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Abstract

I calculate the number of ions generated during a bunch passage in the 100-m long undulator
of the LCLS X-ray FEL, discuss the emittance dilution caused by these ions, and estimate the
acceptable vacuum pressure.

1 Introduction
In this note, I study the ion production by the beam and by the synchrotron-radiation photons
during a bunch passage in the LCLS undulator [1] and I investigate three di erent mechanisms of
emittance dilution induced by these ions. From the calculated emittance growth I then estimate the
acceptable vacuum pressure for FEL operation. Relevant parameters for the LCLS X-ray FEL are
summarized in Table 1.

2 Ionization Processes
There are three conceivable mechanisms by which ions can be created:
1. Collisional ionization by the beam: A typical ionization cross section for a GeV electron beam
and carbon monoxide or nitrogen gas is of the order of 2 Mbarn2 . The 2-Mbarn cross section
translates into an ion line density of about

ion [m,1]  5Nb p[Torr]

(1)

at the end of the bunch, or 320 ions per meter for a pressure of 10 nTorr.
2. Ionization by incoherent synchrotron radiation: The ionization cross section of 8-keV photons
for typical elements is about 100 barn [2]. Even though the number of photons at 1.5 
Ais three
orders of magnitude higher than the number of electrons, this cross section is so much smaller
than the collisional-ionization cross section that the photoionization at Angstrom wavelengths
can be neglected in comparison.
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parameter
symbol value
beam energy
E
15 GeV
transverse rms beam size
x;y
25 m
rms bunch length
z
20 m
charge per bunch
Qb
1 nC
electrons per bunch
Nb 6:3  109
norm. beam emittance
x;y
1 m
average beta function

18 m
x;y
no. of wiggler periods
Np
3328
length of wiggler period
w
3 cm
bend angle per wiggler half period
w
20 rad
FEL wavelength

0.15 nm
coherent photons per pulse
N
5  1012
undulator length
Lund
100 m
saturation length
Lsat
94 m
FEL gain length
Lgain
10 m
slippage length
Lslip 0.5 m
Table 1: Some parameters of the LCLS X-ray FEL.
In addition to the photons emitted at the rst (and higher) FEL harmonic wavelengths, a broad
spontaneous photon spectrum extends to much lower energies, where the photoionization cross
section is considerably higher: Below about 100 eV the photoionization cross section becomes
comparable to, and may even exceed by up to a factor of 5, the cross section for collisional
ionization. From Fig. 6 in Ref. [1], illustrating the spontaneous photon spectrum, and from
Fig. 1 (next page), showing its low-energy part, I estimate that, at the end of the undulator,
there are about 6  1010 photons per bunch with energies below 1 keV, and fewer than 5  109
photons whose energy is below 100 eV. Thus, the number of low-energetic photons is about
equal to the number of electrons in the bunch. With an rms opening angle of 10{20 rad
for the spontaneous radiation (and an even wider opening angle at low photon energies), the
photoionization processes occur on average far away from the beam orbit. Therefore, and
considering the small number of low-energy photons, we may assume that the ions produced
by photoionization form a di use halo, whose e ect on the beam is negligible compared with
that of the much denser ion cloud produced by collisional ionization inside the beam.
3. Tunneling ionization in the coherent laser eld: Up to frequencies of the order

p

!t = eE= 2meI

(2)

the tunnel e ect is determined simply by the instantaneous value of the electric eld [4, 5].
In Eq. (2), the parameter E is the electric eld, me the electron mass, and I the ionization
potential. The peak electric eld of the laser pulse can be roughly estimated from the equation
!1=2
2
N

h
!
E^ 
(3)
(2)3=2 0x y z
2

Figure 1: Number of photons per 0.03% frequency interval and per bunch passage at the end of the
LCLS undulator [3]; the spontaneous ux increases linearly along the undulator.
and is found to be about 9 GV/m. Somewhat arbitrarily using I  20 eV, the threshold
frequency is !t  6  1014 s,1 , which is low compared to the FEL frequency !  1019 s,1. This
means that the standard formula for static tunneling ionization does not apply here.
To determine if the coherence of the FEL X-rays is important, we calculate the photon density,

n  (2)3=N2     2:5  1025 m,3 ;
x y z

(4)

which implies that in a sphere with a radius equal to the Bohr radius a0 (a0  0:5 
A) on
average there are only 10,5 photons at any given time during the pulse. It is thus legitimate to
consider the photons as incoherent [6], in which case, as seen under point 2, their contribution
to the ionization is insigni cant.

