the laboratory scheme; 
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In the center of mass scheme: 
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v : center of mass velocity 
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((Elastic scattering)) 

Here we show some examples for the laboratory and center of mass schemes for the elastic 

scattering of two particles with the same mass, where 1

L

iv  and CM  are given and 2 0L

i v . We note 

that the points A, B, C, and D are on the same circle with the radius ( 1 / 2
L

CM iv v ) centered at 

the origin O. The vectors 1
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fv  and 2
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fv  are denoted by the vectors OF
����

 and OG
����

, respectively. The 

angle FOG 90   . Because of the momentum conservation ( 1 2 1
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. The point H is on the same circle with the radius ( 1
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iv ) centered at the origin. 

Since FOG 90    (which is independent of CM ), the points O, E, and F lie on the same circle 

with the radius CMv . 
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Fig. Scattering of two identical particles (the same mass) in the laboratory and center of mass 

schemes. 90CM   . 45L   . 

 

 
 

Fig. Scattering of two identical particles (the same mass) in the laboratory and center of mass 

schemes. 80CM   . 40L   . 

 



13 

 

 
 

Fig. Scattering of two identical particles (the same mass) in the laboratory and center of mass 

schemes. 60CM   .  . 30L    
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Fig. Scattering of two identical particles (the same mass) in the laboratory and center of mass 

schemes. 40CM   . 20L   . 
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Fig. Scattering of two identical particles (the same mass) in the laboratory and center of mass 

schemes. 20CM   . 10L   . 
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Fig. Scattering of two identical particles (the same mass) in the laboratory and center of mass 

schemes, CM  is changed as a parameter. / 2L CM  . 

 

4. Differential cross sections in the laboratory frame and the center of mass 

frame 

The relation between the cross sections in the center of mass frame and the laboratory 
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The kinetic energy of the laboratory frame is 
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((Mathematica)) 
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APPENDIX-I: Examples. 

 

Clear@"Global`"D; θL = ArcTanB m2 Sin@θD
m1 + m2 Cos@θD F;

f1 =
1

D@θL, θD
Sin@θD
Sin@θLD êê Simplify@�, Hm1 + m2 Cos@θDL > 0D & ;

f2 = f1 ê. 8m1 → γ m2< êê Simplify@�, m2 > 0D &

I1 + γ2 + 2 γ Cos@θDM3ê2

1 + γ Cos@θD
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APPENDIX-II Mathematica 
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APPENDIX-III Mathemtica (identical mass) 

Identical mass; 1 2m m   
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