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Abstract: Basing on the rate equations of the four-level laser system and a great deal of precise experimental 

data, and taking account of the influence of the overlooked spontaneous emission, we have theoretically studied 

the mechanism of the abnormal phenomena of light amplification without being pumped when the neodymium 

glass rod is elongated to exceed the length of the optical pump cavity. The result of theoretical study basically 

conforms to that of the experiment  
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1. INTRODUCTION 

In 1960, the first set of ruby solid laser was invented by T. H. Maiman in U.S. Hoghes Co., and in 

1961, a neodymium glass solid laser was developed by E. Snitzer in American Optical Co. Since then, 

others had developed a variety of neodymium-doped crystal solid lasers such as Nd:YAG, Nd:YAP, 

NdPP, etc.  

In most of common solid lasers a linear pumping lamp and an elliptical cylinder pump cavity are 

adopted. At that time, according to the basic principle of laser and the light gathering efficiency of the 

elliptical pump cavity, in both ruby solid laser and neodymium glass solid laser ( Nd:YAG, etc.) the 

pumping lamp and the laser bar were respectively placed on two focal lines in the elliptical cavity, 

making the pumping lamp, the laser rod and the elliptical cavity have equal 
[1,2,3]lengen   (the rod is 

hereinafter referred to as the equal-length rod, see the real line in figure 1). If not changing other 

conditions and only properly elongating the rod toward the outside of the pump cavity (the rod is 

hereinafter referred to as the elongated rod, see the dotted line in figure 1), the newly elongated parts 

of the working substance out of the pump cavity is unaffected by the optical pumping. Then according 

to the basic principle of laser, the pumping threshold of the elongated rod laser should rise and the 

pumping efficiency should
[7,9]fall  . 

 

Figure1. Schematic diagram of experimental facility: Equal-length rod (real line); elongated rod (including the 

dotted line)   
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But, in February 1972, our experiment of neodymium glass laser practically produced completely 

opposed
[5,6]result , i.e. the elongated rod laser has the markedly lowered (rather than raised) pumping 

threshold and the markedly raised (rather than lowered) pumping efficiency. It is discovered by 

accident that the abnormal phenomenon of the extension rod light amplifications not consistent with 

the experimental facts。 Then, according to the fact in the experiment, we carefully analyzed the 

energy level's fine structure and the lasing procedure of Nd
3+

 ions in glass; and in the rate equation, 

we took into account the influence of the commonly overlooked spontaneous emission, conducting 

the theoretical studies on the mechanism of the abnormal experimental phenomenon of light 

amplification in the elongated
[8,10]rod .                                                                          

2. THE MAXIMUM POWER OUTPUT OF EQUAL-LENGTH ROD AND ELONGATED ROD 

According to the rate equation of the four-level laser system, we get the maximum power output of 

the equal-length rod:                                               
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And the maximum power output of the elongated rod:                                                          
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where hv is the photon energy, co is the velocity of light in a vacuum, n is the dielectric refractive 

index, T is the transmissibility of the outgoing mirror, L is the cavity length of the resonator, l1 is the 

length of the equal-length rod and 12 is the length of the elongated rod; △n1 = ( n3 - n2)t, △n0 = n3- n2. 

(1) and ( 2) show that the maximum power output is in inverse proportion to the dielectric length in 

the resonator. By reason that l2＞l1, the following formula should be established:                             

,

max maxp p
                                                                                                                                           (3)

 

But, practically, our experimental result was contrary to this formula, i.e. P'max ＞Pmax. This is the 

abnormal experimental phenomenon of light amplification in the elongated rod. 

3. THEORETICAL STUDIES 

After the abnormal experimental phenomenon of light amplification in an elongated rod was 

published, our colleagues have made comprehensively experimental verification and theoretical 

approach to this phenomenon. Some colleagues thought that the scattering of the working substance 

(rod) forms certain pump power density in the parts of the rod out of the pumping lamp, leading to a 

decrease in pumping threshold and an increase in pumping efficiency; however, the theoretical 

viewpoint was unable to clear up this phenomenon. It is because Figure 2 (the photo of the          

equal-length neodymium glass rod and the elongated neodymium glass rod) markedly indicated that 

the effect of ultraviolet radiation of optical pumping, on the elongated rod, only that portion that 

overlaps the equal-length rod is colored, and the newly elongated parts out of the pump cavity is 

unaffected by ultraviolet radiation and not colored. However, the photographs of laser output spot 

comparison in Figure 3 and Figure 4 showed that the elongated rod has a much stronger laser output 

intensity and a more uniform power-density distribution of light beam cross section as compared with 

the equal-length rod. Then, what is the mechanism of producing the abnormal experimental 

phenomenon? This is a theoretical problem deserving of earnest study. 
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Figure2. Comparison of ultraviolet radiation coloring of optical pumping on the equal-length rod (upper) and 

the elongated rod (lower) 

 

