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Abstract 
Power generation from hydrogen fusion is the ultimate benefit for humanity. 
The achievement by National Ignition Facility (NIF) in 2022 of producing en-
ergy exceeding the input energy using lasers was a great step forward. How-
ever, since the laser was applied indirectly, only 14.2% of its total thermal out-
put was delivered to the fuel. Therefore, the purpose of this study is to identify 
improvements that would enable the total laser output to more efficiently in-
duce nuclear fusion. One such improvement is to irradiate the fuel uniformly 
with the lasers so as to avoid imbalance in implosion. In this study, we define 
the range in implosion velocity as an indicator of imbalance, assuming it to be 
the difference between the maximum and minimum velocities among the n-
laser-induced implosion measures. It is then found, based on extreme value 
statistics commonly used in probability theory, that with 26 lasers the range 
decreases by 27.6% compared to the 192 lasers used at NIF. A set of 26 laser 
devices is arranged along a long cylinder, with seven such sets positioned in 
sequence. A spherical fuel pellet is then allowed to free-fall from the top of the 
cylinder, and at the moment it passes through each set, the lasers are fired 
simultaneously. This method enables the fuel to be irradiated directly and con-
tinuously. It is estimated that ignition will be achieved if 182 (i.e., 26 × 7) of 
the 192 lasers used at NIF are arranged around the cylinder. 
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1. Introduction 

In recent years, research aimed at achieving nuclear fusion power generation has 
been actively conducted [1]-[3]. There are two major approaches: magnetic con-
finement and inertial confinement. Among the former, the tokamak-type fusion 
reactor is the most prominent, with over 50 years of accumulated knowledge and 
massive investments, as exemplified by ITER. In the latter category, the laser fu-
sion reactor is representative. In 2024, the author published a paper arguing from 
a probabilistic perspective that laser fusion is likely to be more energy-efficient 
than magnetic confinement [4]. In that paper, the author concluded that in mag-
netic confinement, the extremely strong magnetic fields cause electrons to undergo 
Larmor motion, which restricts their movement to one dimension and makes it 
more difficult for them to separate from hydrogen protons. This inhibits plasma 
generation, meaning that excessively strong magnetic fields actually reduce energy 
efficiency. 

On the other hand, in 2022, the National Ignition Facility (NIF) succeeded in 
producing a burning plasma using a laser fusion experimental reactor [5]. In this 
report, the thermal output of the laser was 1900 kJ, of which 270 kJ was delivered 
to the fuel, resulting in 1370 kJ of heat generated by nuclear fusion. While the energy 
produced by fusion was less than the total laser input, it exceeded the amount of 
heat delivered to the fuel, making this a groundbreaking result demonstrating the 
utility of laser fusion. If laser irradiation can achieve symmetry within the cavity 
where the fuel is placed, implosion efficiency improves. However, in practice, en-
suring perfect symmetry proved difficult. In this experiment, 192 laser drivers 
were used, and the lasers were irradiated onto a cavity containing the fuel. It was 
estimated that 4% of the fuel underwent fusion. To further enhance implosion, it 
might seem that increasing the number of laser drivers would be effective. How-
ever, doing so may increase asymmetry, which could instead hinder successful 
implosion. In the NIF report, the probability distribution of the indirectly gener-
ated burning plasma (referred to as G-fuel in the paper) was illustrated. Although 
the report did not provide detailed discussion of this distribution, in our research, 
we assume a general Weibull distribution, which is extremely useful for under-
standing various scientific problems and is also highly valuable in extreme value 
statistics we are dealing with [6]. This allows us to clarify how much asymmetry 
increases as the number of simultaneous laser irradiations increases when using 
similar laser drivers as NIF. As a result, we probabilistically conclude that instead 
of increasing the number of lasers beyond 192, it will be better to increase the 
energy of each individual laser. In the web news “Enhanced Yield Capability Pro-
posal Aims to Boost NIF Yield”, a power-upgrade plan for NIF is presented, in 
which additional laser glass slabs are inserted into the power amplifiers of the ex-
isting beamlines. This approach is expected to enhance the laser performance by 
up to 40%, potentially increasing the current energy from approximately 2.2 MJ 
to 3 MJ [7]. 

