
reaches some threshold value, whence

The radial force ac�ng on the ions does not depend on the ion 
mass. This force of charge separa�on field is equal to the 
ponderomo�ve force exerted on electrons. It linearly 
accelerates the ions in the posi�ve     direc�on   and   changes   
their   posi�ons  by                        . Despite the fact that the ions 
experience different accelera�on at different radii, the change 
in the ion density          and the elonga�on  of  the  wave  period
        have  the   same   scaling                                            as long 
as the perturba�ons remain small. The wave breaks when the 
cumula�ve  phase advance  becomes  of  the  order of       , or if     

(a) (b)

HOW DOES THE LIFETIME OF THE PLASMA WAVE DEPEND ON THE ION MASS

More: doi 10.1063/1.5048549

Time dependencies of ion displacement. Numbers next to 
the  curves  correspond  to  ini�al  radii  of  ions  in  units of
           .

CHARACTERIZATION OF WAVEBREAKING TIME 
AND DISSIPATION OF WEAKLY NONLINEAR 

WAKEFIELDS DUE TO ION MOTION

The wavebreaking �me      versus ion mass-to-charge ra�o
          (in  units  of  proton  mass-to-charge  ra�o         )  
obtained  from  theory  (solid line)  and simula�ons 
(points).

Explana�on of           scaling

A�er the wave breaks, the field structure changes, and near-
axis ions reverse the direc�on of mo�on and proceed to form a 
density increase near the axis.

R. I. Spitsyn, I. V. Timofeev, A. P. Sosedkin, K. V. Lotov
Budker Ins�tute of Nuclear Physics SB RAS, Novosibirsk

Novosibirsk State University, Novosibirsk

ESSENCE IN BRIEF
We suggest a novel method of characterizing the wave life�me in numerical simula�ons quan�ta�vely and study how the life�me scales with the ion mass. It scales 
as the cubic root of the ion mass to charge ra�o.

(a) The wakefield poten�al           (blue) and the laser strength parameter          (red) during the first few oscilla�on periods. 
(b) The wakefield poten�al          (blue), the energy flux          (green), and the difference              enlarged 5 �mes (red) at a long �me 
interval. The ver�cal dashed line indicates the onset of wave breaking. The energy flux unit                                     . (c) The energy flux 
         (blue) and the linear density           (orange) during the first few oscilla�on periods. (d) The radial distribu�on of the ion density 
versus �me.

Radial  distribu�on of the electron density    a�er the driver passage (a) and near the wavebreaking moment    (b). The 
perturba�on of the ion density results in different electron oscilla�on frequencies at different radial posi�ons and, therefore, 
distor�on of phase fronts. At the moment      of wavebreaking, the rela�ve phase shi� between the areas of the lowest ion density 
(at some                 ) and unperturbed density (at large    ) approaches      . 

The novel method is based on the usage of energy flux in 
co-moving   window.   This   flux          can   be   defined  
under the condi�on of the quasista�c approxima�on: the 
drive beam evolves slowly, and the wakefield is almost 
sta�onary in the co-moving frame            . The flux is the 
difference of the linear energy density mul�plied by     and 
the usual energy flux in the laboratory frame. Its 
electromagne�c part is

where the integra�on is carried out over the transverse 
cross-sec�on of the wake. The part associated with the 
kine�c energy arises from summing the contribu�ons of 
individual par�cles that cross this sec�on per unit �me 

where     and    are the mass and rela�vis�c factor of 
par�cles. Alterna�vely, we can consider plasma species as 
fluids and calculate the fluid contribu�on to the kine�c 
energy

where    ,     ,    and    are the number density, par�cle 
mass, average velocity, and rela�vis�c factor of a species. 
The total flux

is constant in the absence of energy sources and sinks. The 
linear energy density

is not constant because plasma wave causes longitudinal 
energy flows both into and out of the considered layer. As 
the wave breaks fluid and par�cle contribu�on to the 
energy flux start to differ because of mul�ple flows

We define the wave life�me as the moment at which 
exceeds 1% of the maximum value of        . This method is 
more prac�cal than detec�on of par�cle trajectories’ 
intersec�on, as it may be caused by ini�al plasma 
temperature of numerical plasma hea�ng.

Parameters of simula�on: helium plasma with                            cm   , laser strength parameter                                                ,  waist 
size of the laser pulse                           , pulse dura�on                         , laser frequency is                            , the simula�on window is 
                wide, plasma dynamics is simulated up to                  , cell size is                   , �me step is                 , 10 par�cles per cell.  
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