The Stanford XFEL Project-LCLS

 I. Lindau

1,2

, M. Cornacchia

1

 and J. Arthur

1

  1)  Stanford S ynchrotron Radiation Laborator y, Stanford Linear Accelerator Center, Stanford

University, Stanford, CA 94309

 2) Department of S ynchrotron Radiation Research, Lund Universit y, Box 118, S-22100 Lund,

Sweden

Abstract

                                      In this paper we describe the plans at Stanford Universit y for an x-ra y free-electron laser

based on the last kilometer, 15 GeV, of the S LAC linear accelerator. The technical require-

ments are summarized as well as the novel scientific opportunities with this fourth generation

source. It is concluded that with the present research and development efforts under wa y it

should be possible to start the construction of such a facility in 2002 with a completion date in

2005.

1.  Introduction

                                      In 1992 a workshop was held at Stanford on the 4
th

 Generation Light Sources

[
1

]
. At this

workshop C. Pellegrini suggested

[
2

]
 that with progress in electron sources and linear

accelerators it should be possible to design and build an x-ra y FEL based self-amplified-

spontaneous-emission (SASE). In 1996 a second workshop was held in Grenoble

[
3

]
 where

the upper limits of performance of 3 rd generation sources were reviewed and prospects for

future sources were discussed. It was concluded that a linear accelerator had the potential to

go be yond what is possible with storage ring technology, namel y: 1. provide x-ray pulses in

the femtosecond time-regime; 2. give full y transversel y coherent radiation; 3. Improve the

brightness with several orders of magnitude. A technical design study for such a source was

undertaken at Stanford and a report was published in April 1998

[
4

]
. The report concluded

that it is technically feasible to build such a source, named the Linac Coherent Light Source

(LC LS). In Februar y 1999 a Department of Energy panel

[
5

]
 changed with setting priorities in

the area of novel coherent light sources endorsed the LC LS concept and recommended

research and development funding. This was provided b y the Department of Energy in April

1999. This paper gives a short review of the status of the LC LS project and some potential

scientific applications.

2.  Principle of operation

                                      A free-electron laser relies on the interaction between a high-energy electron beam and

an electromagnetic field to produce coherent amplification of the field. This interaction is

achieved b y a periodic magnetic field (an undulator) which causes the electron beam to

undulate and produce s ynchrotron radiation. Proper phase matching between the

electromagnetic field and the electron beam and the oscillator y motion of the electrons will

lead to longitudinal bunching of the electron beam. The bunching produces a stronger field

which leads to further bunching until saturation is reached. This is the Self-Amplified-

Spontaneous-Emission (SASE) process.

At present, The SASE process is the most promising approach to reaching x-ray wavelengths

with a free-electron laser. In the self-Amplified-Spontaneous-Emission process the

spontaneous radiation is amplified in the single pass of an electron beam through an

undulator, and no mirrors are required. This is an essential requirement for x-ray FELs, since

the reflectivity of mirrors decreases at wavelengths lower than ˘2000 Å and optical

resonators become impractical at short wavelengths. The FEL radiation is also easil y tunable

by changing the electron beam energy.

                                      The physics of SASE

[
6

]
 imposes four main conditions on the electron beam qualit y

[
7

]
.

                                          a)  the electron beam transverse emittance must not be much larger than the

                                                                   wavelength of the FEL radiation;

                                          b)  the electron beam energy must be small to give a sufficiently narrow line width to

                                                                   the spontaneous undulator radiation peaks;

                                          c)  the FEL  power gain length must be short enough so that the increase in radiation

                                                                   intensity along the undulator is not lost due to diffraction spreading;

                                          d)  the electron pulse length must be longer than the FEL radiation wavetrain that is

                                                                   produced from it.

                                      A strict description of these conditions can be found in ref.

[
4

]
. These conditions are

demanding but recent technical advances in photocahode guns, emittance control in linaes and

undulator technology provide confidence that an x-ra y FEL can be built.

