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Abstract An experiment has been set up at the injector LINAC of the Mainz Microtro
MAMI to investigate far-infrared Smith-Purcell radiation in the THz gap (30
< X < 300um). The essential components are a superconductive magnet with a
magnetic induction of 5 Tesla in which 200 mm long gratings of various period
between 1.4 mm and 14 mm are located, and a composite silicon bolometer as
radiation detector. First experiments were performed in the waveleagibrr
between 10xm and 1 mm with a bunched 1.44 MeV electron beam.
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Introduction

Smith-Purcell (SP) radiation is generated when a beam of charged marticle
passes close to the surface of a periodic structure, i.e., a diffractitingyra
The radiation mechanism was predicted by Frank in 1942 [Frank, 194PR] a
observed in the visible for the first time by Smith and Purcell [Smith and Pur-
cell, 1953] with an 250-300 keV electron beam. In a number of subséquen
experiments the results were confirmed, for references see [Kube20G2].
Soon after the discovery, potential applications of the SP effect became th
topic of interest. In a number of theoretical and experimental studies the SP
effect has been discussed as a basis for free electron laseraytiotepaccel-
eration, or for particle beam diagnostics, for references see aldme[Kual.,
2002]. In particular we mention the work of Urata et al. [Urata et al., 1898]
which superradiant Smith-Purcell Emission was observed for the first time a
wavelengthh = 491 m with a 35 keV electron beam from a scanning electron
microscope.
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The optical radiation emission from diffraction gratings has been investi-
gated at the Mainz Microtron MAMI using the low-emittance 855 MeV elec-
tron beam [Kube et al., 2002]. A general feature of SP radiation frptical
diffraction gratings at ultrarelativistic beam energies is the weaknesg ohth
diation. The reason was found in the smallness of the radiation faciy$>.
According to Van den Berg's theory [Van den Berg, 1973a; Van dergB
1973b; Van den Berg, 1974; Van den Berg, 1971], these factaane only
large at low electron beam energies.

In this contribution we report on first experiments with a 1.44 MeV beam
at the injector of the Mainz Microtron MAMI to produce Smith-Purcell ra-
diation in the wavelength region between 30-3@®. Such radiation is of
particular interest since in this so-called THz gap no compact and effigent
diation sources like lasers or electronic devices are currently availabtbel
following section, first some basic theoretical considerations underlyimg o
experiments are described.

1. Basic Theoretical Background

According to the approach of di Francia [Di Francia, 1960] the radiatio
mechanism can be understood as the diffraction of the field of the elegtron b
the grating. It is diffracted in radiating and non-radiating orders. Therlatte
are evanescent surface waves with a phase velocity which might coimitide
the velocity of the electron. In this case the electron can transfer enetigg to
wave and indirectly drive the radiating orders. The angular distributiadheof
number of photong N per electron radiated into theh order into the solid
angleds is

dN sin? © sin? ® -4 _¢(0,d)
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where « is the fine-structure constandyy, the number of grating periods,
B=v/c the reduced electron velocity), & are the emission angles as intro-
duced in Fig. 1. The interaction length

it = 00, ©
4
wherey = (1—3%)~!/2 is the Lorentz factor, describes the characteristic finite

range of the virtual photons emitted and reabsorbed by the electrons and

A= —(1/8 —cos®), (4)
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Figure 1. Definition of geometry. The electron moves with constant reduced velGsity c
at a distance above the grating surface indirection. The groves, oriented in thedirection,
repeat with the grating period D. The photon wave-vektanakes the polar angl® with the
positivex axis and the azimuthal anglewith the positivey axis in the plane spanned by the
andz axis

the wavelength of the emitted radiation. The quanfitys the grating period.