Currently, a drawback of laser output devices is that they must be cooled after 
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each irradiation before they can be used again. Additionally, in direct laser-fuel 
irradiation, the energy released from the fuel may rebound toward the devices. To 
avoid this, NIF irradiated lasers into a cavity containing the fuel. While implosion 
efficiency increases with symmetrical irradiation within the cavity, maintaining 
such symmetry remains difficult. Furthermore, at other research facilities, lasers 
are first reflected off mirrors and then indirectly irradiate the fuel. 

A series of major issues remain for laser fusion power generation, including:  
How to achieve continuous laser irradiation, 
How to ensure symmetrical irradiation inside the cavity without using mirrors, 

and,  
How to create mirrors that can withstand the heat from imploded fuel if mirrors 

are used. 
This study proposes a method to simultaneously address all of these challenges. 
To summarize the structure of the paper: 
1) The Introduction presents the current achievements in the field of laser fu-

sion and outlines the challenges that must be addressed to achieve more efficient 
fusion. 

2) Based on the results from NIF, the probabilistic limitations of increasing the 
number of laser drivers beyond 192 are examined. 

3) Building on the findings from (2), a proposal is made for a more efficient 
fusion system. 

2. Effect of Varying the Number of Laser Devices on  
Implosion Range 

In the NIF experimental reactor, 192 laser irradiation devices were used [5]. Since 
the work done on the fuel—referred to as G-fuel in the NIF paper—exhibited a 
probability distribution, it can be inferred that the effects of these 192 lasers on the 
fuel varied. Therefore, increasing the number of lasers would likely result in even 
greater range in their effects on the fuel. Because uniform and symmetrical laser 
irradiation is essential for efficient fuel ignition, simply increasing the number of 
laser drivers is presumed to have limitations. In other words, increasing the num-
ber of laser devices with the same output as those used in NIF would increase the 
total heat delivered to the fuel. However, it is anticipated that this would also in-
crease the range in irradiation, making it more difficult to achieve implosion. 
Therefore, this study aims to probabilistically clarify the relationship between the 
number of devices and the range. 

To that end, the following hypothesis is proposed: 
1) The implosion is influenced by the velocity v of the localized explosions that 

occur when the laser irradiates the fuel. 
2) The velocity 2 2 2

x y zv v v v≡ + + , where xv , yv , and zv  follow a normal 
distribution ( )20,N σ . 

Under this assumption, the probability density function and cumulative distri-
bution function of the velocity v  are 
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 ( ) 2 22 2
3

1 2 e for 0.vf v v vσ

σ
−= ≥

π
  (1) 

 ( ) ( )
2

221 2 e ; , error function.
v

F v erf v v erfσ

σ

−
= −

π
  (2) 

This cumulative distribution function can be qualitatively approximated by the 
velocity in two dimensions, as shown below. By doing so, it becomes analytically 
possible—and therefore extremely useful—to calculate the range, defined as  

192 1range v v≡ − , where ( )1 2 3 192,, , ,v v v v  are the implosion velocities at the 192 
irradiation points, sorted from smallest to largest, when 192 laser devices irradiate 
the fuel. This range is the range used in statistics. Although there are three possible 
directional combinations, we consider 2 2   x yv v v≡ +  without loss of generality. The 
probability density function of v is the well-known Rayleigh probability function: 

 ( ) 2 22
2

1 e for 0.vr v v vσ

σ
−= ≥   (3) 

The cumulative distribution function ( )R v  is 

 ( ) ( ) 2 22
0

d 1 e .
v vR v r v v σ−= = −∫   (4) 

 

 
Figure 1. Comparison of the probability density functions (PDF) of the implosion velocity 
in two dimensions and three dimensions: the blue line, the PDF of the two-dimensional 
implosion velocity, and the red line, the PDF of the three-dimensional implosion velocity. 
The unit of the ticks on the horizontal axis is the standard deviation, σ. 

