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Abstract.  The process of multistage acceleration of polarised elec-
trons in the wakefield of a relativistic femtosecond laser pulse is 
investigated. The main mechanism of the growth of slice emittance 
for a moderately nonlinear regime of laser-plasma acceleration is 
demonstrated. The main conditions for setting the initial parame-
ters of the electron bunch are determined, which allow minimising 
the mixing of the phases of betatron oscillations of particles in the 
bunch slice and the emittance growth during acceleration. The 
method of smooth input of an electron bunch into the accelerating 
stage and its smooth removal from this stage is studied, which 
allows the main characteristics of the bunch to be preserved, such as 
emittance and polarisation, for further particle transportation and 
acceleration. The effect of the radiation friction force and the radi-
ation polarisation mechanism on the process of particle depolarisa-
tion in acceleration to energies of ~4 TeV in model fields charac-
teristic of moderately nonlinear and strongly nonlinear regimes of 
laser-plasma acceleration is considered.

Keywords: radiation polarisation, spin precession, laser-plasma 
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1. Introduction

Acceleration gradients achieved by laser-plasma acceleration 
methods are on the order of 100 GeV m–1 and significantly 
exceed those that can be obtained in radio frequency accelera-
tors [1 – 4], which makes it possible to design compact charged 
particle accelerators based on these methods. Such accelera-
tors  can  be widely  used  in  science, medicine,  and  industry. 
For example, it is proposed to use a new type of accelerators 
in high-energy physics experiments, which require monoener-
getic bunches of charged particles with an energy of several 
TeV,  low  emittance,  and  a  prescribed  spin  polarisation  [5]. 
One of the schemes of an electron – positron collider based on 
laser-plasma acceleration, which allows particles with similar 
characteristics to be obtained, involves combining about 100 
separate accelerating stages with an energy gain of ~10 GeV 
at each of them [6]. For other practical applications, such as 
the design of a free electron laser, the latest detector for exper-
iments in high-energy physics or obtaining X-ray images with 

phase contrast, high-quality particle bunches with an energy 
of ~5 GeV are also required  [7 – 9];  therefore,  the preserva-
tion of the initial bunch characteristics in the process of laser-
plasma acceleration is an important problem.

The processes of injection of a bunch of particles into the 
accelerator  and  their  removal  are  of  particular  complexity, 
since a nonadiabatic change in forces at the plasma boundary 
may  lead  to  a  significant  increase  in  the  bunch  emittance 
[10, 11] and also affect the particle polarisation. The study of 
the depolarisation process  is especially  important  for multi-
stage acceleration of electrons to high energies, since the cross 
section  of  particle  scattering  in  high-energy  physics  experi-
ments depends on  the orientation of  the spins  in  the bunch 
[12, 13].

In laser-plasma acceleration with particle energies of sev-
eral TeV, various effects associated with the betatron radia-
tion of a particle may significantly contribute to the dynamics 
of  the  bunch  characteristics  [14 – 16].  In  our  work  [15],  we 
simulated electron acceleration in model fields characteristic 
of various  regimes of  laser-plasma acceleration,  taking  into 
account the classical radiation friction force in the Landau –
Lifshitz  form.  The  effect  of  the  deceleration  force  on  the 
energy gain and depolarisation during particle acceleration in 
a moderately  nonlinear  regime  and  the  bubble  regime  was 
demonstrated.

During prolonged circulation of unpolarised electrons in 
the storage ring field, their spins, as a result of synchrotron 
radiation, are oriented in the direction opposite to the direc-
tion of  the magnetic  field. This effect of self-polarisation of 
relativistic charged particles during their long-term motion in 
a homogeneous constant magnetic field was first predicted by 
A.A. Sokolov and I.M. Ternov in 1963 [17] and its kinetics is 
determined  by  the  characteristic  polarisation  time  (in  sec-
onds) [18 – 20]
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where Ee  is  taken  in GeV and Eacc  is  taken  in TV m–1. For 
electrons with energies Ee = 500 GeV – 2 TeV in an accelerat-
ing field Eacc = 100 GeV m–1, the time determined by Eqn (1) 
lies in the range 400 – 25 ps, and the particle’s interaction time 
with the field at acceleration from 500 MeV to 4 TeV is many 
times higher than these values and amounts to ~13 ms; there-
fore, in the case of multistage acceleration, it is advisable to 
study not only  the effect of  the deceleration  force on depo-
larisation, but also the contribution of radiation polarisation.

