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Laser technology has seen remarkable 
advancements over the past few dec-
ades. The chirped pulse amplification 
(CPA) technique, recognized with the 
Nobel Prize in Physics in 2018, has ena-
bled the delivery of intensities on the 
order of 10

23
W/cm

2
 (electric fields on the 

order of 10
13

V/cm). Such strong electro-
magnetic (EM) fields can accelerate 
electrons to ultra-relativistic energies (~ 
GeV) in a fraction of the time compared 
to the period of the laser [1]. This offers 
a more convenient and cost-effective 
alternative for particle acceleration com-
pared to conventional accelerators. Con-
sequently, exploring the dynamics of 
charged particles in such high fields is of 
significant contemporary interest for both 
theoretical research and technological  
applications.  
It is well known that an accelerating 
charged particle radiates energy irre-
versibly that affect the dynamics of the 
charged particle by providing a self-
influence called the self-force or radia-
tionreaction (RR) force. RR force signifi-
cantly affects the charged particle dy-
namics when the power radiated by the 
particle becomes comparable to the in-
stantaneous rate of change of mechani-
cal energy of the particle. For an electron 
with an energy of ~1GeV moving in a 
femtosecond laser with a focused inten-
sity of ~10

22
W/cm

2
 , the RR force may 

becomes comparable to the Lorentz 
force [1]. In this scenario, the Lorentz 
force equation is not an appropriate 
choice for investigating the charged par-
ticle dynamics. The Hartemann-
Luhmann (HL) equation (see equation 
(1)) in one of equation of motion for 
charged particle which, within the frame-
work of classical electrodynamics, self-
consistently takes into account the effect 
of RR forces. 

 
 
 
 
 

      [Equation 1] 

Here F
ɑβ

 is the EM field tensor, u
ɑ
 = (γc,  ) 

is the four-velocity with γ =                       
(where    ,c, e, and m are the momentum 
of the particle, the speed of light, the 
charge on an electron, and the mass of 
an electron respectively), and dot repre-
sents derivative with respect to proper 
time t. We use the metric convention (+1,
-1,-1,-1). To the best of our knowledge, 
the HL equation has no known solutions 
for the motion of a charged particle in any 
EM field configurations other than uniform 
magnetic and electric fields. The covari-
ant form of the HL equation of motion is 
in an implicit form, where acceleration 
becomes a nonlinear function of itself, 
and no explicit form of the HL equation 
(where acceleration is a function of parti-
cle position, velocity, and external force 
fields) exists. As a result, finding an exact 
solution of the HL equation for a charged 
particle in ultra-relativistic, intense fo-
cused lasers becomes impractical, and a 
numerical approach is required. A 
MATLAB-based 3-D test particle code 
has been developed to solve the HL 
equation for any arbitrary field configura-
tion. Particularly, the dynamics of the 
charged particle in the focused laser light 
has been studied [2]. For our numerical 
work, the initial conditions are chosen in 
such a way that, without RR, the particle 
reflects back from the focused regime. 
The normalization are used 

(here ω and k are the frequency and 
wave vector of the EM wave). The results 
are shown in the figure (1). These all the 
simulations (for HL equation) are per-
formed using the ANTYA-HPC facility at 
IPR. The runtime of simulation is approxi-
mately 1 hours for 16 cores of ANTYA-
HPC Cluster. 
 
We now present results obtained for a 
charged particle interacting with a linearly 
polarized, intense, focused wave train. 
We first discuss the particle dynamics in 
the absence of RR effects. In sub-figures 
(1) (a)-(c), the red and green curves, re-
spectively represent the forward and the 
reflected motion of the particle in the ab-
sence of RR effects (values correspond 
to y-axis on the left). The red curves in 
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sub-figure (1) (a) and (b) respectively 
show that as the particle approaches 
the focal point (increasing laser inten-
sity), the average longitudinal momen-
tum (momentum along the wave prop-
agation direction) decreases monoton-
ically and approaches zero, whereas 
the amplitude of the transverse mo-
mentum simultaneously increases. 
After reflection (represented by the 
green curves), as the particle moves 
away from the focal point (decreasing 
laser intensity), the absolute value of 
average longitudinal momentum in-
creases and the particle leaves the 
focal region with a finite value of longi-
tudinal momentum in the opposite di-
rection, whereas the amplitude of the 
transverse momentum decreases and 
eventually goes to zero. The corre-
sponding energy is shown in sub-
figure (1) (c), which shows that for our 
choice of parameters the average en-
ergy which remains with the particle 
after reflection is around γ ~ 600 (~ 
0.3GeV). Finally, sub-figure (1) (d) 
shows the evolution of the parameter 
Δ = γ - pz as a function of z coordinate, 
which continuously increases through-
out the motion as shown by the red 
curve. The green curve on top of the 
red curve is a plot of the analytical 
expression of Δ, which clearly shows 
an excellent match with the numerical 
result. 
 
