
V01．1l No l NucLEAR ScIENCE AND TEcHNIQuES nbrtlarv 200【】

Coherent transition radiation from REB in plasma ripple
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Abstract The coherent transitiorhradiation eⅡlission froⅡI an 1lnderden8c rela。

tivistk beaIn of electrons，travelling through a dense plasma ripple，was studied The

evolution of this radiation neld is dc8cribed bv a set of sclf_consistent Dendulum—waⅣe

。quations．Analytic calculation8 of the smaU-signal gain and numerical coInputations

of the nonlinear 8aturation of this e面8sion are Dresented． It is shown that 8uch d

device may provide a source of tunable collerent radiation raIlging from the microwav(、

to thc infrared re业ion．
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l Introduction

In a free—electron 1aser(FEL)，a relativistic ekctron beam(REB)passing through a

periodic transVerse magnetic矗eld in an undlIlator generates coherent radiation ranging

from the i缸jared to the 111traviolet region【1·21． However，the皿dulator period of the

presently e】【isting FEL is in the 0rder 0f cm and is limited by the practical dimclllty of

placi士lg very stro丑g and vefy smaⅡpermanent magnets or electrom89nets close together

in an alternating array． Thjs implies that to achjeve a short—wavdength radiation the

conventjonal FEL would require a high energy REB，but operating w主亡h 10w emciency．1n

Tecent years，there has beeIl an increased irLterest in short—period 1mdlllators One conoept

is the ion—ripple laser(IRL)f3～踟，whjch prornises to be a very short—p盯iod undulator．The

ion—ripple laser makes use。f a REB 0bliquely passing tllrough an 11nderdense plasma

ripple． As the REB density nb is equ“to or higher than the pIasma density礼p，the

plasma electr。ns are aⅡexpeUed out ofthe REB path and a丑ion—ripple charmel is created

The ion-ripple 6eld is experienced as a stationary undulating force by the relatiVistic

electron Subjected to the transverse ekctrostatic矗eld of the ion rippk，the reIativistic

electrons execute transverse osciIIations and eIllit radiatioⅡ．Because of the pron正sing of

the shorter undlllator period and strdng undlllator fbrce，the IRL appears superior to the

corLventional FEL．

Probablv one of the maiJl exper曲ental dLaⅡenges of the IRL is the mailltenance of

the ion ripple毗er the plasma electrons are not available to neutrahze the ion’s space

charge The e抒bctjve relajcatjon time(the ion—rippk modlllation factor，am，is in the

order of uIlit in the beginnjng，and to be decre勰ed by one order of magmtude afteT
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ti瑚e矗)is appro盖imately given by【8】_～2(丌p)1／2／u”，where u”=(4霄noe 2／m。)1／2 is

the plasma frequenc y1 and p=m，／mi is the mass ratio(no is the average density of

the plasma ripple，e is the charge of eIectron，and me and m】缸e the rest mass of tIl8

electron and the ion，respectively)．For instance，the eHbc“ve relaxation time^ ～1

ns，for a plasma of moderate densities吼J～1014 cm ，and p～10—5． More。ver，the

IRL generally requjres that the duration印of the REB js mu c}l longer than the tlme

of expulsi。n for the REB凡． The time of explllsion fbf the REB of radius丑can be

estimated by凡～10月／cf引，where c is the velocity of light Fbr instance，the time of

expulsion is矗～33ps for a REB with ramus 1mm．

In this work．we consider an alternative case．i工1 whjch an underdense rela“vistic

electron beam passes tllrough a dense plasma ripple C1early’as m，《np，only smaU

partial plasma electrons are expeⅡed 0ut of the REB c01u砌，and an ion ripple channel

can not be created IIl this case，the tirrle duTing the plasma ripple is maint ained and is

much longer than that fbr ion ripple since the electrons of the plasma ripple are available

to neutralize the ion’s space charge Thus，the plasma ripple serves as a stationary