According to Eqg. (1) the intensity decreases exponentially with increasing
distanced between electron and grating surface. As shown by Fig. 2 (a), the
normalized radial emittancey, of the electron beam restricts the minimum
distance of the beam axis to the value

As has been discussed in detail in Ref. [Kube et al., 2002] the exponen-
tial coupling factor in Eq. (1) imposes restrictions on the wavelength and the
grating length, see also Fig. 2 (a). These are relaxed to a great exteet if
electron beam is guided in a strong magnetic fig|dee Fig. 2 (b). The radius
R = 2p + r of an electron beam in the magnetic field can be described by the
sum of the cyclotron radius = (p/(eB)) - ¢ and the radiug of the electron
beam. The latter is connected to the transverse beam emittapaesc. by

the relation/eye./2 = ¢, = m - J - r. A minimization with respect to the
angled yields

eB e\ /7
2mec (57)°

(6)
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(a) without magnetic field

grating

d. | L=D-N,

(b) with magnetic field

Ank_vgIBFeld.cdr

Figure 2. Coupling of an electron beam of finite emittance to the grating (a) without etegn
guiding field, and (b) with magnetic guiding field

and
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With R, = K - Rope, @nds > 1 @ coupling parameter, a critical wave length

827k MeC EN
Acm’t = _N' (8)
By eB 7

can be defined which has no functional dependence on the length aftiregg
anymore. The meaning of this quantity is that for operational wavelengths
A < A the radiation production mechanism becomes inefficient. In the
above equations:. is the rest mass of the electron.

The intensitydN/dS2 of the emitted radiation, Eq. (1), maximizes for
., = 90° and

co8 Oppt = = 1/1 —1/+2. 9)
Egns. (4), (8), and (9) reduce to the optimum grating period
Dopt = ﬂ72)\crit- (10)

Financial restrictions fixed the length of the grating and the magnetic field to
L =200 mm andB = 5 Tesla, respectively. With these parameters settled the
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additional restriction that the grating should have at Iéést > 100 periods
defines the region of operation, see Fig. 3.

As will be pointed out in the next subsection in more detail the Self Am-
plified Spontaneous Emission (SASE) amplification mechanism is driven by
micro bunching of the electron beam. The relevant quantity to achieve micro
bunching is the acceleration imposed on the electrons by the evanescent ele
tric field. At constant force the acceleration scalesas As a consequence,
an electron beam energy as small as possible should be chosen. IHdvigve
3 tells that the THz gap can be accessed only by electron beams with agy energ
greater than about 1 MeV provided the normalized radial emittance is small
enoughg?, < 2-10~77 mrad. The lowest energy at which the MAMI injec-
tor can be operated in a stable mode was found to be 1.44 MeV. With a nor-
malized emittance}, = 66- 10-7 m rad ands = 2 we obtaind,,; = 15.18,
hint=29.3pm, Aerig = 91.5um, Doy = 1.121 mm, and a#,,;= 2.67 mrad a
R,:= 13.4pm. For the sake of simplicity we have chosen as design parame-
tersA = 100pm, ©,,; = 15.18, and a grating period = 1.4068 mm.

Finally, the radiation factorsR,, |2 in Eqg. (1) remains to be discussed. First
of all a suitable shape of the grating structure must be chosen. We dégided
use a lamellar, i.e. a rectangular, shape because it can easily be mamegfactu
The relevant parameters of such a grating are the ratid of the groove
depth to the grating perio), and the ratia:/ D of the lamella width, i.e. the
remaining material between the grooves, both taken with respect to the grating
periodD. The optimization was performed numerically by a modal expansion
of the integral representation of the field inside the grooves using a Green
function formalism as described by Van den Berg [Van den Berg, 191t4é
procedure yielded/D =0.505 and:/D = 0.086 with a mean radiation factor
(| R1 |*)e =0.23 [Rochholz, 2002].

These considerations define the experimental parameters and the experi-
mental setup to be described in the following section.

Coherent Enhancement and Self Amplified Spontaneous
Emission

For our research program to investigate radiation production mechanisms in
the wavelength region between 30-308 special emphasis was put on am-
plification processes, in particular the coherent enhancement of SmitkiPu
radiation by a bunched beam and the Self Amplified Spontaneous Emission
(SASE).

The radiated number of photogN/df2).., from a bunch ofV, electrons,
distributed according to Gaussians with a standard deviatipns,, ando . in
the longitudinalr and transversg andz directions, enhances with respect to
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Eq. (1) by a factotV, (Sine+ (Ne —1)Scon). The incoherens;,,. and coherent
Scon, form factors are given by [Doria et al., 2002]

S = \/%JZ /Oooezg(@,qn)/hme(zd)2/2a§dz (11)
Scon = ‘\/%Uz /OooeZg(@’@)/m“"%('261)2/2"§dz’2
(F o It @

The integrals in the longitudinat and transversg directions have been
evaluated fok, = k/8 = w/(cB) = 27 /(BX) andk, = 0 yielding
Secohz = exp(—(2mo,/ (BA)?) andSc.n, = 1, respectively. The quantity
d denotes the center of gravity of the Gaussian direction.

