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Simulation and design of stable channel-guided laser wakefield accelerators
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Most laser wakefield acceleratdtWFA) experiments to date have operated in the self-moduledad)

regime and have been self-guided. A channel-guided LWFA operating in the standard or resonant regime is
expected to offer the possibility of high electron energy gain and high accelerating gradients without the
instabilities and poor electron beam quality associated with the SM regime. Plasma channels such as those
produced by a capillary discharge have demonstrated guiding of intense laser pulses over distances of several
centimeters. Optimizing the performance in a resonant LWFA constrains the on-axis plasma density in the
channel to a relatively narrow range. A scaling model is presented that quantifies resonant LFWA performance
in terms of the maximum accelerating gradient, dephasing length, and dephasing-limited energy gain. These
performance quantities are expressed in terms of laser and channel experimental parameters, clearly illustrating
some of the tradeoffs in the choice of parameters. The predicted energy gain in this model is generally lower
than that indicated by simpler scaling models. Simulations agree well with the scaling model in both low and
high plasma density regimes. Simulations of a channel-guided, self-modulated LWFA are also presented.
Compared with the resonant LWFA regime, the requirements on laser and channel parameters in the SM
regime are easier to achieve, and a channel-guided SM-LWFA is likely to be less unstable than a self-guided

SM-LWFA.
DOI: 10.1103/PhysReVvE.63.036502 PACS nunber41.75.Jv, 52.38-r, 52.75.Di, 42.25.Bs
[. INTRODUCTION Preformed plasma channels, such as those produced by an

axicon-focused lasg¢i6—22, a capillary dischargf23-30,
Plasma-based accelerators such as the laser wakefield ag-an intense self-guided laser pu[$4], have demonstrated
celerator(LWFA) have demonstrated very large acceleratingrefractive guiding of intense laser pulses over distances of
gradients and acceleration of electrdis-6] to high ener- several centimeters. In general, refractive guiding of optical
gies. In the LFWA, the laser produces a large amplitudepulses can occur when the index of refractigrpeaks on
plasma wave that moves with the laser pulse and traps argkis. The index of refraction may include contributions from
accelerates electrons. The wavelength of the plasma wave & number of sources, including relativistjd0-14 and
near the plasma wavelength=2mc/w,, where the plasma atomic [32] self-focusing, preexisting plasnjd6-3Q, and
frequencyw,=(47mne?/m)'2 nis the plasma density, ared  laser-produced plasm$25,28,32-3% A plasma column
andm are the electron charge and mass. The plasma densityith a density variatiom(r) introduces a refractive index
may vary both temporally and spatially, 9q, is usually — changeA n(r)w—wﬁ(r)/Zwé, where the plasma frequency
calculated based on a nominal on-axis density The origi- wp(r)=[47-rn(r)e2/m]1’2, r is the distance from the axis of
nal resonant or “standard” laser wakefield accelerator conthe plasma column, andy,=2mc/\ is the laser angular fre-
cept [7-10] generally requires the pulse lengtir, to be quency. A plasma column or channel with a density mini-
shorter than the nominal plasma wavelength. However, moshum on axis hasi»/dr<0 and thus produces the desired
LWFA experiments to datgl—6] have operated in the highly refractive index profile for guiding.
unstable self-modulated regime wherg >\, and relativ- In the self-modulated laser wakefield accelerat8M-
istic focusing[10-14 plays an important role. LWFA) regime, the laser pulse length is much longer than
Unless the laser beam can be optically guided, the beartne wavelength of the plasma wave, and the peak laser power
will expand quickly due to diffraction. The characteristic dis- P, exceeds the critical relativistic focusing powey [10—
tance for the beam to expand due to diffraction is the Ray44]. The critical power in terawatts is given &y, (TW)
leigh lengthZy, given by =0.017(}\p/)\)2, where\ is the laser wavelength. The laser
pulse is highly unstable, with Raman forward scattering and
(1) self-modulation leading to a large amplitude plasma wave
that can accelerate electrons to high enerffies$5,12,13,36—
39]. Relativistic focusing and ponderomotive expulsion of
wherer is the radius of the laser beam at the focus. Fomplasma electrons from the axis provide guiding of the pulse
typical LWFA parameters, diffraction results in a short inter-over several Rayleigh lengtti42,13,4Q. Experiments have
action length that severely limits the energy gain. For ex-also shown that electrons may be trapped and accelerated
ample, a recentinguidedresonant LWFA experimentl5]  directly from the laser-produced plasma without external in-
produced an energy gain of 1.6 MeV, which is far below thatjection [1-6,38,39. The high plasma density ng
observed in the self-modulated experimelrits6]. ~10%cm™3) results in very high accelerating gradients

ZR: 7Tr(2)/)\,
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(>10 GV/m) when the pulse is strongly modulated. Al-
though electron energies above 100 MeV have been reported
in some SM-LWFA experimentst,6], this method is highly
unstable and generally produces a poor quality beam with a
large energy spread, and thus is likely not to be suitable for a
practical accelerator.

This paper presents results on intense laser pulse propa-
gation in plasma channels and assesses the implications for
future channel-guided laser wakefield accelerator experi-
ments. A channel-guided LWFA operating in the standard or
resonant regime is expected to offer the possibility of high
electron energy gain and high accelerating gradients without
the instabilities and poor beam quality associated with the
self-guided, self-modulated regime. A general analytical
scaling model is presented that provides a direct prediction
of various LWFA performance quantities in terms of experi-
mental parameters for the laser pulse and plasma chann
Simulations using theem (laser electromagnedicode de-
veloped by Krallet al. [12] and by Spranglet al. [13] are

a(r), n(r)

FIG. 1. Idealized radial profiles for the vector potentiét) and
(_gllasma density(r) for a plasma channel with normalized density
h/ny=2 and normalized channel radiug,/r = 3.

to a relatively narrow range and thus has a substantial impact

qlsolprese.nted. LEM is & two-dimensiona(2D) §X|symmet- on the choice of channel parameters and LWFA performance
ric simulation code that calculates the laser field and plasmauantities

response in a frame moving with the pulse. The code uses gection IV presents simulation results for channel-guided

the quasistatic approximation and is similar to Weke  |aser wakefield accelerators and includes comparisons with

code developed by Antonsen and M+, 42. the analytical LWFA performance model. Also included are
Section Il discusses the basic issues for laser propagatiafimulations of channel guiding in longer pulse systems (

in a preformed density channel. This section includes a res-1) that exhibit self-modulatiof46]. The channel-guided

view of the standard envelope equation theory, recent experkelf-modulated LWFA retains the high accelerating gradients

mental results, and simulation. A density channel producegvhile exhibiting less instability. Results are summarized in

by a capillary discharge provides the guiding in the experi-Section V.