3.  Status of SASE

                                      The heart of the LC LS approach is the SASE concept.

                                      The results of several  experiments in recent years are providing confidence that the

theory and the computations give a reliable description of the ph ysics of SASE. The first

experimental results on SASE were obtained in the microwave region

[
8

]
, with gains of the

order of 10

                                                                          6

                                                                                 ˘ 10

                                                                                                                 7

                                                                                                                      . Over the last couple of years, experiments in the infrared and visible region

obtained gains of one to two orders of magnitude

[
9

]
 and, more recentl y, a gain of 3x10

5

 was

obtained at 12

                                                                                                   m
                                                                                                            m

[
10

]
. In this experiment the gain length and output power fluctuations were

measured, giving results in ver y good agreement with theor y and simulations.

                                      Although these results are encouraging and provide alread y, together with the theor y

and the simulations, a solid basis for the SASE-FEL design, no experiment has ye t reached

the saturation regime, where the LC LS and other future facilities will operate. For this reason,

more experiments are planned to further stud y the SASE-FEL ph ysics at saturation and

shorter wavelengths.

                                      Presently there are three major effort s under wa y to demonstrate SASE at shorter

wavelengths. An LC LS collaborative effort (V ISA) is taking place at Brookhaven for ex-

periments at 0.6-0.8
m
m. A 4 m long undulator with distributed strong focusing has been built

for this purpose. VISA will reach saturation and it will study the radiation time structure and

angula distribution. Still at NSLS/BNL, the Source Development Laborator y plans to start late
in 1999  SASE demonstration experiment at 0.3
m
m with its 210 MeV linac and photoinjector

at Argonne. A program makes use of the APS Injector Linac and the Low Energy Undulator

Test Line (LEUTL). The initial plan is to start at 0.53
m
m with a 218 MeV beam. This will

show some gain, although not yet saturation. More undulators will be added allowing the

experiment to reach saturation.

                                      At DESY, construction is underwa y for a 420 Å SASE-FEL that will use the TES LA

Test Facility (TTF) superconducting linac (390 MeV) with first operation expected in late

1999 or earl y 2000

[
11

]
. In phase 2

[
12

]
, scheduled around 2003, the wavelength will reach

down to 60 Å with an electron beam of 1 GeV. This phase is alread y approved.

4. The Linac Coherent Light Source

4.1 The layout of LCLS

                                      Fig. 1 shows the la yout of the proposed LC LS at Stanford. The PEP-II B  Factor y

electron-positron collider that uses the first 2 km of the Linear Accelerator as the injector. The

last 1 km of the linac will be used b y the LC LS.

                                      A new injector consisting of a gun and a short linac will be used to inject an electron

beam into the last kilometer of the S LAC linac. With the compression, the electron beam exits

the linac with an energy of 14.3 GeV, a peak current of 3,400 A, and a normalized emittance

of 1.5

                                       P
                                                     mm-mrad. A transfer line takes the beam and matches it to the entrance of the

undulator. The 100 m long undulator will be installed in the tunnel that presentl y houses the

Final Focus Test Beam (FFTB). After exiting the undulator, the electron beam is deflected

onto a beam dump, while the photon beam enters the experimental areas.

4.2 The radiation characteristics

                                      The radiation from the SASE x-ray FEL will have unprecedented peak brightness, about

10 orders of magnitude greater than toda y´s brightest synchrotron radiation sources, see fig. 2.

The coherence properties will also be spectacular, about 10

9

 photons (degenerac y parameter)

in the coherence volume. The length of the x-ra y pulse is 230 fs, about two orders of magn-

itude shorter than in a state-of-the-art storage ring. Table I summarizes the calculated charact-

eristics of the LC LS radiation. It is noteworth y that there are 10

12

 photons7pulse (and 10

14

photons/second). In addition to the FEL radiation, an intense, broadband pulse of spontaneous

radiation will be produced (see fig. 3). Though it does not have the coherence it will be ver y

useful because of the broad wavelength region and femtosecond time-structure. Above 100

keV its average brightness will exceed an y other radiation source.