SASE occurs if the electron beam bunch will additionally be micro-bunched
while the passage over the grating. This process is driven by longitddincak
originating from evanescent surface fields which travel synchrelgauith the
electron bunch across the grating. Gain formulas were derived by télach
[Wachtel, 1979], Schachter and Ron [Schachter and Ron, 198%ekhas
by Kim and Song [Kim and Song, 2001] in a two-dimensional model with
continuous sheet currents. The gains according to Schachter and-Rgn
and Kim and Song(= ks, which were somehow modified by us to meet our
experimental situation, are

V3 Bel AmB 279 _a/n 1/3
G — - /hl’ﬂtF AZ 13
ST ()2 (beduty\/%Ux IxV2mo, A ‘ ( )) 13)
Vor Becl €00 2T _auh 1/2
Gxs = Cme Wi P(AL)) T, (14
KS (57)2 (beduty\/ 271’0‘33 IA\/ 27I'O'Z )\ ¢ ( )) ( )

respectively. The weighting function

_ sinh(A/2hint)

takes into account that in our experiment the transverse beam profiledsdn g
approximation a Gaussian with standard deviatioavhile in Ref. [Schachter
and Ron, 1989] and in Ref. [Kim and Song, 2001] a rectangular shiajhe
transverse beam profile with a width, and a thin current sheet along the
grating surface were assumed, respectively. Both quantities areatedrisy
A, = 2mo,. Further on,I = ec/r. = 17045.09 A is the Alfvén current,

(15)
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with r. the classical electron radius, angh the reflection coefficient to the
n = 0 mode of the grating [Kim and Song, 2001].

The emitted poweti? P per unit solid anglelQ2 and unit path lengthz at a
mean beam curredtof duty cycleF,,.,, and bunch repetition ratg is given

by

d*p 2rhe I dN 17 o4 I
= —/—— === *Sine 1)Seo
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The total emitted powed P per unit solid anglel(2 is obtained by integrating
over the grating length coordinate

dpP oI o L sin?Osin?® 9
= 2meme = | R,
dQ fretec IAn D2 (1/8 — cos©)3 | Bn |
62G-L -1 T
Sinc - 1 Sco . 17
x| Sine + oy b (17)

A few remarks seem to be appropriate concerning the validity of Eqn}. (13
(14), (16), and (17). These equations only hold if the bunch is suffigiéong
to allow a micro-bunching of the electron plasma in the synchronously travel-
ling evanescent surface mode. Such plasma waves have recently bestit in
gated theoretically by Andrews and Brau [Andrews and Brau, 2004)] aldo
derived a gain formula. One important result is that the evanescent nasde h
wavelength somewhat larger as the longest wavelength of SP radiatioh whic
in fact is emitted in backward direction. If the results, which were derieed f
a special SP experiment [Urata et al., 1998], could be generalized ithefga
Ref. [Andrews and Brau, 2004] is lower than the formula of Schachtdr a
Ron predicts but higher as that of Kim and Song. Further on, it mustibe co
cluded from this work that the bunch length should be at least of the ofder
the wavelength of the backward emitted SP radiafign /3 + 1), see Eq. (4),
otherwise the gain is expected to be lower as the gain formulas predict, i.e. for
an already bunched beam the gain is a function of the bunch length itstlé or
coherent bunch form factd.,;,. In the limiting case of an already coherently
emitting bunch it is reasonably that the gain must be negligible small. Inspect-
ing Eqg. (17) we see that SASE can be neglectedlif < 1, i.e. for a grating
of lengthL = 0.2 m, as in our experiment, f@r < 5/m.

Let us finally discuss the ansatz in the square brackets of Eq. (16 Biac
gain formulas were derived for initially incoherently emitting electrons we as-
sumed that the gain factor acts only on the incoherent part. This ansald sho
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region of operation
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Figure 3.  Critical wavelength\.,;: in first order| n | = 1 as function of the normalized radial
emittance:’y for different beam energies. The region of operation is indicateddoatng with
length L = 200 mm, number of period¥y, > 100, and magnetic field = 5 Tesla.

be a good approximation as long as the coherent form factor is small in com-
parison to the incoherent one, i.e. 68r,, < Sin.. FoOr an already nearly
coherently emitting bunch the gain formulas must be modified, as already men-
tioned above. However, our ansatz in the square brackets might stilltizefrig
such modified gain expressions would be used.