In  this work, we  study  the mechanism of  the growth of 
electron bunch emittance in a wakefield generated by a rela-
tivistic  femtosecond  laser  pulse  in  a  plasma  channel  in  the 
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regime of moderately nonlinear acceleration up to an energy 
of ~8 GeV, and also propose ways to minimise the emittance 
growth. The processes of smooth input and output of an elec-
tron  bunch  with  the  preservation  of  both  emittance  and 
depolarisation are investigated. The spin dynamics at a single 
separate  stage  is  estimated  using  the  Thomas – Bargmann –
Michel – Telegdi (TBMT) equation [21] with no regard to the 
contribution of the Sokolov – Ternov effect, since the charac-
teristic time of radiation polarisation resulting from the par-
ticle spin interaction with the radiation field for an electron 
with an energy of about several GeV turns out to be in wake-
fields several orders of magnitude longer than the time of par-
ticle interaction with the accelerating and focusing fields [18].

In  examining  the  process  of  acceleration  of  a  polarised 
electron  to  4  TeV  in  model  fields  characteristic  of  various 
acceleration  regimes,  the  spin  dynamics  was  studied  with 
allowance for the radiation friction force and the contribution 
of  radiation polarisation using  the  semiclassical  generalised 
TBMT equation [19, 20], which includes additives due to spin 
interaction of an electron with the field of the emitted photon.

2. Emittance dynamics in the wakefield

An electron bunch accelerated in the wakefield of a laser pulse 
moves under the action of a focusing force Fr and an acceler-
ating force Fz , which are determined by the wakefield poten-
tial f as [22]
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in dimensionless variables

r = kpr,    x = kp(z – ct),  (3)

where f is normalised to mc2/e; Er, Ez, and Bf are the electric 
and  magnetic  components  of  the  wakefield,  normalised  to 
mcwp/e; e is the electron charge; c is the speed of light; m is the 
electron mass; wp is the plasma frequency; and kp = wp/c. The 
equations of motion for a relativistic electron can be written 
in the form
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where Frad is the radiation friction force [23]; u = p/(mc) is the 
normalised momentum  of  a  particle;  z = kpz; x,  y  are  the 
coordinates  in  the  transverse plane; bz = uz/g  is  the dimen-
sionless velocity component; and g =  u1 2+  is the particle 
gamma factor.

Let  us  consider  the dynamics  of  the  characteristics  of  a 
bunch of particles in a moderately nonlinear regime of laser-
plasma acceleration. In the quasi-static approximation, in the 
case of a ‘wide’ (compared to the length 1/kp) laser pulse, the 
evolution of the generated wakefield can be described by the 
expression [22]
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where  ( , ) / ;n n0 0 0en r z=   n0  is  the  initial  distribution  of  the 
electron density  in  the plasma channel; and ne0  is  the  initial 
density of electrons on the channel axis. The propagation of 
laser radiation with allowance for cylindrical symmetry was 
described by Maxwell’s equations for the dimensionless com-
plex envelope of the laser pulse a(r, x, z) = eElas/(mcw0) [22], 
where w0 is the laser pulse frequency. In our work, the accel-
eration of electron bunches is considered in the field of a wake 
wave generated by an intense laser pulse in a plasma channel 
with  a  parabolic  radial  profile  of  the  plasma  concentration 
[24]:
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where Rch  is  the  channel  radius. For  simulation, we  set  the 
electron density on the plasma channel axis as ne0 = 1017 cm–3, 
which corresponds to kp =  0.0595 mm–1, the gamma factor of 
the wake wave phase velocity gph = 132, and the dephasing 
length in the linear limit Lph =  0 ph

3l g  » 180 cm.
The  laser pulse  at  the  channel  entrance had a Gaussian 

profile with the following parameters:

a0 = 1.4,    t0wp = 1,    r0kp = 5.3  (7)

(a0 is the normalised vector potential), which corresponds to 
the pulse duration t0 = 56 fs, the focal spot radius r0 = 89 mm, 
the intensity I0 » 4 ́  1018 W cm–2, and the peak power P » 
530 TW  [Pcr » 0.0174 TW (w0/wp)2 » 303 TW]  at  a wave-
length l0 = 0.8 mm. For partial compensation of relativistic 
and  ponderomotive  nonlinearities,  the  laser  pulse  duration 
was chosen to be shorter than the resonance duration tr » 
p/wp [25]. Given the self-focusing processes, the plasma chan-
nel radius was chosen slightly larger than the matched (in a 
linear approximation) radius Rch = 236.34 mm and amounted 
to 305.1 mm [26].