DeriodicaⅡv modulated dielect“c medium It has been known that a relativlstlc electron

may e面t coherent transition radiation，as it passes through a periodicauy modulated

dielectric medium【o，川． The fast oscmatjon of the relativistic electron’s phase，which is

induced by the periodically modlllated medium，js a key factor to the process。f the

sti工nuk吨ed tTansition．Tadiation eIn主ssion． A laser device based on this mechanism may

be caued as plasma—rippk transition—radiation 1aser(PRL)

2 Basic equations

F0r simplicity，we ne91ect the tramsverse variation of the plasma density and take

the density of the plasma rippk to be

n，=no【1+a。cos(云。开] (1)

where nR is the plasma—ripple modlllation factor and七R the wave Immber of the plasma

ripple As an electromagnetic waⅣe Pr叩agates through such a plasma ripple，it wiU

experience a periodically modulated dielectric medi啪． The dielectric constant of the

plasma ripple can be expresBed by

e=so一(n。《。／u2)cos(矗刁 (2)

with ED=1一(upc／u)2，where u is the radiation丘equency．

、Ve consider a one-dimensional model，in which a REB obliquely passes through

the plasma ripple at a sman angle口with respect to the direction of the plasma ripple

and radjation field lmdergoes spatial椰pl珩cation as it interact5 with a REB thr01lgh

the plasma ripple The radiation丘eld is taken to be a plane waIve with slowly varying

ampUtude Es aJld phase妒，propagating though the plasma a】ong the direction of plasnla

ripple，z a越s．Fbr siIrlplicity，we assllme that aR(“士e／u)2《Eo，atld the radjatj优1矗eld

is independent of the transverse position z and掣．With these si呻h矗cations，the Vector   
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potential of the radiation矗eld may be expressed by

A：堕垫sin讪F
eU

(3)

where the radiation phase母is de矗ned as

妒=／。南dz—ut+妒 (4)
Jo

with南2=‘EJ2￡／c2 As a relativistic electron passes thTough the plasma ripple along the

z direction aIId interacts with the radiation丘eld，it will experience an osciUating phase

One may express the relatiVistic electron’s phase as a fast oscmatillg t盯m aIld a slowly

Varying(or constant)term，which盯e giVen by the fouowing form

妒=妒一盯sin(南。z) (5)

wheTe the slowly varying phase term姐d the strength factor are respectively given by

石=(南。一“J／卢。c)z+妒and旷=d。u；。／2uEo岛。c，with瑶c2=u2一u：。，卢；=l一1／27；
(the z—coInponent velocity of relativistic electron)，and 71=72／(1+72毋2)(7 is the

Lorentz factor of the relativistic electronl SiIIce the electron bunching on a optic al

wavelength scale is the key fhctor to a sti砌1ated erllission process，the fast osciUati。n

of the relativistic electron’s phase may cause eⅡlission iIlto aⅡharmonics，e．g，n=1，2}

31·．-．TMs process is similar to that for the harmonic generation iII a p1姐甜undlllator
FEL【11】

Tb study the interaction between the radiation 6eld and the REB，we矗rstly anaIyze

the ramation frequency of the PRL．Sinlilar to that of the conventional FEL[1l】，the

resonant con山tionofthe凡thharmoIlic emissioninthePRLis givenbyu=(几南日+奄o)成c
CoT工】_binjng the dispersion relation of radiation in plasma aIId the resonant condition，one

obt缸ns，for叫≥7zn血R阮c，the expression fbr the resonant frequency of the nth hamonic
R

un=}}麓(1士尾~／1一xn) (6)

with wa'代nuⅡlber k=(《／c)(尾士、仃=)‘)，where the Tesonallt丘equency u：in
Vacuum ls given byⅢ二=n南n尾c／(1一尾)and the factor xn=(upc／％南n觑c)2 for

o S墨。≤1．The radiation frequency e吐ibits two branches，a hjgh—frequency branch

u：corresponding to the p。sitive sign and a lower·frequency branch“‘corre5pondjng to