ments. This technique was pioneered by Zigler and co-

workers [23—28. The experimental results presented here

employed a glass laser with =400 fs,\ =1.06um, andP

up to 2.5 TW. A. Theory of laser spot size evolution in density channels

Section I pr_esents an analytical scaling model _that can | aser propagation in a refractive medium can often be
be used to predict the performance of a channel-guided lasgfegcribed theoretically using an envelope equation formal-
wakefield accelerator. The model characterizes LWFA perijgm, [32,47—49 describing the evolution of the spot size.
formance based on the maximum accelerating gradignt A matched(constant spot sizeoptical beam can occur if the
the dephasing lengthy, and the single stage dephasing- diffraction term is balanced by the refraction term. In the
limited energyW, . The model is cast in terms of six primary analysis presented here, the laser pulse is assumed to have a
experimental parameters(1) the peak laser powe?,, (2)  Gaussian radial profile, so that the laser pulse electric field
the laser pulse duration,_ , (3) the laser wavelength, (4) E, and vector potentiah, scale as exp(rzlrf). The laser
the resonance ratia,=cr_/\,, (5) the channel radius,,  amplitude is expressed in terms of the normalized vector
and(6) the relative channel depthn/n,. The matched laser potentiala=e|A |/mc?.
spot sizery , plasma wavelength,,, and laser strength pa- If one includes only the contribution from a parabolic
rametera, are also expressed in terms of these primary padensity channel profila(r) =nq,+ Anr?/rZ, wherer 4 is the
rameters. The model is restricted to the resonant regimehannel radius, then the equilibrium or matched beam radius
wherea, <1, and makes thad hocassumption that the peak is [10,12
axial field E,,, scales a&,,~ ag sinme, , with ag~0.8. This
form is suggested by one-dimensional numerical calculations
by Sprangleet al.[43] and by Esaret al.[44] and by two-
dimensionaLewm results reported by Hubbard, Sprangle, andwherer.=e?/mc? is the classical electron radius. The radial

Il. LASER PROPAGATION IN DENSITY CHANNELS

ru=(r3/mre.An)Y4 2)

Hafizi [45]. profiles for the normalized vector potente(r) and plasma
Calculations based on this scaling model are also predensity n(r) are shown in Fig. 1 for an example with
sented in Sec. Ill. In this analysis, one of the six primaryAn/ng=2 andrg,/ry=3. The choice ofr, is somewhat

parameters is varied while the others are held fixed. Since arbitrary in practice since the behavior of the laser pulse is
should be~0.5 to maximize the accelerating gradient, theinsensitive ton(r) for r>ry,. Figure 1 shows(r) to be
choice of laser pulse length constrains the on-axis density constant for>r .
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sity ng=5x10%cm™3, and channel depthAn=6
X 10"¥cm 3. The channel density ramps up and down lin-
early over a distance of 0.1 cm.

As expectedy, oscillates about an equilibrium value in
the channel and expands rapidly once the laser pulse exits
the channel. The equilibrium radiug,s in the low power
(0.035 TW simulation, based on an averagerg{z) over
the three oscillations, is 29,8m, while the analytical value

1007

[ — for ry based on Eq(2) is 25.5um. The higher power simu-
01 ‘ < ] lation (dashed ling has a slightly lower value,r s
0 1 2 3 =28.0um. This is probably due to moderate relativistic fo-
z (cm) cusing effects. The oscillation wavelength based on Eq.

(3) is 0.642 cm, while the simulation valug =0.646 cm. A
FIG. 2. An example of output from a typical simulation with more extensive comparison of simulation and analytical val-
parameters similar to those in the experiment. The figure plots theies forr,, and\. has been reported previougi38].
laser spot size, (z) at the reference point* (z) from the simula- The two simulations have substantial differences that are
tion. The laser pulse parameters are=1.0um, 7. =400fs, r,  not apparent in Fig. 2. The high pow@.75 TW) simulation
=15um, and P;=0.035TW (solid line) and 0.75 TW(dashed  exhibits self-modulation within the pulse. For a given value
line). The plasma channel is 2 cm long, with channel entrance apf z, the spot size () oscillates in the tail of the pulse, and
z=0.25cm, rgp=150um, np=5x10¥cm3 and An=6  the amplitude of these oscillations increases withThe
X10'%cm . wavelength of oscillations in, ({) and other slow time scale
) ) . gquantities such as the axial electric fidlg is close to the
If the focused radius, is near the matched beam radius pjagma wavelength,,. Self-modulation in density channels
fy, so thatlro—ry|<ry, then the spot size () under- s giscussed in more detail in Sec. IV C.

goes envelope oscillations with a period The simulations exhibit a number of phenomena that are
_ o0 not contained in the simple envelope model. For example,
Ne=mZy=mTy/\. 3 the pulse may be distorted due to finite pulse length effects

o . ) ) [28,34,50-53 which also cause growth and damping of os-
HereZy = ary/\ is the Rayleigh length associated with the gjjations in r, (z) in different potions of the pulse. Pulse

matched beam radius. distortion and self-steepening due to relativistic modulation
effects may also occy#4,54,59. Further ionization by the
B. Simulation of laser guiding in plasma channels intense laser pulse may produce additional plasma near the
Propagation of laser pulses in plasma channels has be ész\gglgh can interfere with the propagation of the pulse