The selected parameters of the laser pulse and plasma can 
be used to study the acceleration process at a separate acceler-
ating  stage  of  the  laser-plasma  collider,  at which  the maxi-
mum energy gain will be ~10 GeV at an acceleration length of 
90 cm for electrons and ~5 GeV at a length of 50 cm for pos-
itrons [27].

Let  us  consider  the  acceleration  of  monoenergetic  infi-
nitely short electron bunches with an initial energy of Einj = 
67.5 MeV in the absence of a radiation friction force, since at 
energies of the order of 10 GeV, its effect on the bunch accel-
eration  process  is  small  [14,  15]. All  particles were  injected 
into the vicinity of the accelerating force maximum with the 
same  longitudinal  coordinate  x  and  had  a Gaussian  trans-
verse  distribution  with  different  characteristic  radii  and 
momenta. In one case, all bunches had the same initial radius 
rb =  ri =  2.1 mm  (rbkp =  0.125)  and  different  initial  emit-
tances:  ( )

nx
0e   =  0.1,  0.34,  and  0.82  mm  mrad,  where  

/2( ) ( ) ( )
n n nx y
0 0 0e e e= = , and in the other case, the same initial emit-

tance  ( )
nx
0e  = 0.34 mm mrad and different initial radii: ri = 1, 

2.1, and 4.2 mm. The parameters  ( )
nx
0e  = 0.34 mm mrad and 

ri = rbm = 2.1 mm are matched in terms of the focusing force 
at the injection point [28, 29], which leads to an almost com-
plete absence of bunch radius oscillations caused by betatron 
oscillations of particles. The modulating slow (with respect to 
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betatron)  radius oscillations are  stipulated by  the nonlinear 
dynamics of the laser pulse in the channel and, as a result, the 
nonstationarity of the focusing [Fr = a(r, x, z)r] and acceler-
ating [Fz = Fz(r, x, z)] forces (Figs 1 and 2). In this case, the 
root-mean-square  radius  decreases  with  increasing  energy, 
and its change, with the known dynamics of the dimensionless 
betatron frequency W, can be described by the expression [29]
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where W0  and  g0  are  the  initial  values  of  the  betatron  fre-
quency and the gamma factor of electrons.

In other mismatched cases, the radius will oscillate in the 
range of values determined by ri and  / [ / ( )]r r r k( )

bm i bm n p
2 2 0

0 0e g W=  
[28]  (Figs 1 and 2), while  the  lower and upper envelopes of 
these oscillations will change according to (8) with the corre-
sponding  ri  (ri  or  /r rbm i

2 ).  In  Fig.  2,  dashed  lines  show  the 
dynamics  (8)  of  the  matched  bunch  radius  with  ( )

nx
0e   = 

0.3 mm mrad and ri = 2.1 mm, as well as the dynamics of the 
envelopes of mismatched bunches with  the  same emittance, 
but with ri = 1 or 4.2 mm. The dynamics of W for (8) was taken 
at a distance of 0.1/kp from the axis from the results of self-
consistent simulation with the parameters described above.

The emittance of an infinitely short electron bunch with 
an adiabatic change in the accelerating and focusing fields in 
a  linear  focusing  force  and  an  accelerating  force  constant 
along the radius should be preserved both in the matched and 
mismatched cases [30]. However, as shown in Figs 3 and 4, an 
increase in this emittance is observed in almost all mismatched 
cases,  which means mixing  of  the  oscillation  phases  of  the 
bunch electrons and violation of one or several of the condi-
tions specified above. 