 
When ( )f v  and ( )r v  are plotted (Figure 1), they both qualitatively exhibit 

a similar bell-shaped distribution. Therefore, L’Hôpital’s rule can be applied, as 
shown in Equations (13) and (21) below. Although there is a slight difference in 
the value of v at which the probability density reaches its maximum, the two functions 
agree closely for 3v σ≥ . Moreover, ( )F v  and ( )R v  are quite similar (Figure 2). 
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Therefore, the following analysis will be conducted using the Rayleigh probability 
function. By approximating the three-dimensional velocity in two dimensions, the 
range can be analytically calculated as shown below. The validity of this approxi-
mation is discussed in detail in connection with Equations (15), (17), (23), and 
(25). 

 

 
Figure 2. Comparison of the cumulative distribution functions (CDF) of the implosion 
velocity in two dimensions and three dimensions: the blue line, the CDF of the two-dimen-
sional implosion velocity, and the red line, the CDF of the three-dimensional implosion 
velocity. The unit of the ticks on the horizontal axis is the standard deviation, σ. 

 
Here we use extreme value statistics [6]. Let the number of laser devices be n, 

and let the set of arbitrary implosion velocities be ( )1 2 3, , , , nu u u u . When this 
set is rearranged in ascending order to obtain ( )1 2 3, , ,, nv v v v , the number of 
possible combinations of the original ( )1 2 3, , , , nu u u u  is !n . Therefore, the 
joint probability density function of ( )1 2 3, , ,, nv v v v  is  

( ) ( ) ( ) ( ) ( ) ( ) ( )1 2 3 1 2 1 2, , , !, !n n ng v v v v n r u r u r u n r v r v r v= =  . 

The probability density function of the largest value, nV , can be obtained in 
terms of ( )r v  and the cumulative distribution function ( )R v  as follows: 
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Finally, we can derive 

 ( ) ( ) ( ){ }
( ) ( ) ( ){ }

1
1

!
1 !

n
nn

n n n n

R v
g v n r v n r v R v

n

−
−

= = ⋅
−

.   (6) 

Therefore, the cumulative distribution function of nV  becomes 

 ( ) ( ) ( ){ }0
d .nv n

n n n nG v g v v R v= =∫    (7) 

Although the integration procedure is reversed, the probability density function 
of the smallest value V1 can be derived in the same fashion: 

 ( ) ( ) ( ){ } 1
1 1 11 .

n
g v n r v R v

−
= ⋅ −    (8) 

The cumulative distribution function of V1 becomes 

 ( ) ( ){ }1 11 .
n

G v R v= −    (9) 

The modal value of ( )ng v , nV , is the extreme value most likely to occur in n 
observations and it satisfies the following equation: 

 ( )d 0.
d n

n

g v
v

=    (10) 

Then, 

 
( ) ( ){ }

( ) ( )

2
1

1 .n

n n

n r v
r v R v′
−

= −
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   (11) 

By dividing (11) by ( )1 nR v− , we have 

 
( ) ( )

( )
( )

( )
( )

1 1 .
1 1
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R v R v R v r v

−
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Using the L’Hospital rule for large nv , 

 
( )
( )

( )
( )

.
1

n n

n n

r v r v
R v r v

= −
′

−
   (13) 

Substituting (13) into (12), 

 
( ) ( )

1 1 ~ for large and .
1 n

n n

n n n v
R v R v

−
=

−
   (14) 

Finally,  

 ( ) 1~ 1 for large and .n nR v n v
n

−    (15) 

Then, 

 ( ) 2 22 11 e 1 .nv
nR v

n
σ−= − = −    (16) 