 (a)                            (b) 

Figure3. Q-Switch pulse (or Dynamic) output spot comparison of equal-length rod (a) and the elongated rod 

(b) with the same input (80J)  

3.1. Basic Train of Though 

Based on the law of energy conservation, we carefully analyzed the experimental material, method 

and result, and thought that this phenomenon is caused by the overlooked spontaneous emission in the 

rate equation of the four-level laser system.                                                              

In the course of solving the maximum power output of the equal-length rod, one considered only the 

inverted population density,△n0, at the pulse build-up starting time (i.e. t = t0), and overlooked the 

previous accumulative process of △n0. In the three-level laser system, this method of handling 

problem perhaps is justifiable; however, in the four-level system it is not necessarily true. This is 

because E3→E2 transitional inversion in the four-level system may take place at a very small pumping 

rate and doesn’t need a high pumping rate necessary to keep population balance in the three-level 

system.                                                            

Generally speaking, a high pumping rate is often used in the giant pulse four-level laser system. When 

the pumping rate reaches a certain value and the population realizes high reversion, the amplification 

of spontaneous emission takes place. In this way, before forming giant pulse laser, the spontaneous 

emission near the end face of the working substance (rod) can produce very strong luminous flux, as a 

result, most or all population in the upper laser level is used up. When population reaches the upper 

laser level within 0～t0 of time, part of population of E3 in the upper level spontaneously falls on the 

low level, and the decrement rate of number varies directly with the population in the upper level.                                                                            

3
32 3

dn
A n

dt
 

                         
(4)  

Where, A32 is the spontaneous transition probability and its dimension is S
-1

. It gives the probability at 

which the particles in E3 energy level spontaneously fall on E2 energy level.  

Spontaneous emission is a space-time statistic function. For a large number of particles of 

spontaneous emission, there is no phase relation among different emission processes, emissive 

photons are irrelevant. Their characteristics may be represented by the particle age in the high-energy 

state. When exceeding this age, the particles spontaneously return to the low level and produce radiant 

energy; the stronger the spontaneous emission is, the more the energy loss becomes. Of course, this is 
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a condition that we do not want. To inhibit spontaneous emission and to decrease energy loss are our 

basic train of thought in the study of the mechanism of the abnormal experimental phenomenon of 

light amplification in the elongated rod.                            

3.2. Raising the Utilization Ratio of Inverted Population 

The solution of equation (4) is   

0
3 0 3( ) (0)exp( )
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n t n







                                                                                                (5)

  

where, n3 (t0) is the particle number of energy level E3 loss before the laser giant pulse is formed， 32  

is the  spontaneous emission lifetime of E3.                                                                           

Suppose that only those spontaneous emission photons which form a very small angle with the rod 

axis and pass through the whole length of the rod can produce the markedly amplified spontaneous 

emission, and the amplified spontaneous emission produces a strong beam from the two ends of the 

rod. Its solid angle approximates as:                                                               
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Where, n is the dielectric refractive index, l and A are the length and the sectional area of the rod 

respectively. Obviously, when l = L, Ω is minimal, i.e.Ωmin. In this way, such a slender rod has a 

longer light path under the action of high gain it can establish stimulated emission in various         

non-coherent spontaneous decays. However, in practical situations (for example, equal-length rod), 

often l1＜L; in this way, only the population of spontaneous transition shown in the following formula 

can establish stimulated emission 
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(7)  

When the laser giant pulse forms (i.e. t = t0), the population participating in laser oscillations in the 

upper laser level is:  

0 min
3 0 3

32

( ) (0) 1 exp( ) 1
t

n t n  
     

 
                                                                                              (8) 

By reason that 
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the substitution of (9) into (8), leads to: 
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Where, the second term in the braces on the right side expresses the loss caused by spontaneous 

emission. Owing to l2＞l1, the elongated rod has less loss caused by the spontaneous emission as 

compared with the equal-length rod. In this way, the utilization ratio of population participating in 

laser oscillations in the upper laser level is raised. This point had been confirmed by the difference 

between the equal-length and elongated rods in our experiment.                                                                  
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3.3. The Explanation on the Abnormal Experimental Phenomenon of Light Amplification  

Let the elongated rod in Figure 1 be a cylindrical rod with a diameter of D2 (D2 = D1) and a length of 

l2 ( l2＞l1), the total active population be N'.  Because the elongated and equal-length rods received 

optical pumping of the same volume, N' = N. According to (10), the elongated rod has less loss caused 

by spontaneous emission as compared with the equal-length rod, therefore n' 3＞n3. And because n' 2 

= n2 = 0, it is apparently that 

0 0n n  
                                                                                                                                           (11)                                                    
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substituting (12) into ( 2) gives 
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comparing (13) and ( 1) gives                                                                                                                           

max maxp p 
                                                                                                                                        (14) 

                            

3.4. Amendment of (13)    

(13) is derived upon the condition that the absorption loss of the working substance is neglected; in 

fact, this loss cannot be neglected. If we consider the absorption loss of the working substance, 

replace l2 in (13) with L, let l= L and regard l as a variable, (13) may be changed into                                                                         
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where,
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l l e c    .  is the absorption coefficient per unit 

length of the cylindrical rod, l is the length of both the optical resonator and the rod.                                                                          

By using (15) we can qualitatively analyze the law in which P' max change with l under the condition 

of the same pumping rate. On the basis of the equal-length rod, △n'0 and △n'1 increase and 0c

nl

decreases with the elongation of l. Because there is a square relationship between P'max and 0

t

n

n








, all 

we have to discuss is the varied value of 0

t

n

n








with the elongation of l.  