Figure  5  shows  the  emittance  dynamics  of  an  infinitely 
short  electron  bunch  with  initial  parameters  ( )

nx
0e   = 

0.82 mm mrad and rb = 2.1 mm in different model fields and 
in self-consistent simulation. The blue curve corresponds to 
the case of bunch acceleration under the action of a homoge-
neous constant accelerating force and a linear focusing force, 
the characteristic values of which were found by averaging the 
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Figure 1. (Colour online) Dependences of  the  average  radius of  elec-
tron  bunches  with  an  initial  radius  rb =  2.1  mm  and  energy Einj = 
67.5 MeV on the acceleration length (curves), as well as the two-dimen-
sional distribution of the focusing force (colour scale). The blue curve 
corresponds to the case of bunch acceleration with a mismatched initial 
emittance  nx

( )0e  = 0.1 mm mrad;  the red curve, with a matched  initial 
emittance  nxe( )0  =  0.34    mm mrad;  and  the  black  curve,  with  a  mis-
matched initial emittance  nxe( )0  = 0.82 mm mrad.
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Figure 2. (Colour online) Dependences of  the  average  radius of  elec-
tron bunches with an initial emittance  ( )

nx
0e  = 0.34 mm mrad and energy 

Einj = 67.5 MeV on the acceleration length (curves), as well as the two-
dimensional  distribution  of  the  focusing  force  parameter  a  (colour 
scale). The blue curve corresponds to the case of acceleration of a bunch 
with  a  mismatched  initial  radius  rb =  1  mm;  the  red  curve,  with  a 
matched initial radius rb = 2.1 mm; the black curve, with a mismatched 
initial  radius rb = 4.2 mm; and the pink dashed curves are  the values 
obtained according to formula (8) for ri = 1, 2.1, and 4.2 mm.
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Figure 3. (Colour online) Dependences of the emittance exn of electron 
bunches with an initial radius rb = 2.1 mm and energy Einj = 67.5 MeV 
on the acceleration  length. The blue curve corresponds to the case of 
bunch  acceleration  with  a  mismatched  initial  emittance  nxe( )0   = 
0.1 mm mrad;  the red curve, with a matched  initial emittance  nxe( )0  = 
0.34 mm mrad; and the black curve, with a mismatched initial emittance 
( )
nx
0e  = 0.82 mm mrad.
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Figure 4. (Colour  online)  Dependences  of  the  emittance  of  electron 
bunches with an initial emittance  ( )

nx
0e  = 0.34 mm mrad and energy Einj 

= 67.5 MeV on the acceleration length. The blue curve corresponds to 
the case of acceleration of a bunch with a mismatched initial radius of 
rb = 1 mm; the red curve, with a matched initial radius rb = 2.1 mm; and 
the black curve, with a mismatched initial radius rb = 4.2 mm.
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forces acting on individual particles over the entire length of 
the  wake  acceleration.  The  red  curve  shows  the  emittance 
dynamics at a homogeneous constant accelerating force and a 
nonlinear constant focusing force, the values of which at dif-
ferent distances from the axis were taken at an acceleration 
length  of Lacc = 30  cm.  In  the  case  described  by  the  black 
curve, the focusing force dynamics is obtained from the simu-
lation results for the above parameters, while the accelerating 
force  is homogeneous and constant. The green curve shows 
the  emittance  dynamics  in  the  calculated  fields  and  corre-
sponds to the black curve in Fig. 3.

It can be seen from Fig. 5 that the greatest contribution to 
the emittance growth at given parameters is made by the non-
linearity of the focusing force along the radius, and the mech-
anism of mixing of electron phases in the bunch slice is mainly 
explained by the difference in the values of the coefficient a = 
a(r, x, z) of the focusing force for particles located at differ-
ent distances from the axis. To minimise the effect of this pro-
cess on the emittance growth, it is necessary to inject a bunch 
into  the  axis  vicinity  with  parameters  that  ensure  a  small 
change in a during the acceleration process with oscillations 
of the root-mean-square radius of the bunch between rb(ri, z) 
and rb( /r rbm i

2 , z)  (for example,  the matched and mismatched 
cases at  ( )

nx
0e  = 0.1 mm mrad and rb = 2.1 mm in Figs 1 and 3).

3. Input of polarised electrons 
into the accelerating stage 
and their output from it

The  scheme  of  a  multistage  accelerator  assumes  multiple 
input of electron bunches into the plasma channel and their 
output from it, as well as the transportation of these bunches 
between accelerating cascades. We examine the processes of 
input and output of electrons while maintaining their initial 

polarisation.  Studies  [10,  11]  show  that  in  order  to  ensure 
adiabatic changes in the forces and minimise the bunch emit-
tance growth at each stage, the characteristic time of the field 
change at the input and output should be several times greater 
than the period lb/c = 1/(Wkp) of betatron oscillations of par-
ticles in the bunch.