For the same set of initial conditions, 
in the presence of RR effects the parti-
cle dynamics which is now governed 
by the Hartemann-Luhmann equation 
(values correspond to y-axis on the 
right), exhibit dramatic changes. (See 
the blue curve in sub-figures (1) (a), 
(c) and (d)). Initially when the RR ef-
fects are weak, the average longitudi-
nal momentum   remains almost con-
stant (see blue curve in sub-figure (1)
(a); in fact it shows a slight decrease, 
which is in agreement with the behav-
iour governed by the Lorentz force 
equation, and later increases mono-
tonically when the RR term starts 
dominating over the Lorentz force 
term. This dominance of the RR term 
over the Lorentz force term can also 

https://www.shabdkosh.com/dictionary/sanskrit-english/%E0%A4%97%E0%A4%A3%E0%A4%A8%E0%A4%AE%E0%A5%8D/%E0%A4%97%E0%A4%A3%E0%A4%A8%E0%A4%AE%E0%A5%8D-meaning-in-english


 

 2 

 
A U G U S T  2 0 2 4  I S S U E  4 5  

G AṆA N A M  

be seen from the evolution of the parameter Δ (see sub-figure (1)(d)) which shows that Δ which was initially increasing, 
starts monotonically decreasing when the intensity becomes sufficiently large (intensity ~ 4x10

23
W/cm

2
) which happens 

when the particle reaches around z ~ -0.6*10
4
. From this location onwards, the RR term starts dominating over the Lorentz 

force term. Simultaneously, from around the same location i.e. z ~ -0.6*104 , the average longitudinal momentum begins to 
increase monotonically and the particle eventually passes through the focal point with a finite amount of longitudinal mo-
mentum. The transverse momentum on the other hand shows a behaviour which is similar to the earlier case, i.e.when RR 
effects are absent or weak . The amplitude of the transverse momentum of the particle increases as it approaches the focal 
point and diminishes as it passes through the focal point, eventually becoming zero as it exits the focal region (see blue 
curve in sub-figure (1)(b)). Therefore the final energy gain as seen in sub-figure (1)(c) (blue curve), is entirely due to the net 
gain in longitudinal momentum [2-3]. According to this, in the RR dominated regime, a monotonic decrease in the parameter 
Δ implies energy gain along with increase in forward longitudinal momentum. The energy gain is found to be γ ~ 1.4*10

4
 (~ 

7GeV) which is two orders of magnitude higher than the earlier case. In conclusion, the dynamics is primarily governed by 
two effects viz. ponderomotive effects due to focussing and RR forces. The monotonic decrement in value of Δ shows domi-
nance of RR on pondermotive force. Our results clearly show that irrespective of the choice of initial conditions, in the pres-
ence of RR, the particle does not reflect from the focal region (provided RR force dominates over Lorentz force), thereby 
gaining a large amount of energy and forward momentum from the focused laser light [2].  

 
FIG. 1. (a) - (d) respectively represent the evolution of longitudinal momentum (pz) and transverse momentum (p┴), the en-
ergy and the parameter Δ, for a charged particle interacting with a linearly polarized, intense, focused EM wave, in the ab-
sence / presence of RR effects. The intensity at the focal point is chosen as ~10

24
W/cm

2
 and Ʈ0 ≈  1.8*10

-8
. The initial condi-

tions are z0 = -9500,     = 0. The red and green curves in sub-figures (a) - (c) respectively represent the forward and reflect-
ed motion of the particle in the absence of RR effects (values correspond to y-axis on the left), and the corresponding value 
of the parameter Δ is represented in sub-figure (d) where the red and green curve respectively represent the numerical val-
ues and the analytical expression for Δ. The blue and magenta curves in the sub-figures (a) - (d) respectively represent the 
dynamics in the presence of RR effects (values correspond to y-axis on the right) as governed by HL and LL equation of 
motion. 
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In this series, we are looking at 1D complex-to-complex trans-
form applied to the input data.  FFT Transformation. The follow-
ing snippet explains the code from here, wherein code efficiently 
performs FFT using CUDA’s CUFFT library with O
(NlogN) complexity, leveraging GPU parallelism for speed. It fea-
tures in-place transformations to minimize memory usage, cus-
tom normalization kernels for flexibility, and non-blocking CUDA 
streams to overlap computation with data transfer. Error handling 
macros ensure robustness, and proper resource management 
prevents memory leaks. 