Therefore, 

 2ln 2 2 ln .nv n nσ σ= = ⋅    (17) 

When v  is large, the difference between ( )F v  and ( )R v  is less than 9% 
(Figure 2), so the value of nv  obtained by replacing ( )nR v  with ( )nF v  in 
Equation (15) is approximately equal to that in Equation (17) for large n. 
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Similarly, the modal value of ( )1g v , 1V , is the extreme value most likely to 
occur in n observations and it satisfies the following equation: 

 ( )1
1

d 0.
d

g v
v

=    (18) 

Then, 

 
( ) ( ){ }
( ) ( ){ }
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   (19) 

By dividing (19) by ( )1R v , we have 
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Using the L’Hospital rule for small 1v , 

 
( )
( )

( )
( )

1 1
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.
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=    (21) 

Substituting (21) into (20), 

 
( ) ( ) 1

1 1

1 1 for large and small .
1

n n v
R v R v

−
=

−
   (22) 

Since ( )1 ~ 0R v  and 1 ~n n−  for large n  and small 1v ,  

 ( )1
1~ .R v
n

   (23) 

Then, 

 ( ) 2 2
1 2

1
11 e .vR v
n

σ−= − =    (24) 

Therefore, 

 2
1 ln 2 2 ln .

1 1
n nv

n n
σ σ   = = ⋅   − −   

   (25) 

When v is small, the difference between ( )F v  and ( )R v  is can reach 45% 
(Figure 2); nevertheless, the value of 1v  obtained by replacing ( )1R v  with ( )1F v  
in Equation (23) is approximately equal to that in Equation (25) for large n . 

Finally, the range of ( )1 2 3, , ,, nv v v v  denoted by nR , 

 1 2 ln ln .
1n n

nR v v n
n

σ
  ≡ − = −   −  

   (26) 

Figure 3 illustrates how nD  changes with varying n . In the NIF experiment, 
192 lasers were indirectly directed at the fuel, and the range of the implosion ve-
locity at that time is estimated to be 2.221. In contrast, if only 62 lasers are used, 
the range of the implosion velocity is expected to be 1.904, representing a 14.3% 
reduction. Moreover, if only 26 lasers are used, the range of the implosion velocity 
is expected to be 1.607, representing a 27.6% reduction. As shown in Figure 4(a), 
it is possible to uniformly irradiate a spherical fuel target using 62 laser devices. 
In detail, the spherical fuel is modeled as a globe, onto which six great circles pass-
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ing through the North and South Poles are uniformly arranged. Along each great 
circle, twelve points including the polar positions are evenly allocated. Conse-
quently, a total of 62 points are uniformly distributed on the spherical surface. 
Laser irradiation is then applied from 62 devices, each directed toward one of 
these designated points. In Figure 4(b), it is possible to uniformly irradiate a 
spherical fuel target using 26 laser devices. Similarly, the spherical fuel is modeled 
as a globe, onto which four great circles passing through the North and South 
Poles are uniformly arranged. Along each great circle, eight points including the 
polar positions are evenly allocated. Consequently, a total of 26 points are uni-
formly distributed on the spherical surface. Laser irradiation is then applied from 
26 devices, each directed toward one of these designated points. By adopting this 
configuration, the range in implosion velocity can be reduced compared to the 
NIF experimental setup. Moreover, it would be appropriate to increase the output 
of each laser device so that the total laser energy exceeds that of the NIF system. 

 

 
Figure 3. Relationship between the number of laser shots n and the range, Rn, in implosion 
velocity resulting from n laser shots. The unit of Rn is the standard deviation, σ. 