                                                                                       4.3 The main components and their performance characteristics

                                      We summarize briefly the pe rformance characteristics of the ke y components of LC LS.

Further details can be found in ref.

[
4

]
. The rf photoinjector is required to produce bunches of

a

           1 nC charge and 10 ps long with a normalized rms transverse emittance (horizontal and

vertical) of ~ 1

                                                                                                       P
                                                                                                                     mm-mrad

[
13

]
. A performance (1.2

P
 mm-mrad with 0.8 nC) close to the

design specification was measured at the Accelerator Test Facility

[
14

]
. The simulation code

PARMELA predicts that the design emittance can be reached b y appropriate transverse and

longitudinal laser pulse shaping

[
15

]
. The research on laser pulse shaping is presentl y

ongoing.

                                      For operation at 1.5 Å an electron peak current of 3,400 A with a transverse emittance of

1.5

                         P
                                       at 14.3 GeV is required. With these parameters the length of the undulator that will give

lasing with a comfortable margin for field errors and misalignments is ~ 112 m. Since the

photo-injector can produce 1 nC in 3 a ps long bunch, corresponding to a peak current of 100

A, the bunch has to be compressed 30 times to reach the peak current of 3,400 A required for

lasing. The la yout of the compression and acceleration is shown in Fig. 1. The energy of the

first compressor is 280 MeV, the lower limit being set by the need to minimize space charge

effects at low energy, while the upper limit is set by the desire to compress the bunch earl y in

the linac to ease transverse wake-fields. In the first compressor the bunch shrinks from 1 mm

to 390 μ m rms. After the second compressor the bunch length is only 20 μ m. The energy of

the second compressor, 6 GeV, is set b y the conflicting requirements of longitudinal

emittance dilution due to synchrotron radiation effects and longitudinal wake-fields. Since the

energy spread introduced b y the coherent s ynchrotron radiation is correlated along the bunch,

its effect on the transverse emittance is minimized by introducing a double chicane and

optical symmetr y to cancel the longitudinal-to-transverse coupling.

                                      From the end of acceleration a transfer line transports the beam to the undulat or. A

planar magnet of the Halbach h ybrid t ype has been adopted, with a period of 30 mm and a

fixed 6 mm magnetic gap. The poles are made of vanadium permendur, and the magnets that

drive them will be made of NdFeB. The undulator was optimized in terms of its focusing

lattice and strength. The electron optics consists of FODO cells, with a cell length of 4.32 m.

Focusing is obtained b y placing permanent magnet quadrupoles in the interruptions of the

undulator sections. Each interruption of the undulator sections. Each interruption is 23.5 cm

long, and also includes beam position monitors and vacuum ports. It was found, theoreticall y

[16] and through computer studies, that such interruptions are harmless to the FEL process.

The corrections to the electron orbit are obtained by a small lateral displacement of the

quadrupoles; the total movement is 0.5 mm with a resolution of 1 μ m. The electron beam

trajector y is required to be straight to within  5 μ m over a field gain length (11.7 m) to achieve

adequate overlap between the electron and photon beams.

                                      This absolute accurac y is not achievable with present mechanical alignment techniques.

A beam based alignment method, offers a solution to this problem. The technique uses BPM

readings as a function of large, deliberate variation in the electron energy. The measurements

are anal yzed and then converted to (a) quadrupole magnet transverse position corrections, 8b)

BPM offset corrections and (3) adjustments of the incoming beam position and angle at the

undulator entrance. A detailed description  of the method can be found in the LC LS Design

Report [24]. The simulations that have been performed to verif y the method include all

conceivable errors of the BPMs and quadrupoles, and show that the absolute position of the

trajector y can be made to be straight to within 5 μ m with only two iterations.