studied with the.EM simulation code. The code was initially
developed by Sprangkt al.[13] and by Krallet al.[12] and ) S _ _
is described more fully in the Appendix.LEM is a two- C. Experiments on laser guiding in capillary discharge plasma
dimensional axisymmetric simulation that calculates laser channels
fields and plasma response in a frame moving with the pulse A capillary discharge provides a simple, controllable
at the speed of light. The independent variables in the simumethod for generating a narrow plasma column suitable for
lation arer, {=z—ct, and7=t, and the code employs the |aser guiding. In its simplest form, the device consists of a
quasistatic approximation and separation of slow and fashin cylinder of insulating material such as polyethylene with
time and spatial scales. For convenience, simulation quanthigh voltage electrodes at the ends. The plasma is generated
ties are expressed in terms pfrather thancr since the from material ablated from the inner insulating wall of the
quasistatic approximation is employed, arelcr for diag-  capillary. The formation of a density minimum on axis has
nostics purposes. been confirmed experimentally from Stark broadening mea-
Figure 2 shows an example of output from two simula-surement$25,26. The radius ., where the density is at its
tions with parameters similar to those in the experiment demaximum value is typically 50—70 % of the wall radiug.
scribed in Sec. IIC and illustrates the basic behavior of the The laser guiding experiments reported by Ziggral.
laser pulse in the capillary plasma channel. The laser pulse [23] and by Ehrlichet al.[24,25 utilized a linearly polarized
injected in vacuum az=0 and focused onto the front of the Ti: sapphire laser with a 100 fs long pulse at & wave-
channel. The figure plots the laser spot gigéz) at a refer-  |ength and a pulse energy of up to 10 mJ. The pulses were
ence poini* (z) that moves at the nominal group velocity of focused onto the entrance of the capillary with a focused spot
the pulse. Botir| (z) and {*(z) are more precisely defined size of 15um. Experiments with 1 cm long cylindrical cap-
in the Appendix. The laser pulse parameters el um, illaries [24] demonstrated transport efficiencies of up to 85%
pulse lengthr, =400 fs, focal spot size,=15um, and peak in both straight and curved configurations. Laser guiding ex-
powerP,=0.035 TW(solid line) and 0.75 TW(dashed ling  periments were also performed in 2, 3, and 6.6 cm long
The plasma channel is 2 cm long, with channel entrance atapillaries [25]. Kaganovich et al. [26,27] have used a
z=0.25cm, channel radiug,=150um, peak on-axis den- double capillary configuration, which reduces timing jitter

036502-3



R. F. HUBBARD et al. PHYSICAL REVIEW E 63 036502

number of experiments, including those of Jackedl. [56]
and Korobkinet al. [57].
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T guided IIl. ANALYTICAL SCALING OF CHANNEL-GUIDED
-------- unguided LWFA PERFORMANCE

n
(=1
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1501 A. Model description and assumptions

The channel-guiding experiments and simulations de-
scribed in the previous section all involved pulse lengths that
greatly exceeded the plasma wavelength. If the channel
plasma density is reduced, or the pulse length is shortened so
thatcr <\, the requirements for a resonant or “standard”

S U S SR R S laser wakefield accelerator may be satisfied. The intense
400 -300  -200 00 0 100 200 300 400 pulse may produce a large amplitude plasma wake capable of
Distance (um) accelerating electrons to high energy in a single stage. This

FIG. 3. Plot of the image intensity taken from a lineout of CCD section describes an analytical model that predi_cts the per-
images from a capillary discharge guiding experiment. The guideéorma.nce of a channel-gwdeq resonant LWFA in terms of
(discharge-triggereccase has a well-defined narrow peak near the€XPerimental parameters and illustrates some of the tradeoffs
axis, corresponding to a Gaussian spot size 25um. The un- N the choice of laser and channel parameters.
guided (no discharge case has much lower peak intensity and is

100

Intensity (arbitrary units)
o
(=

relatively uniform. 1. Choice of primary experimental parameters and performance
quantities
and allows more control over the plasma density profile The model characterizes the performance of a laser wake-

Guiding experiments were also carried out using the NRL{IEld accelerator by three quantities. The first is the maxi-
T3 laser. The 1.06um wavelength, 400 fs long pulse was MUM accelerating gradiett,,,. High accelerating gradient is

focused onto the entrance of the capillary with an initial spot(:le"f[Irly dAesirabIe ;or re(:ucing the overa;!lt Iepgt?hof tdhe ﬁccgl-
sizery=15um. The delay time between the initiation of the Er3!0f- A Se€cond performance quantity 1S the dephasing

discharge and the firing of the laser pulse was varied to o lengthLq . This d|s.tar_10e determ_lnes how long an acpelerqted
timize transport of the pulse. The experimental setup is de(_alectrlt_) h can (emalnén phlase with thza;:celeratmg f|elde|rt]h-
scribed in Ref[27]. out slipping into a decelerating or defocusing part of the

. . . . kefield. Th titiek dLgy t ther det ine th
Figure 3 shows plots of the image intensity taken from JJaxetie € quantii®Sm andLq ogetner determine e

. . . _ asingle stage dephasing-limited eneryy,;. Other perfor-
lineout of charge-coupled devid€CD) images for guided mance criteria such as particles per bedam bunch, beam en-

and unguided laser pulses. The laser in this case had 50 naJqy spread, or beam emittance are also important for some
of Gpulse energy and an initial focused intensity of gppjications but are not considered in this analysis.
10'°Wi/cn?. In the unguided case, the laser pulse goes These three quantitie€(,,L,W,) are usually expressed
through the double capillary, but the discharge is not trig-n analytical models in terms of physical parameters such as
gered. The image appears to fill the 260 radius capillary.  the peak laser strength parametgrand the laser and plasma
In the guided case, the capillary is triggered to produce thgvavelengths\ and X, without consideration of the linkage
desired plasma channel. between laser and channel parameters. For example, for a
The guided case has a well-defined narrow peak near thgiven laser power and plasma channel dendity,is opti-
axis, corresponding to a Gaussian spot sjze25um. This  mized for a relatively narrow range of laser pulse lengths. In
is based on the spatial width of the pulse at the point wheraddition, the matched radiug, is determined entirely by the
the intensity relative to the baseline drops &y?. If the  channel parameters and is generally much larger than the
channel density peaks &g,=150m, then a matched radius minimum spot size'§ to which the laser pulse can be fo-
ry=25um corresponds to a channel depthn=3 cused.
X 10"8cm™3, which is typical of An values obtained from The model described below casts the three performance
Stark broadening. The unguided case exhibits relatively uniparametersg,,L4,Wy) in terms of six primary experimen-
form intensity across the capillary. tal parameters. These parameters(éyehe peak laser power
The energy transfer efficiency for the guided example isPg, (2) the laser pulse duration , (3) the laser wavelength
70%, as measured by the laser energy meter. Efficient trangs (4) the resonance ratia,=cr_/\,, (5) the channel ra-
fer at higher laser power was also observed and is reportedfusr,, and(6) the relative channel depthn/n,. The on-
elsewherg27]. The unguided case showee20% transfer —axis densityn is thus determined by the pulse length and the
efficiency, and may be enhanced by ablation of wall materiatesonance ratio. The matched laser spot sige plasma
by the laser itself, forming a reflective layer or shallow wavelength\,, and peak laser strength paramedgrmay
plasma channel near the wall that provides a weak guidinglso be expressed in terms of these primary parameters. The
effect [27]. Guiding from laser-generated plasma from themodel contains an additional free parametgtr, which
walls of a capillary or narrow tube has been observed in &cales the peak electric field.
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2. LWFA performance model assumptions B. Derivation of scaling model