 

    
(a)                             (b) 

Figure 4. (a) Irradiating the spherical fuel uniformly with 62 lasers; each great circle is 
irradiated with 12 lasers; (b) Irradiating the spherical fuel uniformly with 26 lasers; each 
great circle is irradiated with 8 lasers. For clarity in figures (a) and (b), the irradiation points 
are shown only partially. 
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3. Discussion 

In this study, we use extreme value statistics to quantitatively estimate the relation-
ship between the number of laser beams and the range in implosion-related ve-
locity. As a result, while 192 laser beams were used in the NIF experiment, it is found 
that reducing the number of beams to 62 can decrease the range by 14.3%, and to 
26 by 27.6%. A reduction in range increases the likelihood of more effective im-
plosion, thereby enhancing the probability of fuel ignition. 
 

 
Figure 5. A spherical fuel pellet is dropped in free fall from the top end of a long cylinder. 
In this figure, only six laser devices are shown for simplicity, but in reality, simultaneous 
irradiation is performed with 26 laser devices. These 26 devices are treated as one set, and 
seven such sets are arranged along the cylinder. In each set, the fuel is irradiated simulta-
neously at the moment it passes through that position. 

 
Reducing the number of laser beams decreases the total energy delivered, mak-

ing it essential to enhance the output of each individual laser device. However, in 
addition to increasing output, an alternative approach is to arrange 26 laser units 
evenly around the circumference of a long cylindrical structure in seven sets. Fig-
ure 5 shows a single set of the apparatus. Seven such sets are arranged along the 
cylinder. Thus, the total number of laser devices in these seven sets would be 182 
out of the 192 devices used in the NIF experiment to construct the new irradiation 
system. A spherical fuel target is then dropped freely from the top, and laser irra-
diation is timed precisely as it passes through each set. This configuration enables 
continuous irradiation. While current laser systems require cooling after each shot 
and cannot operate at extremely short intervals, this method allows for continu-
ous operation. In the current laser system, the thermal radiation generated during 
implosion is reflected by mirrors to protect the laser devices. However, because 
the mirrors have insufficient heat resistance and cannot be reused easily, the NIF 
placed the fuel inside a pot-like device and fired the lasers from outside the pot 
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toward its inner wall. This indirect irradiation allowed only 14.2% (= 270 kJ/1900 
kJ) of the lasers’ total thermal output to reach the fuel. Therefore, in the system 
we propose, even without the use of mirrors, the freely falling fuel rapidly moves 
downward from the point of irradiation, thereby avoiding the impact of thermal 
radiation on the laser devices. Moreover, if the small windows at the laser output 
ports are closed instantaneously, the protection would be virtually perfect. Most 
importantly, the key advantage of the system is that it allows the lasers to be di-
rected at the fuel directly. In the NIF experiment, of the total laser output of 1900 
kJ, 270 kJ was indirectly delivered to the fuel pellet, resulting in a generated energy 
of 1370 kJ. Therefore, it is expected that if 182 of the NIF laser units were rear-
ranged in the manner proposed in this new system to directly irradiate the fuel, 
an energy of 1801 kJ (= 1900 kJ/192 × 182) would be deposited into the fuel, lead-
ing to ignition with higher efficiency. However, the expected drawback of this new 
system is that it will be challenging to accurately irradiate with a laser when the 
fuel pellet’s trajectory becomes unstable due to laser irradiation. This can be im-
proved to some extent by narrowing the cylinder radius. Another issue, which is 
not limited to this system, is how to mitigate interference caused by implosion as-
sociated with laser irradiation. There are several possible countermeasures, but one 
approach could involve changing the laser for each set and using multiple frequen-
cies to partially disrupt coherence, thereby reducing the impact of interference. 

4. Conclusion 

This study quantitatively evaluate, using probabilistic methods, the relationship be-
tween the total number of laser devices and the range in implosion performance. 
In particular, it is found that when using 26 laser devices per set, the range is reduced 
by 27.6% compared with the NIF experiment. By arranging seven such sets along 
a long cylinder and allowing the fuel to fall freely from the top, sequentially irra-
diating it as it passes through each set, it should be possible to avoid the current 
issue of mirror use while enabling direct irradiation. If the current NIF system is 
modified into the system we propose, it would likely make fuel ignition achievable. 
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