In Fig. 4 the gains of Ref. [Schachter and Ron, 1989; Kim and Song,
2001] are shown as function of the mean electrical beam cuirdat our
experimental design parameters. The gain of Kim and Song is more than a
factor 10 smaller than that of Schachter and Ron, and SASE for the fasmer
expected to be negligible small. However, it must be stressed that in view of
the discussion of the last paragraph the gain of Schachter and Rditutess
most probably only an upper limit.

The emitted intensity as function of mean beam curfeand distance of
the beam to the grating are shown in Fig. 5 and 6, respectively. The effec
coherent emission from the electron bunch does not exceed about@f e
one hand, the large gain according to Schéachter and Ron results fostaieb
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Figure 4. GainGsg, andG ks according to Schachter and Ron [Schéachter and Ron, 1989],
and Kim and Song [Kim and Song, 2001], respectively, as functioneofriiban electron beam
currentI. Parameters: kinetic energy of the electron beam 1.44 MeV, duty fagptey = 0.5,
bunch repetition rate¢f, = 2.45 GHz, standard deviation of bunch lengih = 256.9 um,
standard deviation of transverse beam size 15 um, radiation factof e | = 1, magnetic
field B = 5 Tesla, distance of beam to the gratifig 30 um, observation angl® = 15.2°, wave
lengthA = 100pm

d in a strong nonlinear increase of the emitted intensity as functidn©h the
other hand, at constaitthe intensity drops off faster as the interaction length
hint predicts for spontaneous emission. Both predictions can experimentally
be scrutinized. It was one of the goals of the experiments described iexhe n
subsection to shed light on this rather perturbing theoretical situation.

2. Experimental

Beam line and experimental setup at the 3.41 MeV injector of the Mainz Mi-
crotron MAMI for the investigation of the far-infrared Smith-Purcell réauia
are shown in Fig. 7 and Fig. 8, respectively.

The 5 Tesla superconductive magnet (5T Cryomagnet System, manufac-
tured by Cryogenic Ltd, UK London, Job J1879) has a bore of 100 mm di-
ameter. The magnetic field of the solenoid was carefully mapped with a three
dimensional Hall probe [Rochholz, 2002]. Along the grating with 200 mm
length the magnetic field has a homogeneitydB|/B = 1.15 - 10~3. More
importantly, however, is the question for a bending of the magnetic field lines.
Already a bending radius d?y = 390 m would be sufficient to prevent an op-
timal coupling of the electron beam with a radiusif 15 m to the grating.
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Integrated power in the limit$2.2° < © < 18.2° and60° < ® < 120° as

function of the mean electron beam currénBhown are calculations with the gain of Kim and
Song, labelledx s, and of Schachter and Ron, labellégr. Radiation factotR; |* = 0.23,
distance of the beam to the gratidg 30 um, all other parameters as for Fig. 4
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Integrated power in the limit$2.2° < © < 18.2° and60° < & < 120° as

function of the beam distane&from the grating. Shown arkB¢s andlsr according to the gain
of Kim and Song and of Schachter and Ron, respectively. Radiatitorfa; |* = 0.23, mean
electron beam currert= 20 /A, all other parameters as quoted in Fig. 4
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Figure 7.  Setup of the Smith-Purcell experiment at the injector LINAC A of the Mainz
Microtron MAMI. The 1.44 MeV electron beam is deflected just in frontted 14 MeV Race
Track Microtron RTM1 by an angle of totally 30 An achromatic and isochronous system has
been employed, consisting of two bending magnets (B1, B2) and sixupalds. The beam is
properly coupled into the superconductive solenoid by means of awald doublet (Q1, Q2)
and steerer magnets (S1, S2, S3, S4). Stray fields are symmetrizédrizgibn by a magnetic
mu-metal shielding. Downstream the solenoid the beam is deflected dodstisaan angle of
15° (bending magnet B3) and finally dumped. Three zinc sulfide fluorésmeeens (L1, L2,
L3, L4) serve for beam diagnostic purposes.