The model assumes a linearly polarized laser pulse with a 1. Derived laser and plasma parameters
Gaussian radial profile, as described in Sec. Il A. The chan-
nel has a parabolic density profile given byr)=ng
+Anr?/r?,. The channel parameters are assumed to be i
dependent of the axial coordinateand laser-induced ion-
ization is neglected. The pulse is assumed to propagate at t
matched radiug,, given by Eq.(2), which is calculated

The derived laser and plasma parameters include the
rF_)Iasma wavelength,, the corresponding on-axis density
Ny, the matched laser spot sizg, and the laser strength
arametera, associated with the peak laser power and

atched spot size. In this section, these three parameters are
expressed in terms of the primary experimental parameters
based on the laser pulse length and channel param,ters degcribed above. The parangeters);re SXpressed ir? a form that
Fehs an_dAn/no. The peak laser strength parameter is theq lustrates the scaling with experimental parameters, and con-
determined by the peak power, laser wavelength, an tant coefficients are expressed in cgs units.

matched radius. The pulse duratiep is based on the full : : - .

width at half maximurg extent of tr?e pulse intensity. With Since the resonance raiiq characterizing the ratio of the
) L . : ) . . pulse length to the plasma wavelengthads=cr /\,, the

this definition, the maximum accelerating field is obtamedplasma wavelength,=cr, /e, , and the on-axis density is

whencrp,~N\,/2, or a,~0.5.

Dephasing occurs because an electron moving at axial m\ a? o2
velocity v ,~c will eventually slip out of the accelerating and No (—2 _2r =1.241x 10*8><—£. (7
focusing portion of the wakefield due to the difference be- L L

tween the particle velocity and the wake phase velocity. The )
phase velocitys,c of the wake is approximately equal to the " t&rms %f the primary parameters, tfgguaredl matched
group velocityB,c of the laser pulse in the plasma channel. SPOt SIZ€ry 1S given by

If one includes the finite spot size correction to the group and

phase velocitie$34,45,50—-53 and neglects other contribu- r2= (E
tions, then the wake phase velocity is ™

9543 1—— ST (g)
a(An/ng)2 = a,(An/ng) Y%

From this scaling, it is apparent that long pulse length tends
to increase the spot size. Although the matched radius given
. , ) ) . in Eq. (3) is independent of the on-axis density, there are
The normalized slippage rate relative to a particle moving ahatical limits on how large the normalized channel depth
cis AB,=1-p,, and is appropriate when the relativistic A p/n  can be. Most current experiments have/ny,<1, but
factor ye associated with the particle, averaged 0\2/e_r1t/2e aChormalized channel depths of 5-10 are likely to be possible
celeration cycle, is much greater thay,=(1-8;) ">  in the future. In additionr ., should be at least a factor of 2

Dephasing is assumed to occur when the wake slips by gyger tharr, so that the outer edges of the beam do not leak
distance\ ,/4. The factor of 4 arises because, although onegt of the channel.

half of the wake cycle has an accelerating electric field, elec- p¢ squared laser strength paramaﬁeis proportional to

trons on the second half of the accelerating cycle experiencg,q peak intensity, and is

a defocusing radial electric field that expels them from the

channel. The dephasing distaricgis therefore ) 26°\2, 4e’\?P,
ag=

Bp=1—N22\3— N2[27r ). @)

am2cS  Z2mcor2,’ ©
Ldz)\p/4(l—,8p)=)\p/4A,8p. (5)
Wherelo=2P0/77rf,I for the matched beam radius. In terms

If the spot size contribution in EC{4) is neglected, one of the primary parameters,
may define the uncorrected laser pulse group vela@td
wake phase veloci)y,li’go=1—)\2/2)\3é In this case, the un- - 4e? |\ N?Pgya,(An/ng)t?
corrected dephasing length isd0=)\p/2)\2, and the phase 07 | 7rm2c®
velocity relativistic factor isy,=\,/\. However, the spot ) s
size correction is frequently important in the regime for LW- —4.785¢ 10,28?\ Poa;(An/ng) 10
FAs. The effect is to increase the slippage rate by a factor - F chTL ' (10
(1+ ag), where

lenTL

The scaling of3 with A\?P, has been noted previougi4].
asz)\slwzrﬁ,,. (6) The remaining scaling with, , «,, and channel parameters
is due to the effect of these parameters on the matched spot

This effect reduces the dephasing length and the dephasing%®-
limited energy gain. The simple scaling is also modified by a
nonlinear correction to the peak electric field that scales as
(1+a§)*1’2. This correction is retained in the full version of ~ The scaling of the derived laser and plasma parameters
the model discussed belowLEm simulations confirm the described above may be incorporated into analytical esti-
importance of retaining both correction terf@ks]. mates of the three performance quantitgs, Ly, andW.

2. LWFA performance quantities
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In all three cases, the simple scaling assumagec1 and 100.0F
rf,,>)\§/772 is presented first, followed by the more general [
scaling.

The accelerating electric field in a LWFA scales with the
characteristic field

10.0¢

Ny, Iy, Qg

Eo=mcwpyg/e. (11 1.0F

This quantity is the usual one-dimensional nonrelativistic
wave-breaking field. It is often assumed that in the linear 01l
regime @3«1) the peak field for a pulse length near the 0 100 200 300 400 500
resonant point ¢,~0.5) is given byEZ,~(a3/2)E,. The . (fs)

actual dependence on pulse length is more complicated.

Based on numerical solutions to the one-dimensional Poisson FIG. 4. Derived laser and plasma parametegs ry,, andag
equation, Spranglet al. [43] and Esareyet al. [44] have  versus pulse lengthr, for a typical Ti:sapphire system witRg

shown that the peak field is typically E8y(1+a3/2) *2 ~ =20TW,X=0.8um, a,=0.5,1¢=100um, andAn/ny=>5.