 

HPC PICTURE OF THE 
MONTH  

AN TY A UPD ATES AND 

NEW S  

1. New Packages/Applications 
Installed 
 
To check the list of available 
modules 
$ module avail –l 

Pic Credit: Kalyani Swain 

Coulomb explosion is a well-known phe-
nomenon in laser-cluster interactions. 
(a) When a high-intensity laser beam 
interacts with a nano-cluster target, it 
ionizes the cluster constituents (Inner 
ionization), creating a cloud of charged 
particles. (b) As the laser intensity in-
creases, electrons start leaving the clus-
ter boundary (Outer ionization), and the 
Coulomb repulsion between the ions 
becomes pronounced. (c) Eventually, 
the repulsive forces overcome the bind-
ing forces, leading to a rapid expansion 
of the ionic background (Coulomb ex-
plosion) results into (d) the expansion of 
cluster (Cluster expansion). 

 
We simulate the interaction of a 10-cycle 

laser pulse (intensity of 7.13×10^16 W/

cm² and wavelength of 800 nm) with a 

3.3 nm cluster containing 7208 particles 

using a C++-based 3D particle-in-cell 

(PIC) code in the ANTYA Linux cluster at 

IPR. Post-simulation data analysis the 

visualization is conducted using 

MATLAB, and the visualization is creat-

ed using Python. 

    ##Declares a pointer d_data for device data. Creates the CUFFT plan. Plans a 1D               
                FFT with the specified size and batch size. 

    cufftComplex *d_data = nullptr;    CUFFT_CALL(cufftCreate(&plan));  
    CUFFT_CALL(cufftPlan1d(&plan, fft_size, CUFFT_C2C, batch_size)); 
  
   ## Creates a non-blocking CUDA stream and associates it with the CUFFT plan. 

    CUDA_RT_CALL(cudaStreamCreateWithFlags(&stream, cudaStreamNonBlocking)); 
    CUFFT_CALL(cufftSetStream(plan, stream)); 
  
        ## This allocates memory on the device for d_data and copies the data from the host     
                       to the device asynchronously. 

    CUDA_RT_CALL(cudaMalloc(reinterpret_cast<void **>(&d_data), sizeof(data_type) *       
          data.size())); 
    CUDA_RT_CALL(cudaMemcpyAsync(d_data, data.data(), sizeof(data_type) *  
           data.size(), cudaMemcpyHostToDevice, stream)); 
  
    ##This executes a forward CUFFT in-place transform (complex-to-complex). 
    CUFFT_CALL(cufftExecC2C(plan, d_data, d_data, CUFFT_FORWARD)); 
  
         ## Calls a kernel scaling kernel to normalize the data (assumed to be defined  
                      elsewhere). 
    scaling_kernel<<<1, 128, 0, stream>>>(d_data, element_count, 1.f/fft_size); 
   
        ## Executes an inverse CUFFT in-place transform (complex-to-complex) to recover 
                   the original data. 
    CUFFT_CALL(cufftExecC2C(plan, d_data, d_data, CUFFT_INVERSE)); 

        ## Copies the data back from the device to the host 
  CUDA_RT_CALL(cudaMemcpyAsync(data.data(), d_data, sizeof(data_type) *  
     data.size(), cudaMemcpyDeviceToHost, stream)); 
 
  CUDA_RT_CALL(cudaStreamSynchronize(stream)); 

  
         ## free resources & destroys stream/plan 

  CUDA_RT_CALL(cudaFree(d_data)) 
  CUFFT_CALL(cufftDestroy(plan)); 
  CUDA_RT_CALL(cudaStreamDestroy(stream)); 
  CUDA_RT_CALL(cudaDeviceReset()); 
       return EXIT_SUCCESS; } 

INPUT ARRAY Output Array after Forward FFT, 
Normalization and Inverse FFT  

  

https://github.com/NVIDIA/CUDALibrarySamples/blob/master/cuFFT/1d_c2c/1d_c2c_example.cpp
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On Demand Online Tutorial Session on 
HPC Environment for New Users Available 
Please send your request to  
hpcteam@ipr.res.in.   

Disclaimer: “GAṆANAM ” is IPR's informal HPC Newsletter to disseminate technical HPC related work performed at IPR from time to time. 
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