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Abstract

An efficient parallel algorithm is proposed for solving th
filamentaion problem of high-power femtosecond lase
pulses in gases. It was demonstrated that the algorit
possesses the property of coarse-grained parallelism
has a good scale-up characteristics when used on w
station clusters.
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1 Introduction

Self-focusing of tera- and sub-terawatt femtosecofdgure 1: lllustration tdfilamentaionphenomenon. In a
pulses in transparent media, such as the atmosphere, ¢l laser pulse very narrowi( ~ 20 — 100 x) and very
commonly occur due to the effect of Kerr nonlineatong (several meeters and greater) filaments are formed.
ity [1]. When the nonlinear focusing intensity reaches

102 W/em? the competing effect of de-focusing due to

multiphoton ionization becomes evident. Combined ac-

tion of these effects leads to the appearance of long fila-

ment with a relatively high energy concentratlgn [2.3, 4Jhents in the pulse and the generation of free electrons
A many-fold excess of the critical self-focusing powe

P.., leads to the appearance of multiple filaments in.haa ppen coherently. The_ concentration of plasma IS grow-
| . . . ing during the pulse which makes the problem inherently
single light pulse (Fig.1), which happens Spomaneou?llﬁe—dependent Numerical modelling of the filamenta-
in the turbulent atmosphere. . ' o . . .
tion process under these conditions requires either using

A characteristic feature of the problem is a large rande o Lah quasi-steady model of pulse propagation. or
of space-scales, where the pulse filamentation takes place; 9n 9 y b propag '

For instance, the cross-sectional size of a typical beaemrqploying high-performance computing facilities [6, 7].

at the exit of the laser system can exceedm [5],

whereas the transversal size of the filament is usuallyin the current study a parallel algorithm for modeling
less thanl00 u. Another peculiarity is that the procesplasma filamentation is proposed. The method was im-
of plasma generation is induced by the field of the ferplemented in a numerical algorithm and tested on several

tosecond pulse itself, i.e. the appearance of long fikemputer clusters.



2 Method and equation (1) takes a more complex form, which then
should include the second time derivative [10, 11].

A physical process of the light pulse propagation can begquations (1), and (2) should be complemented with

described as follows. At the front of a powerful femghe initial conditions:

tosecond pulse the critical power is reached, and sub-

sequent "layers” of the pulse experience self-focusing

(Fig.1). The threshold intensity of multiphoton ionization

is reached in the region of nonlinear focusing and causes

the appearance of free electrons. These electrons accumu-

late during the pulse action and lead to the formation ofsich correspond to the given pulsk (z,y, t) at the en-
dynamic plasma channel of a complex shape. try to the medium (z=0) and the absence of free electrons
A mathematical model for the analysis of the filamenn front of the pulse.
taion of powerful femtosecond laser pulses is based on &umerical solution is done by discretizing the equation
nonlinear Sctidinger-like equation for the slowly vary-on 3 grid in a 4D space-time. There are two first order
ing envelopel(xz,y, z,t) of the linearly polarized laserpartial derivatives of unknown functiors and N, overz
pulse [8]: andt coordinates in the equation system (1, 2). In finite
differencing approximation one can say that the values of
OE O°E . 2E Lhese gmc:ions tohn theI z-pl_anis and tﬁl;np_oral T:Iicesj
9z = o2 oy epend only on the values in the neighboring planes,
) and temporal slices;_;.
+& (n2|E2| + Any, + AR) E 1) The size of the grid in they cross-sectionL.., should
"o several times exceed the radius of the beagn= 1 cm,

wherek is the wave numben is the refraction index of and the grid-cell sizex z, should be much smaller than
= 50 pu. Thus, the

an unperturbed medium,, is the Kerr nonlinearity coef- the_ diameter of the fllamentlo n X
ficient, which for air is about, = 1.75 x 10~ %em? /W. estimate of the required number of grid nodes, =

The addition to the refraction indeXn,, i.e. the contri- L=/ . along the transversal coordinate is on the order

bution of the self-induced pl be esti of Ny = 219 = 8192.
plasma, can be estimated as , , i
The upper estimate for the grid cell sizA,z, along

now? the axial coordinatez, can be taken as the diffraction
5 2 length on the transversal scale of the filament. This esti-

mate for the fundamental wavelength of Ti:sapphire laser
wherew, = /4w e2N,/m, is the plasma frequency; A = 800 nm gives the valuel z = wd3/2X = 0.5 cm.
is the light frequencye, m. are the electron charge and\s a result the number of the grid-nodes in the axial di-
mass respectively. The concentration of the free electraastion, V., over the light path oL = 10 m should be

E(xayaz = O) = Eo(l‘,y,t)