Consider  the  acceleration  of  a  bunch  of  polarised  elec-
trons in a parabolic plasma channel with a smooth input of 
length ~3lb and a smooth output of length ~2lb. The initial 
parameters of the laser pulse were set in such a way that the 
focal  plane  position  during  the  laser  pulse  propagation  in 
vacuum coincided with the onset of the homogeneous part of 
the channel, and the plasma concentration in this part of the 
channel and the pulse characteristics in the focal plane were 
chosen in accordance with the moderately nonlinear accelera-
tion  regime  described  in  the  previous  section.  The  density 
n0(r, z)  of  electrons  in  the plasma  increased  linearly  at  the 
input  to  z =  5.77  cm and decreased  linearly  at  the  output, 
starting from  z = 55.27 cm. In this case, the channel radius 
decreased linearly from 398.5 mm at the input and increased at 
the output to 460.8 mm, taking a constant value of 305.1 mm 
in the range 5.27 £ z £ 55.27 cm (Fig. 6a). The  laser pulse 
dynamics in such a channel is shown in Fig. 6b.
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Figure 5. (Colour online) Dependences of the emittance of an electron 
bunch with an initial radius rb = 2.1 mm, energy Einj = 67.5 MeV, and a 
mismatched initial emittance  ( )

nx
0e  = 0.82 mm mrad on the acceleration 

length at various focusing and accelerating forces. The blue curve cor-
responds  to  a  linear  stationary  focusing  force  and  a  homogeneous 
constant accelerating  force;  the  red  curve,  to a  stationary nonlinear 
focusing  force  and  a  homogeneous  constant  accelerating  force;  the 
black curve, to a nonstationary nonlinear focusing force and a homo-
geneous constant accelerating force; and the green curve is the result 
of self-consistent simulation (all forces are nonstationary and nonlin-
ear in radius).
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Figure 6. (Colour online) (a) Plasma channel radius (black curve) and 
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channel  section with a constant radius. The desnity plateau begins at 
z = 5.77 cm.
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The  motion  of  individual  particles  of  the  bunch  was 
described using the relativistic Lorentz equation (4) without 
taking  into  account  the  radiation  friction  force,  while  the 
dynamics of the spin s was described by the TBMT equation 
[21]

( ),d
d as s B Bm R Et #= +   (9)

/ ,B B E1 1
1

E g u#= +
+   (10)

/
( )

,B B
B

E1 1R #g g
u u

u= -
+

-< F   (11)

where am is the anomalous magnetic moment of the electron; 
t = twp; u is the particle velocity normalised to the speed of 
light; and B and E are the dimensionless magnetic and electric 
fields  in  the  laboratory  reference  frame.  Equations  (4)  and 
(9) – (11), in which the combination of fields B = (0, 0, Bf) and 
E = (Ez, Er, 0) is reduced to the forces Fr and Fz [5, 31], repre-
sent together with Eqn (5) a closed self-consistent system of 
equations describing the acceleration of a polarised charged 
particle in the field of a wake wave generated by a laser pulse 
in the plasma channel [31].

The  injected  electron  bunch  had  Gaussian  longitudinal 
and transverse distributions of particles, with a characteristic 
initial radius of rb = 3.5 mm and a length of zb = 0.5 mm. The 
transverse emittance   ( ) ( )

n nx y
0 0e e= =0.132 mm mrad was chosen 

matched with the focusing force at point z = 0.25 cm. At the 
injection time moment, all particles had the same energyEinj = 
67.5 MeV and the spin vector s = (0.279, – 0.335, 0.9).

During  a  single  accelerating  stage,  the  particles  gained 
~8 GeV over a length of 60 cm (taking into account the input 
to the channel and output from it). The maximum absolute 
value  of  depolarisation  and  the  bunch  emittance were  pre-
served  during  the  acceleration  and  extraction  of  electrons 
from the channel, but increased at the initial stages of accel-
eration,  which,  however,  did  not  affect  the  final  value  of 
depolarisation (Fig. 7). The polarisation vector P of a bunch 
of particles meant a vector averaged over the spins of all par-
ticles, and the bunch’s depolarisation value –|DP| was equal 
to the modulus of the difference between the initial (P0) and 
current (P) polarisation vectors taken with the opposite sign 
(–|P – P0|).

