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� � Abstract: � H igh power s of the harmonics can be achiev ed through nonlinear harmonic generation in high

gain sing le pass FEL, which may be used to g et shor ter wavelengths or to relax some str ingent requirements on

the electron beam quality fo r the 4th gener ation light sour ce. In this paper , the 3rd nonlinear ha rmonic genera�

t ion in Shanghai Deep U ltrav io let F ree Electron Laser sour ce is invest igated by a 3D simulation code, including

the sensitiv ity of nonlinear harmonic gener ation to severa l crucial parameters of the FEL system. The results

show that the power o f the 3rd nonlinear harmonic radiation can be as high as 2% of the fundamental pow er. In

addition, the exper iment and measurement of the 3rd harmonic radiation is proposed.
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� � Free elect ron lasers( FELs) are devices using the relat iv ist ic elect ron beams passing through a t ransverse

periodic magnet ic f ield to g enerate coherent radiat ion[ 1] . An impo rtant goal o f the FEL com munity is to r each

the hard X�ray spectr al region w ith high coherent pow ers. In recent y ears, taking self�amplified spontaneous

em ission( SASE) [ 2] and high gain harm onic gener at ion( H GH G) [ 3] as tw o leading candidates, high gain sing le

pass FELs have become the most potent ial w ay for appro aching the hard X�r ay reg ion. As it is know n, one o f

the characteristics of high gain sing le pass FEL is the nonlinear harm onic gener at ion
[ 4]

, w hich is driven by

the fundam ental and g row s at a rate faster than the fundam ental. The nonlinear harm onic generation occurs

in the high gain and saturat ion regime. M eanwhile, at the end o f the undulato r system , most current high

gain FEL is in deep saturat ion regime[ 5] . FEL theor y and sim ulat ion pr edict that the output pow er of the 3rd

nonlinear harm onic gener at ion is about 1% o f the fundamental level
[ 6]

, w hich is 8 orders of magnitude brigh�
ter than that of the current 3rd gener at ion synchr ot ron radiation light sources[ 7] . Thus, the nonlinear har�
m onic gener at ion is significant and regarded as the natur al ex tension to shorter w avelengths. In this paper, a

detailed investig at ion of the nonlinear har monic generation in Shanghai Deep U ltr av io let ( SDUV ) FEL
[ 8]

is

presented.

1 � Harmonic radiations in high gain, single pass FEL

� � In the FEL spect rum o f a high gain undulator operated at the fundamental f requency , an im po rtant and

natur al character is the existence of coherent harmonic radiat ion. Gener ally , due to the low coupling coef fi�
cient and its sensit ivity to the � w arm�beam ef fects, the gain of the linear harmonic is much smaller than that

of the fundamental frequency. H ow ever, the nonlinear har monic g row s m uch m ore rapidly than the funda�
m ental w hen elect ron beam is st rongly bunched by the field of the undulator and the fundamental radiation,

w hich ho lds g reat promise as an intense coherent harmonic source. Such harmonic performance may be clear�
ly illust rated by one dim ensional( 1D) FEL theo ry. T he coupled Maxw ell�Vlasov equat ions [ 3] can be w r it ten

as
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w here En is the slow ly vary ing elect ric f ield envelope funct ion of the n�th harmonic radiat ion, Fn repr esents

the corresponding bunching w hich w ill cont ribute to the grow th o f the n�th harmonic radiation significant ly,

the scaling parameter D is a m easure of the coupling coef ficient. �= k!z and �= k!z + ks z - !st are the w ell

know n dimensionless v ar iables in FEL. On the right hand side of equat ion( 2) , the first term descr ibes the

nonlinear harm onic interact ion and the second describes the linear harm onic generat ion. As m ent ioned above,

the nonlinear term is driven by the bunching of the fundamental, and w e can rew rite the Maxw el l% s equat ion

to the low est o rder as
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Therefore, if the fundam ental laser bunches the elect ron beam strong ly, the nonlinear harmonics w ill grow

faster than the fundamental. Actual ly the gain length scales inversely w ith the harmonic num ber [ 6] .

� � In a planar undulato r employed high gain FEL, FEL theories and FEL simulat ions
[ 9]

indicate that the e�
lectr on beam mot ion causes signif icant pow ers o f the f irst few odd har monics in the forw ard direct ion due to

the ex istence of the nonlinear harm onic interaction pro cess.

2 � Status of SDUV FEL

Fig. 1 � Layou t of 262 nm SDU V H GHG FEL

� � SDUV FEL is underw ay at Shanghai Inst itute o f

Applied Phy sics( SINAP) , China. As indicated in Fig�
ure 1, SDUV FEL is a 262 nm H GH G type FEL test

facility. Relevant R& D has been under w ay since 2000.