 

Figure4. Schematic diagram of the pumped and un-pumped portions of an elongated rod 
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1)In certain range of elongated l, for example, the portion of △l1 in Figure 4, as l elongates, 0

t

n
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increases; therefore P’max in (15) increases, the threshold lowers and when 0

t

n

n








is maximal, P' max is 

also maximal, and the threshold is minimal. At this moment, the length of l is the best length under 

the condition of the same pumping rate, let it be ljia. In this case, the single-pass gain obtained by the 

elongated section is more than its single-pass absorption loss.  

2)If l is elongated to l＞ljia, 
0

t
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decreases; therefore, P'max decreases and the threshold increases. In 

this case, the single-pass gain obtained by the section of l - ljia is less than its single pass loss.  

On the contrary, if l is shortened, 0
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decreases. When 0
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 = 1, the generation and loss of laser 

have the same velocity, leading to a situation without laser output, i.e. P’max = 0. The length of the rod, 

l, at this moment is called the cut-off length of the rod, ljie, without laser output.  

To sum up the above analysis, we have more or less known that the length of the rod begins with        

l = ljie, as l elongates, the Q-switch pulse (or dynamic laser power output) is an approximate curve 

with an ascending exponential form and the pumping threshold is a approximate curve with a 

descending exponential form. When l = ljia , the  dynamic outputs are maximal, and the threshold is 

minimal. At this time, because the decreased solid angle of light beam from the end face of the rod, 

the light spot of dynamic outputs become smaller. When l＞ljia, the dynamic output is a approximate 

curve with a descending exponential form and the threshold is a approximate curve with an ascending 

exponential form. As △n'0 increases, △n't also increases. For the dynamic curve, the descending 

velocity is slower than the ascending velocity; and for the dynamic threshold, the ascending velocity 

is slower than the descending velocity. 

In conclusion, under the condition of the same pumping rate, if the length of the rod l = ljia, the 

dynamic output efficiency will be maximal and the dynamic threshold will be minimal. At this time, 

the beam divergence angle becomes smaller as compared with that at l＜ljia. Furthermore, as the loss 

of spontaneous emission decreases, the storage time of population shortens and the laser buildup time 

becomes faster, therefore, when Q-switching, single pulse is easily obtained. This point has been 

confirmed in laser range-
[4]finding . 

3.5. Method and Result of Experimental Verification  

In order to get accurate and reliable result of verification, in the experimental verification, a 

neodymium glass rod was gradually cut short. The result of dynamic verification is seen in Figure 5. 

Of course, when raising an objection to the classical laser principle, we are prudent. It is necessary to 

obtain a great deal of experimental data; therefore, the experiment has been repeated many times.  

It is It is seen from Figure 5 that when ljia≈1.5ldeng, the dynamic output power has been increased by 

almost 3 time, and the pumping threshold has been reduced by about 34% as compared with the 

dynamic output power in the equal-length rod. Figure 4 showed that at this time the whole light spot 

of laser output is smaller and the power-density distribution is more uniform than that of the       

equal-length rod. 
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Figure5. Curve of Q-Switch(or dynamic )pumping threshold and output change in relation to rod length  

From Figures 5 we are easy to determine the cut-off rod length under the condition of the same 

pumping rate and without laser output; in this experiment, ljie ≈ 65 mm. Furthermore, we also adopted 

a medium-sized laser with an elliptical cavity length of ltwo = 200mm to do the experimental 

verification, getting similar verification results. Of course, experiments with large-sized lasers will 

also get similar verification results. 

The aforementioned experimental verification result basically conforms to our theoretical analysis 

result.                                                                                            

4. CONCLUSIONS                                                                                       

 Achievement of experimental study on this abnormal experimental phenomenon has been used and 

popularized in a certain type of home-made laser range finder, obtaining an obvious benefit. If it is 

used in the large power neodymium glass laser system researching laser fusion, the benefit will 

certainly be very obvious too.                                                                 

The theoretical researching achievement of the abnormal experimental phenomenon has a very high 

academic and reference value in the applied research of solid laser used in four-level system, the 

applied and basic research of physical change process of laser formation in solid laser used in four-

level system, and the fundamental research of interaction of light and substance.  
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