A jump-like increase in the bunch emittance and depolari-
sation oscillations with large amplitudes at the initial stages of 
acceleration mean that a more careful choice of the concen-
tration profile at the channel input is required.

4. Radiation polarisation effect 
in a laser-plasma accelerator

The  characteristic  time  of  radiation  polarisation  (1)  can  be 
represented in dimensionless form:

,T m c

k1
8
5 3

2
p

2 2

2

5 3'a
g u=

u
o   (12)

where au  is the fine structure constant, and u =o  du/dt.
The  probability  of  a  quantum  transition  of  an  electron 

with a change in the spin projection during photon emission 

can be described for an arbitrary magnetic field by the expres-
sion [19, 20]

( ) ( , )W T s s1 1 9
2

15
8 32u

u
u u= - + #

o
o> H  (13)

provided  that g >> 1 and  the  field varies  slightly along  the 
particle  trajectory  during  the  characteristic  radiation  time 
trad [20]:

t
B
B rad
o

 << 1,     traduo  »  1g .  (14)

Then the dynamics of the vector s under the action of syn-
chrotron radiation, given the precession (9) – (11) and equa-
tions (2) and (4), takes the form [19, 20]:
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Figure 7. (Colour online) Dynamics of  (a)  energy gain,  (b)  emittance 
and (c) depolarisation during acceleration of an electron bunch with an 
initial energy Einj = 67.5 MeV, radius rb = 3.5 mm, length zb = 0.5 mm, 
and a transverse emittance  ( )

nx
0e  = 0.132 mm mrad (black curves). The 

blue curves correspond to the initial distribution of the plasma electron 
density on the channel axis.
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where F = 4f  + Frad [14, 15, 23].
Let us now consider the acceleration of an electron to an 

energy  of ~4 TeV  in model  fields  characteristic  of  various 
regimes  of  laser-plasma  acceleration,  with  a  focusing  force 
Fr = ar linear along the radius and a homogeneous constant 
accelerating force Fz,  taking into account the radiation fric-
tion  force  in  the Landau – Lifshitz  form. At  the  initial  time 
moment, the electron was at a distance of 0.5/kp from the axis 
(the characteristic distance from the axis to the electron in the 
bunch)  with  zero  transverse  momentum,  spin  s  =  (0.279, 
– 0.335, 0.9), and energy Einj = 67.5 MeV.

In the first case, we set a = – 0.5 and Fz = 2, which corre-
sponds to the particle motion in the maximum of the acceler-
ating field generated  in  the bubble regime as a result of  the 
laser pulse interaction at the parameters a0 = 4, intensity I0 » 
3.5 ́  1019 W cm–2, peak power P »  2.5 PW,  spot  size  r0 = 
67 mm, and radiation wavelength l0 = 0.8 mm, with plasma 
having the density ne = 1017 cm–3 [32]. In this case, the accel-
erating field’s gradient was 60 GeV m–1, and the characteristic 
self-polarisation time (1) was ~0.5 ns for an electron with an 
energy  of ~1  TeV.  The  time  of  particle  acceleration  to  an 
energy  of ~4  TeV  in  the  absence  of  the  radiation  friction 
force was about 0.2 ms, and, with allowance for synchrotron 
radiation, about 0.7 ms (Fig. 8a). It can be seen from Fig. 8b 
that, despite the smallness of the characteristic self-polarisa-
tion time compared to the particle acceleration time, the con-
tribution  of  radiation  polarisation  at  the  given  parameters 
only leads to a slight decrease in the upper boundary of the 
depolarisation envelope, and the greatest effect is exerted by 
the  radiation  friction  force,  which  causes  a  decrease  in  the 
absolute value of the final depolarisation by about 1.5 times. 
The correction to the TBMT equation leads to a slight damp-
ing of the oscillations of the longitudinal spin component sz, 
starting from energies of ~2 TeV (Fig. 8c).

In  the  regime  of  moderately  nonlinear  acceleration 
described  in  the  previous  sections,  the  average  accelerating 
and focusing forces are several times weaker than the forces 
acting on a particle in the bubble regime. The characteristic 
focusing force has a coefficient a » – 0.075, the accelerating 
force  is  Fz »  0.47,  and  the  accelerating  field  gradient  is 
14 GeV m–1. The corresponding self-polarisation time in such 
fields for an electron with an energy of 1 TeV is about 36 ns, 
and the acceleration time to 4 TeV is about 1 ms (Fig. 9, a). 
However,  according  to  the  simulation  results,  the  effect  of 
radiation polarisation in this case turns out to be negligibly 
small, while  the  radiation  friction  force  slightly  reduces  the 
amount of depolarisation, starting with an energy of 2 TeV 
(Fig. 9).