For cr <\, the variation ofE; with pulse length re-

sembles a sine curve peaked neap=\,/2 [43-45. For yd0=2(Em0/E0)()\§/)\2). (17

this reason, we assume that the uncorre¢sedall ay) peak

electric field can be approximated by In terms of the primary experimental parameters, the uncor-

_ . . ) rected energy gain is
Emo= ag Sin(ma,)E} o= agsin(ma,)(af/2)Eq, (12

4e? \ agPyr (An/ng)Y?sinma,
with the scaling factorg~0.8. The corrected peak field, Ydo= | T m2cd Fonts
is
agPor (An/ng)Y2sinma
Ermo _4.38¢10 720 r a°) L9
- . h
En= (1 aZi2) 3 o

Applying the finite spot size correction to the dephasing
Equation(12) may be rewritten in terms of the primary |ength and the high intensity correction to the electric field,
parameters by noting that,,=2ma, /7. Equation(12) for  one obtains
the uncorrected peak field becomes

_ Ydo
YT 1¥ ag)(1+a22) 72

(19

mo~—

mc

4e ) aga’\?Po(An/ng)Psinma,

I'chTE
In the limit y4>1, the dephasing-limited energy M/,

aga®\?Po(An/ng)¥2sinra;, —mcy
. - d-

=8.71x 107 %

2
IehTL
(14 C. LWFA performance model results

The model described in the previous section may be used
to predict LWFA performance over a wide range of experi-
mental parameters. To illustrate the scaling, one of the six
primary parametersR,, 7 ,\, @, ,f ., AN/Ng) may be varied
while the others are held fixed. The derived parametgrs
rv, andag are calculated from Eq$7), (8), and(10). Equa-

The high intensity correction may be applied using BE)
to obtainE,,.

As noted in Sec. Il A2, the uncorrectdthrge spot size
dephasing distance Isdoz)\f;IZ)\z. In terms of the primary
parameters, this distance is

3 TE 3 tions (13) and(14) determine the peak accelerating fi&gl .
Ld0=(—)3—2=1.35>< 10 3% 3L2. (15  Equations(15) and (16) give the dephasing lengthy, in-
2 ] ayN ar\ cluding the spot size correction, and E¢k8) and (19) de-
. . . . termine the dephasing-limited energy gaipnor Wy. In all
Applying the spot size correction gives of the examples below, the electric field scale parameter
Ly=Lgo/(1+ ay). (16 =08

Finally, the dephasing-limited enerdy/ is obtained by 1. Scaling with pulse lengthr,

averaging the electric field over the quarter-cycle dephasing The pulse length has a substantial impact on the choice
distance. In the linear regime, the wakefield is sinusoidal, sof channel parameters, and thus LWFA performance. It is
the average accelerating figle,;) = 2E, /7. This leads to  not easy to change this quantity in most laser systems. Figure
the usual dephasing limit on energy with relativistic factor4 plots the derived parameteng, ry,, andag versus pulse

Ydo given by length 7, for a typical Ti:sapphire system withP,
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FIG. 5. LWFA performance quantities,,, Ly, andWy versus
7, for the case shown in Fig. 4.

FIG. 6. Peak gradieri,,, dephasing-limited energy gaivy,
and normalized laser potentia} versus peak laser powéx, for a
representative short pulse Ti:sapphire LWFA with=100fs, A
=20TW, A=0.8um, «a,=0.5, r,=100um, and An/n, =0.8um, a,=0.5,r4=50um, andAn/ny=>5. For these param-
=5. The on-axis density, scales asr, ° and thus drops eters, the on-axis density,=3.10x 10’ cm™3, the matched radius
dramatically as the pulse length is increased. The on-axiw=20.7um, and the dephasing lengthy=9.1cm.
density exceeds 1Bcm 3 for extremely short(~50 f9)
pulses and is two orders of magnitude lower for a 500 fsMeV. The dephasing length is somewhat longer than the 6.6
pulse. Since the normalized channel depth/n, is held cm capillary channel length reported by Ehrliehal. [25]
constant, the spot sizg, is proportional tor{’? and thus but does not appear to be unreasonable. The energy gain in
increases slowly with pulse length. The resulting decrease itPnger channels would presumably be limited by dephasing.
intensity is reflected in the, *? scaling of the laser strength ~ Figure 7 plots the same quantitiés,,, Wy, andao) for a
parameteg, . longer pulsg400 f9 typical of glass laser chirped pulse am-
Figure 5 plots the performance quantitis,, L4, and  Plification (CPA) systems. The experimental parameters are
W, versus,_ for the case shown in Fig. 4. The primary A=1.0um, &, =0.5,1¢=100um, andAn/ny=5. This re-
scaling of the peak accelerating fidig, with pulse length is  Sults in on-axis densityip=1.94<10'*°cm™?, matched ra-
7 2. Thus, accelerating gradients are much higher witr@ius rv=58.4um, and dephasing lengthy=255cm. The

shorter pulse lengths. This scaling is modified slightly by thedePhasing-limited energy gain is significantly higher than in
relativistic (1+ aglz)—l/z correction in Eq.(13). The uncor- the previous case, but the long dephasing length is well be-

: . ond present channel generation capabilities. The accelerat-
rected dephasing length,, scales aSrf and thus is much Y SO A -
larger for long pulse lengths. Since the spot size correction)'J gradient is "modest, V‘."tr.Em_l'% GV/m fora 20 TW
factor a, increases withr, , the scaling of the corrected system. One reason for thlf/2|s th_e1 lower value of the charac-
dephasing length valuey with 7 is weakened slightly. The

teristic fieldEy. SinceEg~ng“~ 7 -, this field is a factor of
uncorrected dephasing-limited energy g&ify, is propor-

4 lower than in the 100 fs case. The accelerating field is
tional to 7, . The scaling folWy is modified slightly by the further reduced by the larger spot size, which redizes
relativistic and finite spot size corrections, which generally

The spot size effect causes the overall scalindegfwith
-2

cause a somewhat weaker dependence than the sivjple pulse lengt{Eq. (14)] to behave asy “.

~ 1. scaling. For long pulses, the dephasing length exceeds

100 cm, so the practical limit on single stage energy is ef-

fectively determined by the accelerating gradient.

10.0f ‘ ' ' '

2. Scaling with laser power p

The accelerating electric field,, and dephasing-limited
energy gainWy are linear in beam poweP,, while a,
~P3?. The on-axis density, matched spot size, and dephas-
ing length are independent of beam power.