For the tim e being , a photocathode injector consisting

of an RF gun and a 3 m SLAC type accelerat ing tube is

developed to generate a 40 M eV elect ron bunch w ith a charg e o f 1 nC in 8 ps and a no rmalized emit tance less

than 6 mm�mr ad. T his injector is expected to replace the ex ist ing 90 kV nanosecond g rid gun and a 15 M eV

buncher. M eanw hile, the four�dipole magnet ic chicane bunch com pressor, the radiator undulator, the seed

laser system and beam diagnost ics have been designed and fabricated. M oreover, SASE operation is consid�
ered in the design o f SDUV FEL. The nominal par am eters of SDU V FEL are listed in Table 1.

Table 1 � Nominal parameters of SDUV FEL

seed laser parameter s elect ron beam parameters

∀s / nm ZR / m P s / M W E/ M eV I p / A #/ (∃m & rad) ( % / ) / %

SASE 786 0. 8 0 160 300 6 0. 01

H GH G 786 0. 8 15 160 300 6 0. 01

modulator undulator disper sive sect ion and radiato r undulato r

∀u / mm K L/ m �&/� ∋/ m ∀u / mm K

SASE 50 2. 01 0. 8 0 3 25 1. 41

H GH G 50 2. 01 0. 8 3 3 25 1. 41

3 � Simulation results of harmonic performance

� � U pgraded fr om TDA
[ 10]

simulation code, T DA�H [ 11]
is competent for 3D harmonic calculat ion. It is ap�

plied to study nonlinear harmonic generat ion in SDUV FEL. In all the sim ulat ions described below , a signal

of 1 W at the fundamental w avelength 262 nm is assumed at the beginning of the radiato r undulato r.
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Fig. 2 � Simulated pow er grow th of th e fu ndam ental

and the 3rd harm onic radiat ion in H GHG

operat ion of SDUV FEL v s radiator length

� � In H GH G operation of SDUV FEL, as listed in Table 1,

the design value of disper sive str ength �&/ � is 3 and the seed

laser pow er P s is 15 M W. H ow ever, it seems that the 3rd har�
m onic radiat ion per for ms m ore preferably fo r a dispersive

st reng th of 12 and an input seed laser pow er of 0. 5 M W. The

pow ers as a function of the radiator length are show n in Figure

2, w here the opt imal values fo r harm onic radiat ion is employed

fo r sim ulat ion. T he fundamental 262 nm radiation saturates at

6. 2 m w ith saturated pow er of 93. 4 M W. T he 3rd harmonic

87. 3 nm radiation saturates at 7. 4 m w ith saturated pow er of

2. 35 M W, w hich is 2. 52% o f the fundam ental pow er .

� � M ore detailedly , Figur e 3 plots the sensit ivit ies of the sat�
urated pow er and saturat ion leng th of the fundamental and the 3rd harmonic radiation to the peak current o f

the elect ron beam. The saturated pow er f luctuat ion factors of the 262 nm and 87. 3 nm r adiat ion are 2 and 3

respectively w hen I p changes from 200 A to 350 A. H ow ever , the saturation length of tw o modes decreases

by 30%. In addit ion, w e have calculated the sensitivit ies of the fundamental and the 3rd har monic radiat ion

to the local energ y spread and the no rmalized emit tance. For the init ial local energ y spread, w hen % /  in�
creases to about 0. 06%, the saturated pow er o f the tw o m odes decrease m ono tonical ly to about 50% of that

produced by an elect ron beam w ith the nominal parameters, and the saturat ion length increases by 60% . For

the no rmalized emit tance, w hen #decr eases f rom 8 ∃m & mrad to 4 ∃m & mr ad, the saturated pow er of the 262

nm r adiat ion increases f rom 64 M W to about 120 M W, yet there ex ists a f luctuat ion in saturated pow er o f the

87. 3 nm radiation, and the satur at ion length of tw o modes decreases monotonically.

Fig. 3 � Perform ances of the radiation s v s the peak curren t in H GH G operat ion of SDUV FEL

� � Since the seed laser pow er and the dispersive st rength are cr ucial to the H GH G process, parameter s scan

w as per for med by varying the seed laser pow er and the dispersiv e st reng th. The results are show n in Figur e

4 and 5 r espect ively, w hich validate our choice of �&/ � = 12 and P s= 0. 5 M W for g ood harm onic perfo rm�
ance.