the negative sign．Fbr a Mgh rdatiVistic electron beam(7》1)，one may rewrite the two

resonant freauencies of the nth harⅡ10nic as

u：型，吨ui竺一。_：／(1+一。) (7)

where K。三时／ui=(1+卢：、／T_二_夏：)／(1一区、，百_二_j吒)is the行equency ratio parameter

ofthe nth harrnonjc，with l≤h≤(I+玩)／(1一尾)．

EbⅡowirLg the usual methods deVeloped to deterIIline the h锄。血c e血ssjon in con—

veⅡtional FEL【111，one may obtaiⅡa set of semconsisteIlt peⅡdulum-wave equations to
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罢矗：一(％exp(i￡。)+c。)

嚷薹％二嚣爵叫

Ⅵ，l_11

The reslllts may b8

(8)

(9)

where the relativistic electron’s ponderomotive phase is矗=(南+n七R—u／卢gc)z，the
scaled positi。n is_n=z／三Gn，the scaled g缸n length of the nth harmonic ernission ls de—

fined as工Gn=(1／2奄Rp。)(‘《：／u。)，the mode·dependent PRL parameter is giVen by P。=

poIn肥。(n盯)]}／3(《／％)2／3 and the scaled optical anlplitude is nIl=办甄exp(i妒)／
、f厂五再鬲i苫Ei元i石：_rj-彳硒Here Jn is the Bessel胁ction of the fhst kind and nth order

and户o is the fⅢldarnental PRL parameter，whjch is百ven by po=7i‘(70轧，h／4血Rc)2／3
with plasma丘equency of REB“％=(47r竹be2／m。)1／2 and r坫being the density of REB

Ck甜ly，the couphng between the rehtivistic electrons and the harmonjc radiation is now

characterized by the Bessel nnction．R=J—n(n盯)，which represents the eff色cts of the

fast osciUation of the relativistic electron’s phase on the stiInulated eIIlission process．

3 AnaJytical results and numerical examples

These se璩consistent p吼dllhl士】*wave equations deter血ne the eVolution of ramatlon

矗eld ofsteady-state PRL血plasma ripple Eq．(8)一(9)are v“d iIl weak or strong ra出ation

舶Ids，and for an afbitrary electron distTibution， ln the Weak埴eld(or small s培nal)

regillle，these nonnnear equations may be linearized and the reference to the irIdjVidual

electron phase can be eXpUcitly rernoved． In thjs case，the solution for the radia“on

amputude‰of the basic equations(8)一(9)may be expressedby supperposition of three

terms as[t2]
3

％=Ⅱn(o)∑‰exp(ik_n) (10)
j=1

where口lI(o)is the injtial舶ld anlplitude at the plasma-ripple entrallce(z=o)，(‰=

A珈／(3Aw 2pn)and Anj 8re the complex roots of the cubic equation

砭一％碡+1=o (11)

wmch is weu．known since the theoTy of t珀Ⅳemng—wave tubes．Here the detllIdng pⅪam-

eter p。is approximately百ven by砖。=一(u—u{)／(‘‘J—ui)／2u2pn．Thus，the unstable

s口ectnlm can be divided into three pararneter regiIIles F缸嵋>27／4，there are thee

stable roots．As％is decreasing[for％<(27／4)1／3]，the铲owth rate rapimy increases

and pea】【s at L，n=0．Then the growth rate slowly decreases with decreasing Hl

III the hjgh．gain re舀me，evolution of the radiation矗eld is d疵ated by the growth

mode and the gaill 0f the几th harmonic e士nission in PRL may be expressed by

G。=去exp(2 Im(A。)l R) (12)
Un

As there are two resonant frequ锄cies of the mh ha工Irlonic Tadiation，there e】【i8t two