The relevant quantity is the inverse bending radius which in a two dimensional
model is given by 1Ry = (0B/0z)/By. Herez is the coordinate in the hor-
izontal plane perpendicular to the symmetry axis. The measurement yielded
(0B/0z)/By < 2.610° cm~! and fulfills the requirement within a region

Az =+ 1.4mm.

The liquid helium cooled composite silicon bolometer (Mod. QSIB/3, man-
ufactured by Composite Bolometer System, QMC Instruments Ltd, UK West
Sussex) served as radiation detector. A low-pass and a high-passeghigct
the sensitive spectral range to g < A < 2 mm. The /3.5 Winston cone
with an entrance aperture of 11 mm accepts angles8.1°. The optical re-
sponsivity amounts to 10.7 kV/W , the speed of response is 285 Hz, and the
system optical Noise Equivalent Power (NEP) 4.2 gX# = at 80 Hz. In com-
bination with a lock-in amplifier the bolometer is sensitive enough to detect
radiation under experimental conditions with a power as low as about 100 pW

A special operating mode of the three linac sections was required to pre-
pare a 1.44 MeV electron beam with good emittance and short bunch length
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o~

Figure 8. (a)View onto the optical system. Far-infrared radiation produced bythtng

G of 200 mm length is vertically focused by a cylindrical mirror M1 defledigdh plane mir-

ror M2 onto a horizontally focusing mirror M3 and detected by a bolometek Bylindrical
mirror above the grating focuses the radiation back to the electron beirmomponents are
plated with a layer of 5:m of gold. Shown are also ray trace simulations. (b) Ray distribution
perpendicular to the nominal ray direction at the bolometer position B.

[Mannweiler, 2004]. The most critical part, however, was the injectiothef
beam into the solenoid since, first of all, the beam axis must exactly coincide
with the symmetry axis of the magnetic field. To achieve this goal any field
distortions, even as far away as 2 m from the entrance of the solenoidtl, mus
be avoided. The iron joke of the RTM1 was identified to be particularly sen-
sitive to such field distortions and the entrance region of the solenoid had to
be shielded over a length of 1.5 m by mu metal. In case the beam axis does
not exactly coincide with the symmetry axis of the solenoidal magnetic field
the beam spot describes a circle at the fluorescent screen behiraaheid

if the magnetic field is varied. The injection of the beam can this way be con-
trolled and optimized. Secondly, the beam must be focussed in such a manner
to accomplish in the solenoid the required optimal angjlg, Eq. (6), which

is correlated to the beam radifs,;. For this purpose the beam spot size was
measured in the solenoid by the secondary electron signal from a seeinme

of 40 um thickness.

Finally, ray trace calculations were performed with the add-on Optica EBgrn
2003] to Mathematica [Wolfram, 2003] to get insight into the focusing prop-
erties and efficiency of the optical system which guides the far-infreadd
ation into the bolometer. The results are shown in figure 8. Initial coordi-
nates and emission angles of 1000 rays were randomly and homogeneously
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Figure 9. Bolometer signal as function of the mean beam current on the gratingtinGr
period 14.3 mm, wavelength = 1.0 mm at observation angte = (15.2 + 3)°, accepted
wavelength region of the bolometer 3&h < A <2 mm.

distributed on a 200 mm long line 10m above the grating in angular regions
12.2° < © < 18.2° and60° < & < 120°. Assuming that the grating has

a reflectivity of 40 % for rays hitting the grating the efficiency of the optical
system turns out to be 48 %. The bolometer was tuned into the spot shown
in figure 8 (b) with the aid of a remote controlled two-dimensional parallel
displacement support.