� � In H GH G operat ion of SDU V FEL, w hen w e take aw ay the seed laser and make �&/ � = 0, the bunc�
hing o f the elect ron beam w ould be so sm al l that the radiato r undulator operates as a SASE FEL. The simu�
lat ion w as per for med and the g row th of the fundamental and the 3rd harmonic radiation in SASE operat ion o f

SDUV FEL are show n in Figure 6. We have found the 262 nm radiat ion saturated at 14. 2 m w ith satur ated

pow er of 103 M W and the 87. 3 nm radiation saturated at 17. 2 m w ith satur ated pow er of 2. 09 M W w hich is

2. 03% o f the fundamental. T he 262 nm radiat ion grew exponent ial ly w ith a gain leng th o f 0. 66 m in close a�
g reem ent w ith the linear theo ry[ 2, 6] . T he 87. 3 nm r adiat ion started fr om the linear amplificat ion w ith a gain

leng th of 2! 11 m , and ended w ith the nonlinear harmonic inter act ions of the 2
nd

nonlinear har monics and the

fundamental r adiat ion, where the gain leng th w as 0. 22 m. Indeed, w e observed that the gain length of 3rd
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Fig. 4 � Performances of the radiat ions v s th e dispersive st rength in H GH G operat ion of SDU V FEL

Fig. 5 � Performan ces of th e radiat ions v s the seed las er pow er in HGH G operat ion of SDUV FEL

Fig. 6 � Simulated pow er grow th of the

fu ndam ental radiat ion and the 3rd harmonic

radiat ion in S ASE operat ion of SDU V FEL

nonlinear harm onic scales w as 1/ 3 t im es the

fundamental gain length. Com pared w ith SASE

operat ion, the field evolvement of harmonic contents in

H GH G is m ore complex . It is hard to dist inguish the

linear harmonic region f rom nonlinear harm onic region.

In summary , w hether in SASE operat ion or in H GH G

operat ion, the field evolut ion and the saturation leng th

of the 3rd har monic differ f rom the fundamental.

4 � Proposed measurement

� � We intend to per for m experiments on the 262 nm

fundamental and the 87. 3 nm 3rd nonlinear harmonic o f

SDUV FEL. Since the 87. 3 nm radiation is in the vacu�

Fig. 7 � Proposed m easuremen t sys tem of the

3rd harm onic radiat ion of SDU V FEL

um ultr av io let spect ral region and the diagno st ic pop�in
system s for the fundamental measurem ent have been

under manufactur e, an in�vacuum sy stem at the ex it o f

the radiato r undulato r is proposed to measure the 3rd

nonlinear harm onic radiation. A s show n in Figure 7,

the FEL output is split to three parts. We at tempt to

measure the energ y, the spect rum and the facular dis�
t ribution o f the 3rd harmonic radiation. Since the out�
put energy of the 3r d harmonic radiation is about sever�
al uJ, w e plan to use a commercial ly av ailable photodi�
ode detecto r that r esponds fr om the infrared to X�ray

spect ral region to measure the output energ y. The second par t of the beam enters in a spect rometer, fo rmed
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by a sphere g rat ing and a charg e coupled device( CCD) , w here the spect rum of the 3rd harmonic radiat ion is

obtained by sing le sho t method. The last part of the beam is used to exam ine the facular dist ribut ion o f the

3rd harmonic radiation indirectly . As the Ce: YAG screen has a high r adiat ion eff iciency of 2 ∋ 104 photons

per M eV, a fast radiat ion at tenuation of 88 ns/ 300 ns and an excellent phy sical characters w ith a radiat ion

peak value of 550 nm, a visible light CCD is enough to observe the facular im age, actually the facular dist ri�
bution of the 3rd har monic radiation, on the Ce: YAG scr een.

5 � Conclusion

� � Nonlinear harmonic generat ion of high gain FEL is the natural extension to short w avelength. Emplo�
y ing a 3D sim ulat ion code, w e have studied the radiat ion pow er o f the 3rd nonlinear harm onic generation in

SDUV FEL and examined the sensitivity of the saturated pow er and saturat ion length to variat ions in elect ron

beam peak current , init ial local energ y spr ead, t ransver se emit tance, seed laser pow er and strength of the

dispersive sect ion. T ogether w ith the 262 nm r adiat ion of 100 M W saturated power, an 87. 3 nm radiat ion

w ith a high pow er of 2 M W w as achiev ed. Such a vacuum ultr av io let harmonic r adiat ion is proposed to meas�
ure at the exit o f the undulato r system.
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上海深紫外自由电子激光的非线性谐波辐射研究
邓海啸1, 2 , � 王兴涛1 , � 李冬国1, � 戴志敏1

( 1. 中国科学院 上海应用物理研究所, 上海 201800; � 2. 中国科学院 研究生院, 北京 100049)

� � 摘 � 要: � 自由电子激光中的非线性谐波辐射能达到较高的谐波功率,可以用来得到短波长辐射或者降低第 4 代先进光源

对电子束团品质的严厉要求。基于 3 维自由电子激光软件, 深入详细地研究了上海深紫外自由电子激光装置的非线性谐波辐

射,并且提出了谐波辐射实验和测量建议。研究表明上海深紫外自由电子激光装置 3 次非线性谐波辐射的功率可以达到基波功

率的 2%水平。

� � 关键词: � 非线性谐波; � 自由电子激光; � 高增益高次谐波发生器; � 自放大自发辐射
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