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Based on numerical calculations it is investigated proton ultrarelativistic acceleration in space plasma by elec-
tromagnetic wave propagating across the external magnetic field. It is considered the conditions for the proton cap-
ture by wave, dynamics of the proton velocity components and its impulse momentum ones, the dependence of ac-
celeration rate on the problem initial parameters, the structure of the phase plane of accelerated protons. Optimaum
conditions for protons ultrarelativistic surfatron acceleration by the electromagnetic wave are formulated. It is dis-
cused the possibility of appearance of differences from the standard power-law dependence in the accelerated pro-
tons spectra obtained by processing of experimental data on the registration of cosmic rays (CR). Estimates are
given for protons acceleration in the heliosphere from an initial energy of a few GeV up to TeV energies.

PACS: 05.45, 52.40 Mj

INTRODUCTION

Investigation of the of ultrarelativistic particles
flows is one of the actual problems of the space plasma
physics and it is of great interest, for example, for the
problem of the cosmic rays origion, in particular, to
understand the mechanisms of CR formation and their
variability, the dependence on space weather. Surfing
charges on electromagnetic waves was considered ear-
lier, for example, in [1 - 13] for the electrons. This is an
effective mechanism for generating streams of ultrarela-
tivistic particles in space plasma and its research is
needed, for example, to estimate the number of acceler-
ated particles, the size of the acceleration region, the
energy spectra of the charges, which requires a detailed
analysis of the conditions of charged particles capture
by waves with strong acceleration, to reveal favorable
charged particle parameters for particles capture, to es-
timate the efficiency of particle acceleration under the
influence of spatially localized wave packets, etc.

For the transverse propagation of electromagnetic
wave p-polarization the square of refractive index of the
plasma N? = (ck / ®)* at a frequency o is determined by
expression: N> =1 - [v (1 - )]/ (1 - v* - V), u = op/o,
V= (mpe/m)z, where g, = eHy/m, ¢ is the gyrofrequency
of nonrelativistic plasma electrons, ®,. = (4me? ny/ m)"?
is the electron Langmuir frequency, ny is the plasma
density.

Below we consider the case u<l. Then the phase ve-
locity of the electromagnetic wave is less than the speed
of light for the following values of the parameter v:
1 - u’<v<I. The charge capture into regime of surfatron
acceleration takes place if the wave field is above the
some threshold value

c=eE/m.co>uy,=u/(l- sz)m, B, = w/c k.
The following numerical calculations of protons surfing
are simplified if we neglect the vortical components of
wave field E,, H,. Nonlinear effects of the electromag-
netic wave interaction with plasma are small if the wave
amplitude E, significantly lower characteristic field of
relativistic nonlinearity. So the condition o << 1 must
be fulfilled.
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BASIC EQUATIONS AND THE
NUMERICAL CALCULATION RESULTS

Let us consider the relativistic equations of motion
of the proton with mass m, in the electromagnetic wave
field E,=Ejcos ¥, Y=wt-kx:

d (y Bo)/dt = (e E¢/M ¢) cos ¥ + (e Hy/M c¢) By,

d(y B,)/dt = - (e HyM c) B, (1)

dy/dt=(e EyMc) Bycos ¥, yp,=h=const,
where B, =w/ck, B=v/c, Bx=B, (1-d¥/dr),t=ot
is the nondimensional time. Let us introduce now
€ = o x/c, then we have ¥ = 1 - (&/B,). We introduce
also a small parameter ¢ = (me/mp)”2 and normalized
dimensionless time s = € t. Equations (1) have the inte-
gral J=v By +u & By (T - ¥) = const. So we have for y-
component of proton momentum of impulse
yBy=J+u g By (¥ - 7). We introduce now the notation
G=1+h+[J+ue& B, (¥- 1)l then it is follows
v*=G/(1 - B,%). Now from (1) the nonlinear, nonstation-
ary equation for the wave phase at proton the trajectory
is following

¥ /ds* + [ o-(1 - B)*/ G*B,] cos W +

WG B)(1-BAU+ueh,c¥-9]=0, (2
with By =[J+u B, (t-¥) + oy cos ¥]/G.