maxima 0f the鼬血cll】we fbr the nth harInonic．It sh01lld be noted that the two maxima   
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of the gain curVe mdVe toward one aIIother，until they giVe rise to a broad curVe，as the

plasma parameter increases toward the zero-slip conditjon Xll=1 When五1～1，the

g缸n bandwidth is叩pro】【imately given by△u／u≈24／3(n瑶P3)1／6【1引． Therefore，we

may conjecture that the two resona丑t frequencies of PRIr are weU s印缸ated as h—l》

(n瑶P8)1／6．In the linlit of h一1》(扎瑶p8)1／6 the m谢m眦growth rate(the曲ag血ary
part of^。)occurs exactly on resonance，pn，and its value is hⅡ(AⅡ)l=、／3／2．

)(。

Fig．1 PIU-gain G1 of the hlndamental

emission ac lower—re80naIn frequency(solid

linej and llig}ler_resoⅡaⅡt fr。quency(dashed

liⅡe)i8 plotted稿a function of tlle pararneter

X。，wi乞h n。=O 3，，)0=O．02，and

z=25／(≈。·舶)

Fig．2 Gain Gn of the礼th harmonic er血s8ioII

at the lowe卜resonant frequency iⅡthe PRL

i8 8hown as a function of th8 parameter Xn，

for礼=l(solid line)．and n=2(dashed line)，

where“。=o．3．舶=o 02，2=25／(kR·p0)

0bviously，the g出n of the PRL is greatly dependent upon the paraIneter‰．Fig．1
aⅡd Fig．2 provide mnstrations．In F远1，we plot the g缸n G1 of the fhd锄ental eIllission

as a function 0f the parameter墨t，where口R=o．3，户o=o 02，z=25／(惫R po)． It

shows that血the hjgh g出n r。gime the gain itself is always positiVe and the gain of the

lower—resonant-frequeⅡcy eⅡlission is much higher than the g血。f the h培her_I’esonant·

frequency eIIlissidn．Therefore，one may conjectllre that it is advantageous to operate the

PRL at the 10wer—resonant五陀quencies．IIl F培2，the value 0f Gn fbr the仡th hamonic
eIllission at the 10wer—resonant frequencies血the PRL is plotted as a fhction of the

par啪eteI．xn五3r n=1(sohd line)and n=2(dashed une)，with QR=o．3，po=o．02，

z=25／(七R·Po)．nom F培2，i“s seeIL that the gailI of the hjgher harrnonic eIIlission is

much lower tharL the g撕n of the fmldamental enⅡssion in the PRL．TlIis is reslllted矗om

that the coupling bet、张en the Iu王B and the fhnd锄ent al(住=1)or the lower harmoIljc

radiation矗eld is删ch stronger than the couphng between the ILEB and the hj曲er

harmonic radiation矗eld，since the coupu工lg fhctioⅡR=J—n(n盯l，2)decreases wjth n

for们．2<1．Then the PRL is expected to operate at the fund眦ental lower。resonant

在equency

Like the FEL，the PRL may be operated船an皿p断er by injection of a smaⅡsi911a1
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at the beginning ofplasma rippk，or by Self_AⅡ1ph矗ed Spont aTleous Erllission(SASE)【H“
The satufati。n length of the SASE is三。。t=47r工Gn By iIljecting a smaU signal at the

begiIlIIing ofplasma ripple，the plasma ripple length requjred to reach saturation wiU be

signmcantly reduced．Fi署，3 provides aIL mustration，m which the values of normallzed

intensity 01 12 fbr the fund锄ental eInission at the lower．resonant frequencv in PRL is

shown as a fhnction of the dirrlensionkss position孑for SASE operation startjIlg fro硼a

noise(solid lme)and amph矗er with an input signal|口1(o)|=o ol(dashed 1ine)

nom Fig．3，one knows that皿initial exponential growth is fonowed bv saturation

and synchrotron osciUations．The non硅near saturation of the transitjon—radiation e“s—

sion血the PItL is d11e to the relativistic electron trapped by the ponderomotive potentiaJ