                                      The peak coherent power is 9 GW, the peak coherent power densit y 10

14
 W/cm

2
, and the

peak power of spontaneous emission 80 GW. These kinds of power levels will put ver y

stringent conditions on the x-ra y optics in the experimental area. Development of novel x-ray

optical elements is also an important part of the R & D plans. After the x-ra y beam exits the

undulator it will pass through an absorption cell so that the power levels can be adjusted to the

appropriate levels for the optics and the sample.

5.  Scientific Applications

                                      The third generation synchrotron radiation sources based on storage rings have been

exceedingl y successful and are now serving a large user community. Their rôles will not be

replaced b y the x-ra y FEL but the two types of sources will be complementar y. Some

applications are quite forward to predict for the x-ra y FEL. Classes of experiments now

ongoing would benefit from the higher average and/or peak brightness offered b y the x-ray

FEL. But the x-ray FEL will open up new areas of research because of its unprecedented

properties of coherence and time-structure. And there will certainly be man y experiments that

have not been conceived at the present ˘ the increase in performance characteristics of the x-

ra y FEL is just mind-boggling.

                                      The possible scientific applications cover a broad range of fields from fundamental

quantum mechanics, atomic and molecular ph ysics, plasma ph ysics, chemical ph ysics,

condensed matter ph ysics and structural biology. Here we just provide a few selected

examples and refer to three recent workshops for more details [17-19].

                                      The time-structure, subpicoseconds, opens up new areas in pump-probe experiments,

e.g. d ynamical structure determinations on the femtosecond timescale or the time-evaluation

of the electronic/structural properties of an excited state. Even though most d ynamical time

scales of interest in biological s ystems are t ypically microseconds or longer there are a

number of phenomena (e.g. photos ynthetic reactions, light sensors) that require femtosecond

time-resolution in combination with structure determination. The opportunity to extract

information from a single x-ra y pulse gives the tantalizing approach to follow the formation

or breaking of chemical bonds with atomic resolution on the relevant time-scale, namel y

femtoseconds. Recently, there has been much interest about the possibility to image

noncr ystalline biomolecular fragments, nanostructures or even single biomolecules (see the

contribution by J. Hajdu in ref. 19). If this works out it would revolutionize the possibilities

for structure determinations.  One large class of experiments that can take advantage of the x-

ra y FEL are these involving x-ra y photon correlation spectroscop y (a spectroscop y used in the

long wavelength regime for a long time based on conventional lasers). The length scale can be

reduced to atomic dimensions and a variety of problems in statistical physics (e.g. phase

transitions and their dynamics) can be addressed. B y its ver y nature the x-ray FEL would be

ideally suited to stud y nonlinear phenomena, in particular in the field of core atomic electrons

that is completed unexplored at the present but of great importance for, for instance, plasma

physics. Finally, it is interesting to note that ver y fundamental questions in quantum

electrod ynamics can be addressed. The focussed x-ra y beam would have enough intensity to

~boil~ the vacuum, i.e. to create electron-position pairs.

6.  Concluding Remarks

                                      In this paper we have reviewed the technical feasibility to construct an x-ra y free-

electron laser at Stanford and the potential scientific applications, based on a 15 GeV section

of the S LAC Linear accelerator and a 100 m long undulator. Research and development

efforts are presentl y under wa y and it is anticipated that a proposal to construct this facility,

the Linace Coherent Light Source, can be submitted in 2002. If funded the facility would be

completed in 2005 and opened to the scientific communit y.

Acknowledgments

                                      This work was supported b y the US Department of Energy, office of Basic Energy

Sciences, under contract DE-ACO3-76SF00515 b y Stanford Linear Accelerator Center,

Stanford Universit y, Stanford, California.

References

1.  Workshop on Fourth Generation Light Sources, Feb. 24-27, 1992, M. Cornacchia and H.

                         Winick, Chairmen, SSRL report 92/02.