3. Results and Discussion

At the beam energy of 1.44 MeV we sought in a number of runs for spon-
taneous Smith-Purcell radiation with a wavelength of about A®0and, in
particular, for the predicted SASE. Parameters and experimental setep we
chosen as described above. Finally, only an upper litnit 0.085 nW for the
Smith-Purcell signal could be determined at a mean beam cufrerit6 ;1A
and a magnetic field® = 4.8 Tesla. The only reasonable explanation for this
rather disappointing result is that the beam spot was larger than exgacted
therefore, the beam could not be coupled optimally to the grating. One or a
combination of the following reasons may be responsible: (i) the non-s@nda
operation mode of the three MAMI Linac sections for the 1.44 MeV beam
deteriorated the transverse emittance and, in addition, also the bunch length,
(i) the beam could not be injected into the solenoid in such a manner that the
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optimal beam radius was achieved, and (iii) grating and electron beam in the
solenoid could not be aligned properly. Indeed, measurements in th@iblen
yielded a projected spot size indirection with standard deviation af, ~

100 um. Also bunch length measurements were performed with the longitudi-
nal phase space diagnostics of the injector linac [Euteneuer et al., WB&8]
yieldedo, = 540um. Assuming a distancé= 2.5¢, of the beam to the grat-

ing, even with the optimistic gain formula of Schachter and Ron an intensity
of only P = 0.05 nW follows from the formulas presented in subsection 2 in
accord with the experimental result.

To get further insight into the signal generation an experiment with a grating
of the large period of 14.3 mm,/D = 0.51,h/D = 0.09,|R;|?> = 0.24 was
performed. The wavelength of the Smith-Purcell radiation at an emissid& ang
of 15.2 amounts to\ = 1.0 mm. The interaction length,,; =298 um is large
enough to couple even a beam with the experimentally determined large spot
size ofo, = 105 um optimally to the grating. The intensity characteristics as
function of the distancé of the electron beam from the grating was found to
be consistent with the expected interaction length. The intensity of radiation as
function of the grating current, see Fig. 9, was measured with half theatectr
beam current on the grating. The grating current, therefore, is the aame
the current of the electrons above the grating which creates the SmitBHPurc
radiation.

The non-linear growing of the signal as function of the current carxbe e
plained by the bunch coherence, as calculations with the above desimibed
malism suggest, see figure 10 (a). The maximum of the intensity at a current
of 20 ;A and the decrease at larger currents is most probably a consequence
of increasing bunch lengths, see figure 10 (b). It is worth mentioningathat
gradual increase of the bunch length by only about 20 % explains glthad
experimentally observed dramatic decrease of the intensity at beamtsurren
I > 20 pA. These results are in accord with experiments to determine the
shape of an electron bunch with the aid of coherent Smith-Purcell radiation
see e.g. Ref. [Doria et al., 2002], or [Korbly and A.S. Kesar, 2003].

The just described experiment with the 14.3 mm grating corroborate the
conjecture that the required settings of the accelerator and beam limefatda
MeV electron beam with low transverse spot size and short longitudimahbu
length in the solenoid were not found, or can not be achieved at allefidrer
further experiments were performed with the 3.41 MeV standard bearodf go
quality the results of which will be reported elsewhere [Mannweiler, 2004]

4. Conclusions

Smith-Purcell (SP) radiation in the wave length region betweent®@nd
1000um has been investigated at the injector LINAC of the Mainz Microtron
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Figure 10. (a) Integrated intensity in the limit2.2° < © < 18.2° and60° < ¢ <
120° as function of the mean electron beam currefor a grating with a period of 14.3 mm.
Wave length\ = 1.0 mm at observation angt® = 15.2. A rectangular beam profile of width
A, =131.6um in z direction with a distance to the grating= 65.8 um was assumed. (b)
Adapted standard deviation of the bunch lengthas function of the mean beam current
Other parameters: kinetic energy of the electron beam 1.44 MeV, dotyrfay,:, = 0.5,
bunch repetition ratg, = 2.45 GHz, A, = 263.2um, radiation factofR:| = 0.23, magnetic
field B = 4.8 Tesla.
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MAMI with a pulsed electron beam of 1.44 MeV energy. The beam was kept
focused in a superconductive 5 Tesla magnet and guided above natag)gr
with a length of 200 mm. The predicted large intensity\of 100 um radi-
ation at could not be observed. The most probable explanation for thisfa
that (i) the beam spot size was too big and, therefore, the beam coulbe not
coupled optimally to the grating, and (ii) gain formulas may not be applica-
ble because the electron beam bunches in our experiment are shantdreha
wavelength of the evanescent mode. At a wavelengthof mm the observed
intensity as function of the beam current can be explained by coharest e
sion from about 60Q:m (rms) long electron bunches which slightly lengthen
as the bunch charge increases.
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