The nonlinear equation (2) is solved numerically, we
take the initial data in the form of ¥(0) = ¥, ¥.(0) = a.
In this case B«(0) = B, (1 — a) where the condition must
be fulfilled 1 — (1/B,) < a <1 — (1/B,). Proton capture
into the surfing mode acceleration by wave occurs if
6> Gg, G = U Y, p = 1/(1 - B,)"” is the relativistic fac-
tor of accelerating wave. At sufficiently long times the
numerical solution should go to the following asymptot-
ics Bx = Bp, By = 1/y,. It is important to note that the rate
of change in the energy of accelerated proton does not
depend on the amplitude of the wave field E, which
determines the average rate of acceleration parameter
< cos ¥(1) > = 6./ related to asymptotic of the bottom
positon for effective potential well.

To find the range of the initial phases of W¥(0) at
which the capture of proton in the strong acceleration by
the wave the phase velocity Bp was fixed and it is sup-
posed that 0 <fp <1 and | Y(0) | < 7. The wave ampli-
tude o was choosen somewhat higher threshold o,
namely ¢ = 1.4 o.. Then, numerical simulations on a
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relatively small time s < 7000 determine the range of the
initial phase which took place in the proton capture by
wave with its following ultrarelativistic acceleration. If
for some phases Y¥(0) proton capture did not take place
the calculation has performed up to t < 7-10%.

Let us to present now the calculation results for the
following choices of the problem parameters h = 0.35,
v(0)By(0) =-0.47, B, = 0.52,u=0.31, a = 0 correspond-
ing to weakly relativistic proton y(0) = 1.357 at s = 0.
The initial phase W(0) was chosen in the next interval
(-3.1...3.1). The results of calculations of the proton
capture by wave with surfatron acceleration have
showed that for the initial phases in the interval
(-1.2...0.2) with a phase step 8'¥(0) = 0.1 capture oc-
curs immediately. In the case of W(0) in range
(0.3...1.2) proton capture occurs for a short time but
then the proton emitted from the effective potential
well. So if W(0) equal to 0.3 the proton is captured by
wave if s < 200 and in the case of W(0) = 0.6 it is
trapped by wave for s < 63 but then for up to the time
s = 7000 proton is passing particle. For ¥(0) in the in-
terval (1.3...3.1) proton capture at the interim account s
< 7000 is absent. Let us present results of numerical
calculations for the case W(0) = - 1.2. Fig. 1 shows a
plot of the phase W(s) for s < 7000.
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Fig. 1. Graph of wave phase at the trajectory of proton

According to Fig. 1 the wave phase is moving fast to
the asymptotic value of 0.8 and subsequently oscillates
around this value. According to calculations, the oscilla-
tion amplitude decreases very slowly with time and the
period of the oscillations increases also slowly. In the
phase plane (d¥/ds, V) particle trajectory has a singular
point of type stable focus which is quite similar to the
previously discussed for the electrons acceleration by
wave.

Graphs of the proton relativistic factor y(s) and its
analytical approximation M(s) are shown in Fig. 2.
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Fig. 2. Graphs of the proton relativistic factor and its
analytical approximation
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As we can see there is good agreement of y(s) with a
linear function M(s). So the rate of proton acceleration
is almost constant in accordance with the asymptotic
solution of equation (1) for a strong particle accelera-
tion. It is interesting to note that such agreement takes
place even on a relatively small acceleration times. For
s = 7-10" relativistic factor of the accelerated proton has
reached the value y = 646.5.

Graphs of transverse to the external magnetic field,
the dimensionless component of the proton impulse
momentum are given at Fig. 3. As it seen the values of
the growth rate for g,, g, are practically constant and
correspond to the asymptotics gy = v-By, gy = - ¥/Yp-
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Fig. 3. The dynamics of transverse components
of accelerated proton momentum of impulse

The transverse component of the accelerated proton

velocity quickly go to the above asymptotic values.
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Fig. 4. The structure of the phase plane
Jor the accelerated proton

For the time interval 0<s<7-10* structure of the
phase plane (d¥/ds, W) is shown in Fig. 4. The yield
gives visible path of the image point to the particular
type of stable focal point corresponding to the bottom of
effective potential well. It was calculated shift of the
proton in the direction of the wave propagation
&(s) = o x/c which was close to the asymptotic behavior
of &(s) = B, s/e. The trapped protons shift along the
wave front (y-axis) is also observed in almost linear
dependence on time. The proton velocity along the ex-
ternal magnetic field during particle acceleration de-

creases. At the initial moment of time it was
B,(0)=0.227 but for s=3.510" it has became
B,=1267-107.