5. Conclusions

We have considered a number of issues related to the preser-
vation of the quality of polarised electron bunches in a multi-
stage laser-plasma accelerator. The mechanism of emittance 
growth for an infinitely short bunch in a moderately nonlin-
ear acceleration regime suitable for use at a separate stage of 
a multi-stage accelerator  is determined. It  is shown that the 

greatest contribution to the emittance growth is made by the 
process of mixing the phases of betatron oscillations of indi-
vidual particles of the bunch due to the nonlinear dependence 
of the focusing force on the radius. To prevent phase mixing 
in the bunch slice, it is necessary to minimise the change in the 
focusing  force  parameter  a  on  a  scale  of  the  order  of  the 
amplitude of betatron oscillations of particles in the bunch by 
injecting the bunch into a small vicinity of the laser bunch axis 
with parameters that provide particle oscillations in the region 
of the focusing force linearity. 

In order to inject a bunch of particles into the accelerating 
stage and remove  it  from there after acceleration for subse-
quent transportation with the preservation of the initial char-
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Figure 8. (Colour online) Dynamics of the characteristics of an electron 
with an initial energy Einj = 67.5 MeV and a longitudinal spin compo-
nent  sz = 0.9,  injected at a distance of 0.5/kp  from the axis with zero 
transverse  momentum  in  the  model  bubble-acceleration  regime.  The 
blue curves correspond to the energy gain depending on (a) acceleration 
time, (b) particle depolarisation, and (c) dynamics of the spin compo-
nent sz depending on the accumulated energy with regard to the radia-
tion  friction  force  and  the  radiation  polarisation  effect.  The  green 
curves correspond to (b) particle depolarisation and (c) dynamics of the 
spin component sz depending on the accumulated energy with regard to 
the radiation polarisation effect and disregarding the radiation friction 
force. The red curves correspond to the energy gain depending on (a) 
acceleration time,  (b) particle depolarisation, and (c) dynamics of  the 
spin component sz depending on the accumulated energy disregarding 
the effects associated with synchrotron radiation.
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acteristics,  it  is  necessary  to  ensure  an  adiabatic  change  in 
wakefields  during  the  period of  betatron oscillations  at  the 
input and output of the plasma channel. In this work, we have 
considered the acceleration of polarised electrons in a channel 
with a linear increase in the density of electrons on the chan-
nel  axis  and  a  simultaneous  decrease  in  its  radius  at  the 
entrance to the accelerating stage, and with a linear decrease 
in  the  density  and  a  simultaneous  increase  in  the  channel 
radius at the exit from this stage. With the parameters used, 
the maximum absolute value of polarisation is preserved dur-
ing the acceleration and extraction of the bunch, experiencing 
oscillations at  the  time moment  the bunch enters  the  stage. 
The bunch emittance increases abruptly at the initial stages of 
acceleration and preserves in the process of extracting parti-
cles from the channel, which means that a more careful selec-
tion of the density profile at the channel input is required.

With further acceleration of electrons to energies of sev-
eral TeV, the effect of synchrotron radiation of particles on 
the  dynamics  of  the  bunch  characteristics  becomes  signifi-
cant. We have considered the acceleration of polarised parti-
cles in model fields characteristic of the moderately nonlinear 
regime  and  the  bubble  regime  of  laser-plasma  acceleration 
taking into account the radiation friction force in the Landau – 

Lifshitz form, while the polarisation dynamics has been esti-
mated using the generalised TBMT equation with regard to 
the contribution of  radiation polarisation. As  the  results of 
calculations show, despite the fact that the calculated charac-
teristic time of radiation polarisation for electrons with ener-
gies about 1 TeV in wakefields is several orders of magnitude 
shorter than the time of particle acceleration, the total contri-
bution of this effect to the depolarisation process turns out to 
be insignificant for both regimes under study, while the radia-
tion friction force leads to a significant decrease in depolarisa-
tion  in  strong  focusing  fields  corresponding  to  the  bubble 
acceleration regime.
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Figure 9. (Colour online) Same as in Fig. 8, but in a model moderately 
nonlinear acceleration regime.