weU．The satllration e盘ciency caused by th8 phase rapping of the rel吼ivistic elechons

in the ponderorIlotive potential weU can be estimated from the relatjonship【l 4J

’7n=(％一％．ph)／(7。一1) (13)

where 7n，pll=(1一《，ph／c2)一1／2，with妇，ph型尾c一2Re(An)c／(毛。+礼七月)三G⋯th。phase
velocity of th8 ponderomotive potential with respect to the nth harmonjc ernjssi。n．Ill

the liIIlit of 1》1 the emciency of the毗h harmonic ernjssion may be appro】【imately

expressed by

叩。竺2p。I Re(A。)I／n=p。／n

Fig．3 Values of normaliged inteⅡsity n1 12
fbr the fhndamental eIIlission at the

Jower—resonant fr8quency in PRL i8 8hown as

a function of the dimensioⅡless Dosition i for

SASE operation starting from the noise

(solid line)and the砌pli丘er with input

signals(dashed line)

(14)

Hote that these e盖pressions for the

gajn and the emciency of the PRL have

been based on the cold be锄1iⅡⅡt The

v a：hd of the appTo】【imation would Tequire

p：≤l吒。h，where《js the Velocity spread

a11d the superscript denotes the quanti—

ties in the beam fraHle． In the labora—

tory franle，f0’7》1，the condition be

comes△7／7≤m，where△7 is the energy

spread

These sc“ng 1aws have been ap—

phed to f011r Irumerical exmples，whose
parameters ar8 given iIl Thble 1 In

these examples，it has been assumed that

the PRL is op盯ated at the fundamen—

t al lower—resonant frequency，the plasma—

ripple modlllation factor o¨=0 3，and

X1=0 95．The re3ults have been checked

with a many-particle sjllmlation based on

Eqs．(8)aIId(9)．

》l{_i#gLoN
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TabIe 1 Ex锄ples of幽ort—pulso pla8Ina-ripple traⅡsition．radiation laser 8calin只s

—1面试矿————T——————r——一—1矿——————万—一
“／A 100 500 1000 5000

nb／cm3 9．7×10lI 6．o×1013 6．2×101
4

1．38×101
5

nP／cm3 9．7×】012 6．o×1014 6．2×1016 1．38×101
8

^R／mm一 30 10 2 1．0

1日 0 3 0．5 0 8 1．0

^／弘m叫 4717 205 9．9 0 885

p1 2 1×10—2 2．0×10—2 8．6x10—3 3．1×10
3

口i 0 0×】0—2 2 9×】0—2 】．2x10—2 4 4×lO一3

R。-／Mw 3．o 58 120 500

Lm／mnl 280 loo 46 66

4 Conclusion

In conclusion，we have studied the sti砌lated transition—radiation enlission from a

underdense REB passjng thr0Ⅱ曲a dens。plasma rjpple．A set ofse球consistent equations

is devek巾ed to describe the evolution of the毗h harnlonic in this device，Analvtic calcu一

1ations of the smaⅡ·si驴al gain and numerical computations of the nonⅡnear saturation

of thjs eIIlissi吼are presented．011r analysis shaws that it is adv锄tageous to 0perate the

PRL at the fundamental 10wer—resonant frequency．Moreover，some nlmlerical examples
of the PRL are giVen It shows that thjs device may provide a coherent source raⅡ百Ⅱg
from the rnjcrowave to the near—iII丘ared region．One of the maill advaIltages of the PRL

prior to the canventional FEL is the出∞t plasma Tippk period achievabk in plasma．
Co珂p柚ed to the conventional FEL，the PRL reqIlires a lower RBB町ler譬y and acMeved

hjgher emciency to reac}l a giVen wavelength radiation．Compared to the conventional

transition—radjation laser，the PRL becomes attractive because the problem 0f electron

scatte“ng in￡he dielectric is盯eatly dimjIlished
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