Figure 6 plotsE,,, Wy, anda, versusP, for a represen-
tative short-pulse Ti:sapphire LWFA with =100fs, A\
=0.8um, a,=0.5,r;,=50um, andAn/ny=>5. For these
parameters, the on-axis density=3.10x 10" cm™3, the
matched radius =20.7um, and the dephasing lengthy FIG. 7. Plots ofE,,, Wy, anda, for a longer pulse400 fg
=9.1cm. The dephasing-limited energy gain exceeds 1 GeYwrFA. The experimental parameters ave-1.0um, o, =0.5,r o,
for Po>15TW. The accelerating gradient exceeds 10 GV/m=100um, and An/ny=>5. This results in on-axis density,
in this regime, andig~1. Systems with a few terawatts of =1.94x10'®cm™3, matched radius, =58.4um, and dephasing
laser power are limited to energy gains of a few hundredengthL4=255cm.

LWFA Quantities
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3. Scaling with other primary parameters cT (Cm) = 10.798
The relative channel depthin/ny and channel radius, 80 [ ' ' ’
play a role in determining the matched radiyg and thus -
affecta,y, E,,, andW,. The dependence of, anda, on the 60 -

relative channel depth is weak, with,~(An/ng) =4 rf?
and ag~ry'. The uncorrected electric fieldE, and

£
dephasing-limited energy gaitv, both scale asXn/ny)*? 2
rc_hl. The corrected quantitieg,, and Wy vary somewhat o
more slowly with relative channel depth. 20 -
Performance scaling with the resonance ratjocomes
primarily with its effect on the plasma density, with, i
~ar2 from Eg. (7). Higher densities lead to smaller spot 0 : ! ' ‘
sizes, withry~a; 2. The scaling of the uncorrected per- —-1000 —-800 -600 -400 -200 O
formance quantities is given in Eq4.4), (15), and(18), with a) ¢ (um)

Em0~ar2 sinwa;, Ld0~a;3, and yd0~a;lsinﬂ'ar. The
dependence on laser wavelength comes about through the
ag~\ scaling in Eq.(9) and theL 4o~\ 2 scaling of the
dephasing lengtfEq. (15)]. This results in arfE o~ \? scal-

ing for the uncorrected accelerating gradient, and a
dephasing-limited energy gain that is actually independent of
laser wavelength. Again, the corrected values are modified g
by the finite spot size correction to the slippage rate and the =
large a2 correction to the electric field. —0-2

10.798

cT (Cm)

IV. SIMULATION OF CHANNEL-GUIDED LWFA
PERFORMANCE

A. Standard LWFA simulation examples (b)

In this section,LEM simulations of channel-guided laser
wakefield accelerators are presented. The pulse is injected
with initial Gaussian radiusy~r),, and is allowed to propa-
gate self-consistently in the channel.

The 400 fs scaling example shown in Fig. 7 is typical of
present glass laser CPA systems.#u simulation was car- given in Eq.(2). The axial electric fielde,(r,{) is shown in the

: : _ _ 6 13
ried out with Po=19TW, no=194<10°cm™> re  gurface plot of(b). Maximum acceleration occurs a0 and{=

=140um, _r0=6(_),u,m, An/ny=10, 7,=400fs, and A —230um, where the field amplitudédesignated byE,,¢) is 0.95
=1 um. This choice of parameters corresponds to the nomiey/m.

nal optimum resonance ratie{=0.5) for acceleration. Fig-
ure 8 shows examples of code resultgatl0.8cm. The plot  r,=100um, andry=30um. Figure 9 shows contours of
of the instantaneous spot sizg(¢) in Fig. 8@ shows al-  laser intensityi (r,{)/1, or, equivalently,az(r,g)/a?, at two
most no variation within the pulse, and the spot size is veryifferent propagation distances. The contour levels are loga-
close to the matched value\(=58.4um) given in Eq.(2).  rithmic between 0.001 and 1. At=1.5cm[Fig. 9a)], the
There is almost no group velocity slippage of the pulsecontours show little distortion. However, at 7.5 cm[Fig.
which is to be expected since is much less tharLy  9(b)], the tail of the pulse {~—100um) exhibits signifi-
=255cm from Eqs(15) and (16). The axial electric field cant expansion and distortion, and there is a modest pinching
E,(r.{) is shown in the surface plot of Fig(l8. Maximum  of the pulse at’=—60um. The distortion in the tail is due
acceleration occurs at=0 and /= —230, where the field to the finite pulse length effects discussed in REZ8], [50—
amplitude (designated byE,o is 0.95 GV/m. Acceleration 53], while the pinching is due to relativistic focusing. Group
occurs fork,(r,{) <0. The analytical scaling model predicts velocity slippage of the pulse is also apparent, with the head
a somewhat higher valueE(,=1.25GV/m) for this case. of the pulse having moved approximately 10n in the
For a fixed laser power and pulse length, the peak field in thepeed of light coordinate system in propagating 7.5 cm.
simulations is relatively insensitive to modest changes in the Surface plots of the electric field a&= 1.5 and 7.5 cm are
on-axis density, provided thatn (and thusry) is held con-  shown in Fig. 10. The simulation exhibits a well-defined
stant. wakefield suitable for acceleration. The peak accelerating
A modest reduction in the pulse length may lead to subgradientE,,;=5.5 GV/cm averaged over an envelope oscil-
stantially higher accelerating gradients. The example belovation cycle. Based on the slippage rate in the simulation, the
has 7 =167fs, Po,=10TW, ng=2Xx10cm™3 An/n,=5, quarter-cycle dephasing lengthys=13.4cm. The energy

FIG. 8. Simulation results for a long pulse LFWA withR,
19TW, np=1.94x10"%cm™3  r =140um, ry=60um,
An/ng=10, 7. =400fs, and\ =1 um. The instantaneous spot size
r. () atz=10.8 cm shows almost no variation within the pulse, and
the spot size is very close to the matched valug=58.4.m)
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FIG. 9. Contours of laser intensity(r,{)/l, or, equivalently, = I o
2 2 f . .
as(r,{)/ag at two dlﬁerent .propagatlon dlstanc$_1.5 and 7.5 (b) SN Tase— \wa“\
cm). The LWFA simulation parameters are =167fs, Pg

=10TW, ny=2%x10Ycm™3 An/ng=5, re,=100um, and rq

FIG. 10. Surface plot of the axial electric fiekL(r,{) for the
=30um. The contour levels are logarithmic between 0.001 and 1 i f(r.0)

simulation shown in Fig. 9.