3 Emittance Dilution
Ions could dilute the bunch emittance in various ways: rst, the ions induce a tune shift across the
bunch which could lead to lamentation and to an e ective increase in the transverse emittance;
second, the electrons or, third, the ions generated by the bunch head can excite the bunch tail and
cause a beam break-up instability.
Pessimistically assuming that all electrons originating in the ionization process are dispersed and
lost before the end of the bunch3 one can estimate the ion-induced shift in betatron phase advance
3

Using this assumption, which is not ful lled for the LCLS, the actual tune shift will be overestimated.
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between head and tail of the bunch at the end of the undulator:


x;y

 x;y re(ion+Lund
y )
x;y x

(5)

Using an ion line density ion , as expected for collisional ionization, Eq. (1), the phase shift is
 x;y  4  10,6 rad for 1 nTorr and 4  10,4 rad for 100 nTorr. Signi cant emittance growth due
to lamentation would be expected only for an average pressure exceeding 100 Torr, for which the
phase shift approaches 1 rad.
Since, di erent from the situation in most other accelerators, the bunch length in the LCLS is
shorter than the transverse beam size, the electrons do not escape from the bunch during its passage,
but the electrons generated by the head will still a ect the trailing particles. The resulting emittance
growth can be estimated from a rst-order perturbation expansion, in analogy to the treatment in
Ref. [7]:
2 N 2 r3 L2 y^2
y  pb ion2 e3 z und 3y
(6)
54 2 y (x + y )
where y^ describes the amplitude of anpinitial vertical perturbation of the form yb0 (s; z ) = y^ cos(s= +
) sinh(!i z + ) with4 !i  (4Nb re=(3 2z y (x + y )))1=2 , s is the longitudinal position along the
beam line, and z denotes the longitudinal position of a particle with respect to the bunch center.
Exactly the same expression with the subindices x and y interchanged applies to the horizontal case,
and, by symmetry, it yields the same emittance growth. Inserting numbers and assuming an ion
density as in Eq. (1), we can rewrite Eq. (6) as
!2
y
^
,
19
( y ) [m]  4  10
(p [nTorr])2
(7)

y

For a huge perturbation, y^  10 y , one nds that the emittance growth becomes signi cant when the
pressure approaches 10,4 Torr, which is almost ve orders of magnitude higher than the anticipated
operating pressure.
In principle, not only the electrons but also the ions themselves could drive an instability, even
though the ions do not move during the beam passage. This could happen when the bunch is tilted
and the ions generated by the head are o set with respect to the tail. Especially important is the case
when the ion force drives the beam tail in resonance with the betatron motion. As an example, due
to the acceleration in the SLAC linac the beams in the SLC arcs usually exhibit a signi cant energy
spread which is correlated with the longitudinal position along the bunch. At locations with vertical
dispersion the beam is tilted vertically with respect to the forward direction. Since the vertical
dispersion in each achromat of the arc propagates exactly like a betatron oscillation, ions generated
by the head then drive the tail in resonance. It was found that this e ect sets the tolerance on the
acceptable arc vacuum pressure [8]. In the case of the LCLS, e ects of this type are unlikely to be
important because the horizontal design dispersion in the undulator is tiny. The peak dispersion is
only about ^x  w lw =8  70 nm, so that any perturbation involving energy variation and dispersion
will be very small compared with the transverse beam size.
4 Inserting numbers, we nd !   0:3.
i
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4 Conclusion
In this note I have estimated the number of ions generated during a bunch passage in the LCLS
undulator and their e ect on the beam emittance. The ionization of the residual gas due to the
coherent X-rays and, from the viewpoint of beam dynamics, also the ionization due to the lowerenergetic spontaneous photons were found to be insigni cant compared with the collisional ionization
by the beam. As a result, there does not seem to exist a tight tolerance on the vacuum pressure in the
LCLS undulator. Even a pressure as high as 1 Torr would still appear to be perfectly acceptable.
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