Unlike electrons the protons surfatron acceleration
for some values of the initial phases are found the abil-
ity to capture and acceleration of particles on a rela-
tively small initial time interval s of the order of tens to
hundreds but then proton escapes from the effective
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potential well. For of the initial phase W(0) = 0.3 when
the particle is captured for the time s < 200, the ¥(s)
plot is shown in Fig. 5. Numerical calculations to
s = 70 000 showed the absence of proton capture by the
wave. This is probably due to the non-stationarity of
effective potential well at times s in the hundreds. Ac-
cording to calculations after the departure of proton
from the potential well the cyclotron rotation is realized
in an external magnetic field. The proton displacement
for cyclotron rotation case is shown in Fig. 6.
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Fig. 5. The dynamics of the wave phase at proton
trajectory in the case ¥(0) = 0.3
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Fig. 6. Proton shift graph after particle leaving
from effective potential well

Let us give scaling factors for protons accelerated in
the heliosphere ¥ = 621-7p-(Bp/0.9)-(1/0.3)(s/10°), where f
- frequency of the accelerating wave in Hz, and also for
the displacement of particle in the direction of wave
propagation  8x = (Bp/0.9)-(10° I'/f:(s/10°)-12.46-AU.
Let us note that one astronomical unit is 1 AU=1.5-10%km
and radius of the solar heliosphere is around 200 AU.
Thus protons trapped by electromagnetic wave will
accelerated in the heliosphere (depending on the capture
location and the value of wave phase velocity f,) to an
energy of the order of tens to hundreds of Gev at dis-
tances (10...100) AU. Consequently, surfatron accelera-
tion mechanism is a local source of additional genera-
tion of cosmic rays in the energy range given above. It
is quite obvious that the effectiveness of this source will
depend on the heliospheric weather which means a CR
spectrum variability observed experimentally. Calcula-
tions for other values of the problem parameters leads to
similar results.

CONCLUSIONS

In this paper on the basis of the numerical calcula-
tions the dynamics of capture and subsequent strong
surfatron acceleraion of protons with initial energies of
the order of m, ¢? by electromagnetic wave propagating
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in space plasmas across a weak magnetic field is inves-
tigated. For the realization of surfatron acceleration the
amplitude of wave electric field was taken above the
threshold value. The problem is reduced to the study of
nonlinear, time-dependent second-order equations for
the wave phase on the particle trajectory ¥(s). The dy-
namics of the impulse momentum components, velocity
ones, the proton energy and the structure of phase plane
(d¥/ds, V) on the value of initial phase ¥(0) for condi-
tion B«(0) = B, corresponding to the Cherenkov reso-
nance particles with an electromagnetic wave in a mag-
netized plasma were studied.

It was founded that for much of the possible values
of W(0) the proton capture by wave in the effective po-
tential well occurs immediately with following particle
ultrarelativistic acceleration. In the absence of a proton
capture by wave at the considered range of numerical
calculations the particle cyclotron rotation was ob-
served. It can be expected that after a sufficiently large
number of Larmor rotations the Cherenkov resonance
Bx = B, will take place and the phase ¥ becomes favor-
able. So it will be realized the proton capture by wave
and subsequent strong particle acceleration will occurs.
Trapped proton acceleration rate is constant. Therefore
the maximum energy of a particle is proportional to the
time of his confinement in the effective potential well.
Let us note that the value of energy gain rate is reduced
by decreasing of parameters u, f3,.

The following condition should be noted here. To
implement the protons ultrarelativistic acceleration with
their energy growth on many orders of magnitude it is
natural to assume that the total number of trapped parti-
cles must be small enough. So we may neglect by the
electromagnetic wave damping during time of particles
acceleration. Otherwise the problem of generation of
ultrarelativistic particles flows in space plasmas in the
application to the cosmic rays origion is not meaningful
due to the relatively rapid decay of the wave.

We have examined the cases of surfatron accelera-
tion of protons with a negative initial value of the parti-
cle impulse momentum along the wave front when after
the proton capture by wave its acceleration takes pace.
In the opposite case - positive initial values of the pro-
ton impulse momentum along the wave front the follow-
ing dynamic is observing. Particle with B,~p, is
trapped by the wave and the proton velocity component
By is reducing. Being trapped the particle changes sign
of its velocity component B, on the negative one and
only then a strong proton surfatron acceleration takes
place. For large initial energy of particles on the stage of
their braking-acceleration the protons relativistic factor
v(s) may be approximated by the linear analytical func-
tions.
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VIBTPAPEJSITUBUCTCKOE CEP®OTPOHHOE YCKOPEHHUE IMTPOTOHOB
JIEKTPOMATHUTHOM BOJTHON B KOCMHUYECKOM IIJIABME