gain over this distance is predicted to b#®Vy . . -
= (2/7)E o go=0.45 GeV. In this regime, the laser powéY, exceeds the critical power

_ 2y 2 et ;
When the simulation above is repeated with the puIséDf(GW)*“AP/)‘ for relativistic self-focusmg, and the
length reduced to 100 fsa = 0.4), the wavelength reduced pulse is self-guided over many Rayleigh lengths. However,

to 0.8 um, and the power increased to 25 TW, there is self-guided SM-LWFA experiments and simulations exhibit
significant' improvement in the performance qua’mtities. Th%Ighly nonlinear behavior and generally produce poor quality

peak axial electric fielE,,, averaged over an envelope os- eams with large energy spreads and large shot-to-shot varia-

A . . . tions[2,4-6,12,38
cillation is now 10.2 GV/m, the simulation dephasing length R . .
_ C In this section the possibility of a channel-guided SM-
Los=20.9¢cm, and the dephasing-limited ‘energius | cyya i investigated. If a laser pulse witR,<P, is in-

=1.36 GeV. The analytical model values for these perfor- : L
mance quantities ar&,.=10.2GV/m, Ly=21.4cm, and jected into a channel whose density is much larger than the
m=— +U. v La=<lL. ,

_ . resonant value, several plasma wavelengths will fit within
Wy=1.40GeV, so the agreement is excellent. the pulse, and the pulse is likely to self-modulate. The den-
sity channel provides the guiding in this case. Krall and Zi-
gler [46] carried outLEM simulations of a channel-guided

For a laser with a fixed pulse length the resonance SM-LWFA but at much lower laser powers than those con-
condition in the standard LFWA requires that the on-axissidered in this section.
densityn, satisfy Eq.(7) with the resonance ratia,~0.5. The 400 fs long resonant LWFA simulation shown in Fig.
Most high power short pulse lasers have pulse lengths X8 was carried out with a low density,=1.94x 10"cm™3,
ceeding 200 fs. The corresponding resonant densities are lebigures 11 and 12 are taken from a simulation with similar
than 13’cm 3. Current methods for plasma channel generadaser parameters but much higher plasma density. iRgre
tion do not extrapolate well to this lower density regime. In=13TW, ny=8x10"cm 3, rg=150um, ro=40um,
addition, the accelerating gradients in this lower density reAn/ng=1, 7, =400fs, andA=1um. The critical power
gime are much lower than those already achieved in highelP, =24 TW at this density, s&,/P,~0.5. The resonant ra-
density plasma$l—6]. The successful high density LWFA tio «,=3.6, so the beam is likely to self-modulate at the
experiments have been in the self-modulated reditres].  plasma wavelength, .

B. Channel-guided self-modulated laser wakefield accelerator
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FIG. 11. Normalized intensitya?(r,{) at z=3.6cm from a FIG. 13. Normalized int_ensit)e_lz(r,;) at z=1.8cm from a
simulation of a channel-guided, self-modulated LWFA. Hérg channel-gwdgd SM_—LWFA simulation with lower power and higher
=13TW, ny=8X107cm 3, ry=150um, ro=40um, An/n, plasma density. Simulation parameters &g=1.4TW, ny=5
—1, 7,=400fs, and\=1pm. The simulation exhibits self- 10°CM > re=150um, ro=20um, An/ne=0.6, 7 =400fs,
modulation in the second half of the pulse. and )\=_1 pum. The back of the pulse again exhibits self-

modulation.

Figure 11 plots the normalized intensig/(r,) at z
=3.6cm. The pulse exhibits self-modulation in the second Figure 13 plotsa?(r,{) atz= 1.8 cm; this position is near
half of the pulse. A surface plot of the accelerating figljcat  the exit of the 2 cm long capillary. The back of the pulse
the same location is shown in Fig. 12. The peak acceleratinggain exhibits self-modulation. The corresponding axial elec-
field is ~35 GV/m and occurs af=—230um. The same tric field E,(r,{) is shown in Fig. 14. The peak accelerating
laser pulse propagating in a channel at the resonant densigyradient approaches 60 GV/m, and again the wakefield os-
a,=0.5 orny=2x10*cm 3 would have produced an ac- cillations are regular and well defined. Although these fields
celerating gradient of less than 1 GV/m. A similar simulationare sufficient to produce substantial energy gain, it is likely
of the same laser pulse injected into a uniform plagma that external injection of electrons would be required. The
=8x10cm 3, An/ny=0) produced the expected expan- simulation parameters are similar to those produced in some
sion of the pulse spot size due to diffraction, and wakefieldof the high laser power shots reported by Kaganowthl.
amplitudes decreased rapidly as the pulse propagated. [27]. The simulation results suggest that self-modulation of a

Similar effects may be produced at lower laser powers ifguided laser pulse and large amplitude wakefields were prob-
the plasma density is raised. Figures 13 and 14 are takeably produced in those experiments.
from a simulation with Po=1.4TW, ng=5x10%¥cm 3, The channel-guided SM-LWFA has a number of attrac-
ren=150um, ro=20um, An/ny=0.6, 7, =400fs, and\ tive features. The channels are substantially easier to produce
=1 um. For this simulationP,=3.5TW anda,=9. The than those required for a resonant LWFA. Both the capillary
injected radiusr, is substantially lower than the matched discharge and axicon focus methods have been demonstrated
radiusr,,=30um, so the envelope oscillations in the laserexperimentally at relatively high densities
spot size will be substantial.