Ne(xaya Zat = _OO) =0

2k

An, = —

in plasma,N., obeys the relation: at leastN, = 2000, giving total number of space nodes
oN of aboutN = N,N,N, = 1.3 x 10! (we consider
e = = 3 i
- R (|E\2) (No — N,) ) Ny = Ny), ahd aboutV, = 10° time steps. _
ot These estimates show that to store the concentration of

where drift of the electrons is ignored on the femtosecortectronsV, at the grid nodes abo&00 G B of RAM will
time scale of the pulseR is the multi-photon ionization be needed. This will require the usage of distributed com-
rate of air molecules (mainly oxygen and nitrogen), whigbuting systems and parallel algorithms [12].
is a function of instantaneous intensit#|?, andNy isthe  In our numerical algorithm we used weak nonlinear-
concentration of the neutral molecules. ity approximation and split-step method to solve equation

To complete the picture we included into (1) the linegt). According to this method on each integration step
addition A7 to the refraction index accounting for the alongz the following set of equations was solved:
atmospheric turbulence [9]. It should be noted that for
the femtosecond pulse propagation through a long atmo- _OE O*E O2E
spheric path the dispersion becomes an important factor QZkai = oz + 2 3)

z v Yy



and

OE  2k?

2ik— = — (no|E*| + An, + AR) E (4) 1 2 3

0z o Z0 Z1 22 Z1 Z2 Zi Zs 7

coupled with equation (2). to » j >
Figure 2 shows the computational gridzn- ¢ coordi- | t1

nates for the solution of (1, 2). Every point on the figurey, ] » o . . o
represents in reality a set of nodesrin- y cross-section. d |
The initial conditions for the field are given on the plane ts il 1 1 1 T T
z = 0. There is no plasma before the passage ofthepuls ¢ ¢ ¢ * 1 (SRR
front: N.(to) = 0. The explicit iterative scheme loops| e« « o o s o s o
over all the grid-nodes along z and t. Looping can be dontj I | I JR S S
both by rows and columns of the grid. This reflects the e
istence of two primary progress coordinates in this probtj”’ IR 1 1 T
lem: z andt. In the first case (Fig.2(a)), the externalisthe o ¢ o L L SR S
time cycle ovett, and the looping over the nodesan- y ) . . . — e
cross-section is done by rows. In this case, to compute tt t v

plasma concentratiofV.(z;,t;), one has to store its val-
uesNc(z;,t;—1) from the preceding time levet; ;. In (a) Each node processes a sub-set of spatial plape;;, Z»
the second case (Fig.2(b)) the outer loop is avand the ~ @re the inter-node exchange boundaries.

inside looping is done by columns. In this approach one

has to keep the values of a complex fidldz;, t;) from

the previous planef(z;—1,t;). to 20 21 22 2 . . %I ZI:1 oo %
Possible methods of parallelization are also shown |i
Fig.2. Let's consider one of them in Fig.2(b). A cluster; ¢ ti I 1 1
node is schematically represented by a number in cirgl = t, . o o o o o
(there are total of{ = 3 nodes). Every node is assigned
its zone of influencd.e. the set of subsequent plangs T
where the solution is obtained. The direction of the |OOF1"2~ . ° o o o o o
ing is shown by arrows. At the boundaries of the zoneg: = v . . I .
of influence at the points where the arrows are broken th )
exchange of information with other cluster nodes take: T2 — * — —
place. The set of all these points forms the exchang g — 4 . ) S -— o
planes,Zy. 3
The first node is assigned a zone betwegrand the fj+1 1 i IR 1
first exchange plan¢/;. The algorithm starts with the I . o o o o o o
zero-time level,ty, and the first cluster-node performs t

calculations of the zero temporal pulse slice propagation

along thez-coordinate. The obtained plasma concentra- (b) Each node processes a sub-set of time-sliges’y , 7% are

tion values are stored in memory. After reaching the ex- ¢ Inter-node exchange boundaries.

change plane/y, the first computing node passes the val-

ues of the complex fieldZ, to the second one, which inFigure 2: Two computational grids for the parallel execu-
turn uses these data as initial conditions to proceed wiiibn on the cluster with 3 computing nodes. Arrows show
the computation of the propagation of the same temphe seep direction of the grid nodes as performed by the
ral slice in its own zone of influence until the next exalgorithm. Different cluster nodes are marked by numbers
change planeZ,. Meanwhile the first node continues thén circles.