2.  Ibid., C. Pellegrini, ~A 4 to 0.1 Å FEL Based on the S LAC Linac~.

3.  10

                                          th
                                                   ICFA Beam D ynimics Workshop on 4
th
 Generation Light Sources, Grenoble, Jan. 22-

                         25, 1996.

4.  LC LS Design Study Report, S LAC Publication R-521 and UC-414 25 for the complete

                         list of collaborators, see the LC LS Design Report, S LAC-R-521, p.i..

5.  Report of the Panel on Future, Coherent Light Sources, Februar y 1999.

6.  R. Bonifacio, C. Pellegrini, and L. Narducci, Optics Comm. 50 , 373 (1984); K-J . Nucl.

                         Instr. And Meth. A250 , 396 (1986); J.-M. Wang and l.-H. Yu, Nuclear Instruments and

                         Methods A250 , 484 (1986); G. T. Moore, Nuclear Instruments and Methods A239 , 19

                         (1985); E. T. Scharlemann, A. M. Sessler, and J. S. Wurtele, Phys. Rev. Lett. 54 , 1925

                         (1985); M. Xie and D. A. G. Deacon, Nuclear Instruments and Methods A250 , 426

                         (1986). K.-J. Kim, Phys R ev. Lett. 57 , 1871 (1986); L.-H. Yu, S. Krinsk y and R.

                         Gluckstern, Phys. Rev. Lett. 64 , 3011 81990).

7.  J. B. Murphy and C. Pellegrini, ~Introduction to the Physics of the Free-Electron Laser~,

                         in Laser Handbook, Vol. 6, pp. 9-70, W. B. Colson, C. Pellegrini and R. Renieri eds.,

                         North-Holland, 1990.

8.  T. Orzechowski et al., Phys. Rev. Lett. 54 , 889 (1985); D. Kirkpatrick, Nucl. Instr. And

                         Meth. A285 , 43 (1989); J. Gardelle, J. Labrouch and J. L. Rullier, Ph ys. Rev. Lett. 76 ,

                         4532 (1996).

9.  R. Prazieres et al., Phys. Rev. Lett. 54, 889 (1985) M̧. Hogan et al. Ph ys. Rev. Lett  80 ,

                         289 (1998); M. Babzien et al, Proc. Of the 19
th
 International Free Electron Laser

                         Conference, pp. V-267-270, North-Holland, 1998. D.C. Ngu yen et al., Phys. Rev. Lett. 81 ,

                         4 1998).

10.  M. Hogan et al., Ph ys. Rev. Lett.

11.   W. Brefeld et al. Nucl. Inst. And Meth. In Phys. Res. A393 269 .

12.  J. Rossbach, Nucl. Inst. And Meth. In Ph ys. Res. A375  119-124.

13.  D.T. Palmer et al., SP IE 2522, 514 (1995)

14.  M. Babzien et al. Ph ys. Rev. E, 57 , 5 (1998).

15.  J. F. Schmerge et al., ~ Photocathode rf gun emittance measurements using variable length

                         laser pulses~, Prsented at SP IE Photonics West, LASE 99 -  Free-electron Laser

                         Challenges II, San Jose, CA January 26-27, 1999, Proceedings of SP IE Vol. 3614.

16.  K.-J. Kim, ~Undulator Interruption in High-Gain Free-Electron Lasers~, LBN L report No.

                         F6, August 1997.

17.  Lindau, I. And Arthur J; eds. ~Workshop on Scientific Applications of the LC LS~,

                         Stanford, Jan 11-14, 1999 (to be published).

18.  Shenoy, G, ed., ~Future Light Sources~, Argonne, April 6-9, 1999 (to be published).

19.  Lindau, I. And Arthur J., eds. ~Workshop on science and Instrumentation for LC LS~,

                         Stanford, Oct. 15-16, 1999 (to be published).