H.C. Epoxun, B.M. Jlo3nukos, J1.A. Muxaitnoecxkasn

Ha ocHOBe 4MCIIEHHBIX PacdyeTOB UCCIENOBAHO YJIBTPAPEIATUBUCTCKOE YCKOPEHUE MPOTOHOB B KOCMHUYECKOM
I1a3Me 3JIEKTPOMAarHUTHOM BOJHOM, pacnpoCTPaHSIOMIENHCs MONepeK BHEIIHEr0 MarHUTHOIO Hojs. PaccMoTpeHbl
yCIIOBHS 3aXBaTa MPOTOHOB BOJIHOM, AMHAMMKA KOMIIOHEHT CKOPOCTU M MMITYJIbCA, 3aBUCUMOCTb T€MIIa YCKOPEHUS
OT WUCXOIHBIX MMAapaMEeTPOB 3a1a4H, CTPYKTypa ($a30Boil IMIOCKOCTH ycKopsieMoro mpoToHa. ChopMymupoBaHbI On-
TUMAaIbHBIE YCIOBUS [UTS YIBTPAPEIITHBUCTCKOTO Cep(OTPOHHOTO YCKOPEHHUS IMPOTOHOB IICKTPOMATrHUTHOW BOJI-
HOM, 00CyXIaeTcs BO3MOKHOCTh BOSHUKHOBEHHUS 3a CUET cepPOTPOHHOTO MEXaHW3Ma OTIMYHHA B CHEKTPax yCKO-
PEHHBIX POTOHOB, MOJIYYCHHBIX MPH 00padOTKE IKCIEPHUMEHTAIBHBIX JAHHBIX [0 PETUCTPAIMN KOCMHUYECKUX JIy-
4eid, OT CTaHAaPTHBIX CTEMEHHBIX 3aBHUCUMOCTEil. JlaHbI OLIEHKH JJOYCKOpPEHHUs MPOTOHOB B reirocdepe, NMEeBIINX
HayalbHYI0 SHEPIHIO NMOPAAKA HECKOJIBKUX TMIa3JIeKTPOHBOJIBT, 10 SHEPTUI MOPAIKA TEPadICKTPOHBOJIBT.

YJIbTPAPEJISITUBICTCBKE CEP®@OTPOHHOE TIPUCKOPEHHS ITPOTOHIB
EJEKTPOMATHITHUX XBAJIb B KOCMIYHIN IIJIA3MI

M.C. €poxin, B.M. Jlo3nikos, /1. A. Mixaiinoecoxa

Ha ocHOBI 4ncenbHHX PO3PaxyHKIB JOCIIKEHO YJIBTPapeIITUBICTCHKE NMPUCKOPEHHS IPOTOHIB B KOCMIYHIM
TUIa3Mi €IeKTPOMAarHiTHOIO XBHJIEIO, IO PO3MOBCIO/KYETHCS IONEPEK 30BHIIIHBOIO MArHiTHOTO 1oiisi. Po3risiHyTo
YMOBH 3aXOIUICHHS MPOTOHIB XBHUJICIO, JHHAMIKA KOMIIOHEHT IIBHAKOCTI 1 IMIYJbCY, 3aJI€KHICTH TEMITy MPHCKO-
PEeHHS BiJl BUXIIHUX MapaMeTpiB 3aBIaHHS, CTPYKTypa (a3oBoi IUIOMKHHN MpHCKOproeMoro mpoTtoHa. ChopMyiso-
BaHO ONTHMAaJbHI YMOBH JJIS YIABTPAPEIATHBICTCHKOTO Cep(HOTPOHHOTO MPUCKOPEHHS POTOHIB €IEKTPOMATrHITHOO
XBHJICI0, 0OrOBOPIOETHCS MOXKIIUBICTh BUHHKHEHHS 338 PaXyHOK Cep()OTPOHHOTO MEXaHI3My BIIMIHHOCTEH y CIIEKT-
pax MPUCKOPCHUX MPOTOHIB, OTPUMAHMUX MPH 0OPOOIN EKCIICPUMEHTAIBHUX MaHHUX 0 PEECTPAIlil KOCMIYHUX IPO-
MEHIB, BiJ| CTAaHIAPTHHUX CTYIEHHUX 3ajexHocTeil. /laHo OIHKK JOYCKOpPEHHs! MPOTOHIB B remiocdepi, Mo Maiu
MIOYATKOBY €HEPTII0 MOPSAKY JEKUIBKOX TiraelieKTpPOHBOJIBT, 110 €HEPrii MOPSAKY TepaeleKTPOHBOJIBT.
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