solution on the next temporal slice, using the information

on plasma concentratior,, obtained from the compu-



tations on the previous level. different size, ranging fromvV, N, = 1024 x 1024 to
Similarly, after reaching the exchange plafdg, the NN, = 8192 x 8192. Each inter-node communication
second computing node transfers the values of the figddjuired the exchange 81V, NV, bytes.
E to the third node, while the first two nodes continue the The results of the numerical tests — the averages of
calculations on the next time levels, etc. After the datanesr. and 7. and their standard error&rr, are sum-
have been passed to the last computing node throughriarized in Table 2. The number of realizatiods, was
exchange plang€k 1, all cluster nodes are fully engagedarying from 700 to 800 for cluste’s-C and from 63 to
in the parallel calculations in a manner shown in Fig.2(8)25 for clusteD.
The needed memory for the task is uniformly distributed Analysis of the results shows that the time of data trans-
among the cluster nodes. Since the number of nallgs, fer, 7., on each cluster constitutes only a small fraction of
in a cluster is as a rule less than the numbet-steps, the computational time;,.. The worst result percent-wise
N, the parallelism of the problem is expected to be ofas demonstrated by clustey where the ratia-. /7. ex-
a "coarse-grained” type, and the data exchange will rededed 0% for all grids considered. It can be attributed
significantly impact the efficiency of the computations. to the slowest network realized on that cluster (Fast Eth-
ernet). The best result was shown on clu§ewhere the
communication overhead was not greater thd% for
3 Results all N,. This cluster, as well as clustérhad obviously
the fastest communication network. Since the most pow-
To verify the proposed approach a series of tests were cerful cluster,A, had better value of interval., the ratio
ducted on the solution of the problem formulated in sys:/7. for this cluster turned out a little bit worse — 4%-
tem (1, 2) withAn = 0 on several clusters and differen6% for the same set a¥,, and it reached as much as 8%
networks. Table 1 shows the characteristics of the cofnf the largest grid withV, = 8192.
putational facilities on various clusters. We should note that the greatest contribution to the
On cluster "D” the logical node in terms of MPI coincomputing timey., is made by the solution of the diffrac-
cides with the physical two-processor node. On all othiégon equation (3), which was done in the spectral space.
clusters the MPI communication library is configured in &he number of fast Fourier transform (FFT) operations re-
way, that every processor is a logical node, occupying halfzed in the solver is proportional v, N, log(N,N,).
of the memory of the physical node. The most powerflilcan be seen from the data of Table 2 that with the dou-
cluster, A, consists of 160 logical nodes with 2GB RAMling of the grid sizesV, and N, the computational time
each. 7. indeed increases somewhat more than four times. It
Let's consider the first of the parallel algorithms deshould also be noted that despite good characteristics of
scribed above (Fig.2(a)). In the cluster tests up to 8 nod#gsterD, the computational time, happened to be the
were used, with each node processing the domain ofoggest. It can possibly be the result of non-optimal clus-
z-planes. The degree of coarseness of the problem wgfstuning.
determined by the communication overhead. To deter-
mine the latter two time intervals were collected; -
the computational time spent by each node between tho Conclusions
communication events, and - the time spent on data ex-
change between the nodes. The time intervahcludes The set of tests conducted on different clusters has shown
both time spent on data transfer and idling time spent that the proposed algorithm for the solution of femtosec-
waiting for a communication event, i.e. this is a totalnd pulse filamentation problem is indeed of a coarse
time spent by a node between the end of a calculationgmained nature. The time of inter-node data exchange
one time slice and beginning of a calculation on anothigikes only a small fraction of the computational time. The
time slice. The time intervals were determined using tle&ceptions can be related to the slow networks. Thus, with
times() function of standard library. The results weréhe grows of the number of cluster nodes used a near linear
averaged over all nodes, and for each node over all tis@aleup can be achieved. This makes a full-scale numer-
levelst;, totaling M realizations. ical simulation of femtosecond pulse multifilamentation
For comparison we performed experiments on grids @ a cluster with a few hundred processors feasible.



It can be argued on the latter that with the increase in
the number of nodes a communication "saturation” effect
can be observed, since the parallelization algorithm in-
volves the simultaneous data exchange between all nei
boring nodes. However, the obtained results indicate that
in this case the waiting time for communication comple-
tion becomes much less than the computational time. An
additional argument in favor of this is the fact, that the re-
sults on theA cluster with total 160 nodes were obtained
under the realistic conditions, when the resources of tq%]
network were engaged by other tasks. The results also
showed a good repeatability at different times.

It should be noted that the current parallelization strat-
egy can be easily adapted to the heterogeneous clusters, or
computational grid environments with the nodes of vary}9]
ing performance. Such nodes should be assigned propor-
tionally smaller zone of influence, so as to preserve the
same execution time per grid-node, and to avoid idling of
high performance nodes.

[10]

References

[1] Govind Agrawal. Nonlinear fiber optics. 3e Aca-

demic Press, 2001. [11]

[2] A. Braun, G. Korn, X. Liu, D. Du, J. Squier, and G.
Mourou. Self-channeling of high-peak-power fem-
tosecond laser pulses in ai@ptics Letters20:73— [12]
75, 1995.