1.794

3.587 o (cm) T

T (crn) =

2k
7

FIG. 12. Accelerating fieldE,(r,{) at the same location from FIG. 14. Axial electric fieldE,(r,{) from the simulation shown
the simulation shown in Fig. 11. The peak accelerating field3% in Fig. 13. The peak accelerating gradient approaches 60 GV/m,
GV/m and occurs af=—230um. and the wakefield oscillations are regular and well defined.
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(10%®-10"cm™3). The larger on-axis density also reducesh=0.8um, Po=25TW, and appropriate channel param-
the need for large\n/n,. (The simulations in Figs. 11-14 eters gave a predicted dephasing-limited energy &8in
hadAn/ny,~1.) Because the plasma density is higher than in=1.36 GeV, and excellent agreement with the scaling
the resonant LWFA, accelerating gradients can also be sutsnodel.

stantially higher. It is expected that the channel guiding will Because of the experimental difficulties in producing laser
result in cleaner wakefields and better beam quality than i@nd channel conditions necessary for a GeV-class resonant
the self-guided SM-LWFA experiments. However, since the-WWFA, the possibility of achannel-guidedself-modulated
self-modulation is still an inherently unstable process, thid-WFA was investigated.Self-guided SM-LWFA experi-
technique will probably produce poorer beam quality than dnents have produced very high acceleratln_g gre_1d|ents .but are
resonant LWFA. In addition, dephasing limitations are likely Nighly unstable. If the same laser pulse is injected into a

to play an important role because of the relatively highPlasma channel at a somewhat lower plasma density, so that
plasma density. Po<P,, the pulse may still self-modulate provided; /\,

>1. The density channel provides the guiding in this case.
V. SUMMARY Sir_nulations in this regime produce a pulse t_hat is \(vell
guided and eventually self-modulates. Accelerating gradients
The laser wakefield accelerator has emerged as a leadirgkceeding 10 GV/m may be produced.
candidate for plasma-based, high gradient accelerators. The The channel-guided SM-LWFA appears to be an interest-
single stage energy gain can be enhanced substantially ifig approach for near term experiments since the laser and
some form of optical guiding of the laser pulse is provided.channel requirements are less stressing than for a conven-
If the index of refractiony(r) of the propagation medium is tional LWFA, and the regime is likely to be less unstable
peaked on axis, the pulse may propagate at a small spot sitiean the self-guided SM-LWFA. In fact, simulations of the
over many Rayleigh lengths. A preformed plasma channelrecent capillary discharge guiding experiment reported by
in which the plasma density has an on-axis minimum, mayKaganovichet al.[27] suggest that self-modulation and large
provide the desired guiding effect, and channels generated kaxial electric fields may have been produced in that experi-
a capillary discharge, such as those described in Sec. I, haveent. However, the conventional LWFA remains the most
been used to guide tightly focused laser pulses over distanceppealing choice for a practical accelerator. Simulations in-
of several centimeters. Channel-guiding simulations usinglicate that long range propagation with little pulse distortion
the 2D axisymmetric codeemM are consistent with both the and nearly constant laser spot size and wakefield structure is

theory and experiments. possible over a wide range of parameters. The dephasing-
The conventional or resonant LWFA regime, wherg limited energy gain can exceed 1 GeV over reasonable ac-
<\,, offers the possibility of stable laser propagation andceleration distances.

substantial electron acceleration but requires that some exter-

_nal form of op_tical guiding be provi_ded. An analytical model ACKNOWLEDGMENTS
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Np, and laser strength paramet@y are also expressed in

terms of these primary parameters. The scaling laws provide APPENDIX

a useful guide for future experiments and clearly illustrate

some of the tradeoffs involved in choosing laser and channel Simulations of laser guiding in plasma channels have

parameters. For example, at very short pulse lengths, thgeen carried out using theem code described by Sprangle

plasma density is high, making it easier to generate the chat al.[13] and by Krallet al.[12]. LEM is a two-dimensional

nel and confine the laser pulse to a small matched spot sizéxisymmetric simulation that calculates laser fields and

Although E,, can be very largeW, is severely limited by plasma response in a frame moving with the pulse at the

dephasing. Longer pulse length lasers tend to have mucspeed of light. The independent variables in the simulation

lower accelerating gradients, in part becauggeis larger, arer, {=z—ct, and r=t. The laser-plasma interaction is

thus reducing the laser intensity. However, the dephasingdescribed by the normalized potentialsand a, where ¢

limited energy gain is much larger. =ed/mc?, a=eA/mc?, and® and A are the scalar and
Simulations of channel-guided resonant LWFAs generallyvector potentials. The model takes advantage of the separa-

agree well with the scaling model predictions. If the channetion in temporal and spatial scales for the fast laser oscilla-

parameters are independenténd the injection radius of tions (w™1,\), the plasma responsmgl,)\p), and the laser

the beam is close tny,, the beam will propagate at a nearly envelope Zr/c,Zg). Laser pulse evolution is described by a

constant spot size over long distances. Slippage of thwave equation fod;, the slowly varying amplitude of the

plasma wake, which leads to dephasing, can be measuresbrmalized vector potential of the pulse. The fast time scale

directly in the simulations, and agrees with the analyticalpotential a;= &; exp(kq{)/2+c.c., where c.c. denotes the

predictions. As an example, a simulation with=100fs, = complex conjugate, ankl,=2m/\.
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The plasma is assumed to be a cold electron fluid wittcoordinatez in place of cr in describing output from the
immobile ions, and relativistic corrections to the electronsimulation since the characteristic time~Zg/c) for
motion in the laser quiver field are explicitly retained. The changes in the laser pulse is usually much less than the pulse
guasistatic approximation is assumed, so the equations ddurationr_. Since&(r,{,7) is calculated self-consistently,
scribing the plasma response neglect derivatives ind  the pulse shape need not remain Gaussian, and the spot size
involve onlyr and/. In addition, both the laser spot sieg r_ is not unambiguously defined.LEm definesr, as the
and plasma wavelength, are assumed to be much larger radius containing 84% of the beam power for a given beam
than the laser wavelength As described in the Appendix of slice; this reduces to the Gaussian radius defined i Adf
Ref.[12], it is possible to reduce the plasma response to #he profile remains Gaussian. The simulation also calculates
single equation of the form?y/ 9= G(i,|4|?), where the  a single characteristic spot sizg(z). This quantity is cal-
normalized wake potentiaf=¢—a,, andG is a compli- culated at a reference poitit (z) which moves at the nomi-
cated function of the normalized potentials. Thieke code  nal group velocity,Bgoc=(l—)\2/2)\,2))c of the pulse. In the
developed by Mora and Antons¢al,42 uses a similar ap-  simulation coordinate systerd/*/dz=1— B4,. Group ve-
proach toLEM and also employs the quasistatic approxima-locity slippage of the pulse imposes a major limitation on
tion. WAKE also has an option to treat the plasma responstaser wakefield acceleratiopy,7,34,39,44,4p The actual
with a kinetic model instead of a cold fluid model. slippage rate in simulation is usually somewhat faster than

The simulation outputs laser and plasma quantities athe nominal rate due to a finite spot size correction
fixed intervals ofr. It is convenient to use the laboratory [34,45,50-53
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