[3] E.T.J. Nibbering, P.F. Curley, G. Grillon, B.S. Prade,
M.A. Franco, F. Salin, and A. Mysyrowicz. Conical
emission from self-guided femtosecond pulses in air.

Optics Letters21(1):62-64, 1996.

[4] A. Brodeur, C.Y. Chien, F.A. llkov, S.L. Chin, O.G.
Kosareva, and V.P. Kandidov. Moving focus in the
propagation of ultrashort laser pulses in aptics
Letters 22(5):304—-306, 1997.

S.L. Chin, S. Petit, W. Liu, A. Iwasaki, M.-C.
Nadeu, V.P. Kandidov, O.G. Kosareva, and K.Yu.
Andrianov. Interference of transverse rings in multi-
filamentation of powerful femtosecond laser pulses
in air. Optics Communication210:329-341, 2002.

[5]

[6] L. Berge, S. Skupin, F. Lederer, G. Mejean, J. Yu,
J. Kasparian, E. Salmon, J.P. Wolf, M. Rodriguez,

L. Woste, R. Bourayou, and R. Sauerbrey. Multiple

filamentation of terawatt laser pulses in dhysics
Review Letterspages 225002-4, 2004.

gﬂj S. Skupin, L. Berge, U. Peschel, F. Lederer, G.

Mejean, J. Yu, J. Kasparian, E. Salmon, J.P. Wolf,
M. Rodriguez, L. Woste, R. Bourayou, and R. Sauer-
brey. Filamentation of femtosecond light pulses in
the air: Turbulent cells versus long-range clusters.
Physics Revew,i70:046602-15, 2004.

0.G. Kosareva and S.A. Shlenov. Scattering of
the ultrashort ionizing laser pulse in gakzvestiya
Rossiiskoi Akademii Nauk. Seriya Fizicheskaya
56(9):56-62, 1992.

S.A. Shlenov and V.P. Kandidov. Filament bunch
formation upon femtosecond laser pulse propagation
through the turbulent atmosphere. part 1. method.
Atmos. Oceanic Opt17(8):565-570, 2004.

M. Mlejnek, E.M. Wright, and J.V. Moloney. Dy-
namic spatial replenishment of femtosecond pulses
propagating in air. Optics Letters 23:382-384,
1998.

J.R. Penano, P. Sprangle, B. Hafizi, A. Ting, D.F.
Gordon, and C.A. Kapetanakos. Propagation of
ultra-short, intense laser pulses in aiPhysics of
Plasmas11(5):2865-2874, 2004.

P.M. Lushnikov. Fully parallel algoirithm for sim-
ulating dispersion-managed wavelength-division-
multiplexed optical fiber systemsOptics Letters
27(11):939-941, 2002.



RSSMSU RSSMSU PSIRAS
Cluster (ANT) (AQUA) (Pervenez — M) IL?;)V{,SU
7 A” ”B” »C”
Nodes 80 41 16 7
Hardware Opteron248 PentiumIII AthlonM P1800 Xenon
2.2GHz,4GB 1GHz,1GB 1.5GHz,1GB 2.6GHz,1.5GB
- Fast Gigabit
Network Infiniband Bthernet SCI Bthernet
oS SUSFE Linux9.1 RedHatLinux7.3 RHFEL3.2.2 FedoraCore2
MVAPICHO0.9.4 MPICH1.2.5 ScaM PI1.13.15 MPICH1.2.7
Compiler INTEL 8.1 INTEL 8.1 GCC3.2.2 INTEL 8.0
Performance
LINPAC Ktest 512 31 57 18
(Gflops)

Table 1: Cluster specifications. All clusters have 2 processor nodes.

Ny, Ny \ Te, C \ Err,c \ Te, C \ Err,c
Cluster A (8 processors)

1024 6.77 0.01 | 04 0.1

2048 | 29.91 | 0.06 | 1.5 0.1

4096 | 143.8 | 0.3 5.3 0.3

8192 5954 14 46 14
Cluster B (8 processors)

1024 | 17.01 | 0.03 | 1.91| 0.05

2048 67.5 0.15 | 10.0| 0.2

4096 | 309.0| 0.6 |553| 0.9
Cluster C (8 processors)

1024 | 25.26 | 0.02 | 0.42| 0.03

2048 | 108.57| 0.03 | 1.59| 0,09

4096 | 5106 | 0.3 6.1 0.5
Cluster D (6 processors)

1024 32.9 0.3 |1.87| 0.15

2048 | 1325 1.9 49 0.5

4096 783 46 53 8

Table 2: Test results on different clusters.




