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Abstract size of the electron beam are expected to make possible the
. . . : . investigation of the beam-transverse-size in the congugat
Diagnostics with a transverse spatial resolution in the OE . . :
d . SR o ourier space of the electron coordinates. The experimen-
er or even higher than the intrinsic limit of the traditibna

. . . . . . . tal check of such a phenomenon and the development of
OTR light spot imaging techniques is required for hl.gqhe related diagnostic technique are presently under4inves
energy and low emittance electron beams by FEL dr|v%r ation at the SwissFEL proiect
linac. High resolution measurements of the beam trangd project.
verse size can be performed by moving the radiation de-

tection from the space of the electron transverse coordil-:q_IE'\IO'vI ENOLOGICAL BACKGROUND

nates to the Fourier conjugate space of the radiation angu-gased on an original development of the virtual quanta
lar distribution. The development of such a new diagnostigethod for a three-dimensional electron beam, the formal
technique is related to the experimental investigatiomef t expression of the transition radiation (TR) energy spectru
beam transverse size effects in the angular distribution gf, 5 high density charged beam in collision at a normal
the OTR spectral intensity. The status of the experimenrmgle of incidence with a plane metallic surface having an
tal investigation of such a phenomenon at the SwissFE4pitrary shape and size was obtained in the framework of
project and the main features of such a new diagnostic tecfpe Huygens-Fresnel principle under far-field approxima-

nique will be presented. tion [3, 4, 5]. For observation conditions of both temporal
coherence and incoherence, the angular distribution of the
INTRODUCTION TR spectral intensity results to be affected by a high fre-

guency diffractive cut-off due to the finite transverse size

Diagnostics for fourth generation light sources is re- . .
quired to monitor the beam transverse size with ever high%F the electron beam. Such a diffractive effect should man-

spatial resolution. Spatial resolutions frdifhto 5 ym are 'tedSt |ttself. asan mclreast(; of 'éhe gumzer .Of phfottr?n_s emit-
indeed envisaged at th#h0 MeV injector of the future cd at a given wavelength and a broadening of In€ir angu-

SwissFEL [1]. OTR view screens (OTR, Optical Transi-lar distribution with decrease of the beam transverse size.

tion Radiation) appear suitable tools for monitoring highSUCh a phenomenon shows a physwal consistency com-
ared to other beam-transverse-size effects characigyizi

energy electron beams with small transverse size, Limit% eneral, the radiation emission by relativistic charged
tions to OTR monitor spatial resolution comes mainly fro 9 S' hrot diation Brill y Tek i 9
the detection set up (CCD camera and optical device). Wi Fams. synchrotron radiation Brifiance in a storage ring

decrease of the beam transverse size and increase of hotc_m brem_sstrahlung Luminosity In a p_osnron elec-
téon collider are indeed well known and investigated beam-

beam energy, the traditional OTR imaging techniques in ﬂ} nsverse-size dependent properties of the radiatios-emi
space of the electron coordinates have to face the probIeFﬁl P prop ; \ :
ion by charged beams as well as diffractive alterations of

to spatially resolve alarge flux of photons that concerdrat e synchrotron radiation angular distribution in an elec-
in few pixels of the CCD sensor. How to overcome such at 3; . QI] ) tigated t i d
intrinsic spatial resolution limitation of the traditiof@TR ron storage ring are commonly investigatedto monitor an

diagnostics? Having in mind the electron bunch length i optimize the beam transverse size [2]. Finally, it should

vestigation from spectroscopic analysis of the temporal c%’e not_|ced that th? collision of a charged beam W'th. a flat
etallic surface —in the present context normally oriented

oo s tespct o he colling beam and supposedo behave
a given coordinate space —features of a narrow-band ph > an 'de.a.l clonductor—can be ;chematlzed as the collision
nomenon, broad-band conditions for the investigation a e relatlwstlc charged beam with a double layer of charge
the same phenomenon can be still achieved if the obs f rest in the Iaboratpry fram_e of referer!c_e. T_he backward
and forward TR emitted during the collision is the result

vation of it can be moved from the primitive coordinate ¢ the diol lati fthe ch induced quct

space to the conjugate Fourier space. In the specific ca%e € dipoiar osciiiation ot the charge INducea conduction
of OTR diagnostics in a FEL driver linac, what the physi-e ectron on the metallic surface, as confirmed by the obser-
cal phenomenon allowing us to shift the investigation of th
electron beam transverse size from the space of the elect
coordinates to the conjugate Fourier space of the radiati
angular distribution? Diffractive modifications of the OTR

spectral and angular distribution due to the finite transver

ation of backward emitted radiation. Consequently, from
e point of view of kinematics, TR emission by a charged
gﬁam in collision with a normally oriented metallic surface
can be assimilated to a photon bremsstrahlung emission by
a relativistic charged beam colliding with a charged dis-
tribution at rest—along the direction of incidence—in the
* gianluca.orlandi@psi.ch laboratory frame of reference. The tight relativistic ori-
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gin and the common kinematic nature that TR shares witteported. The following hypothesis will be assumed:
other electromagnetic radiative mechanisms by relaitivistelectrons with spatial coordinatés,; = (zo;, yo;), 205]
charged beams make the investigation of the beam trang-= 1, .., N) are supposed to normally hit with a common
verse size effects on the TR energy spectrum a worthy arélocityw = (0, 0, w) a plane metallic surfac& having an
potentially fruitful research subject for beam diagnastic  arbitrary shape and size and lying on the plare 0 of the
laboratory frame of reference. According to such a hypoth-
THEORETICAL BACK GROUND esis, the temporal sequence of the particle collisions with
the metallic screen is only a function of the distribution
TR is generated by a relativistic charge crossing a dif the electron longitudinal coordinates; (j = 1,.., N).
electric interface in a rectilinear and uniform motion [¢, 7 The formal expression of the transverse harmonic compo-
in principle. A frequency broad-band photon flux, radiatedieéntw = ck of the virtual quanta electric field on the radi-
by the boundary surface around the collision point, propétor surface: = 0 reads:
gates towards both the forward and backward half-spaces ,, N _
according to double conical spatial distribution whose an- i’ (4,2 = 0,w) = L2377 | ei(w/w)zos x
gular aperture depends on the Lorenfactor of the charge
(y = E/mc?). In case of a charge collision at a normal
angle of incidence with a flat radiator surface—as also SUBhere7 = (z,y) and7 = (7,,7,) are the radiator sur-

posed in the following —the angular distribution is symmetz, .o coordinates and conjugate Fourier coordinates, cespe

ric with respect to the motion direction of the charge. Astively anda = . According to the far-field approxi-

higher and steeper the variation of the dielectric constaflaion. the Helmholtz-Kirchhoff integral theorem imple-

across the boundary surface, as larger is the photon yieldle\1eq under hypothesis of a radiator surfsagith arbi-
Ideal conditions for TR emission are usually encounterel(;iary size and shape

in an electron linac beam line where it is produced by a

polished metallic foil or a thin Aluminium film on dielec- N - o

tric substrate. As also supposed in the following, for the Eyy(Fw) = R / dp ES, (p,w)e @)
purposes of the calculation of the transition radiation en- s

ergy spectrum, the radiator surface can be assimilated to
ideal conductor surface, at least up to the visible spectr
region. Under such a hypothesis, for a single electron o
collision with an ideal conductor surface, the resultant TR N
spectrum is uniform in the frequency with angular distri- E;T"y(r{,w) = ZHx,y(R'7w7ﬁOj) e~ w/w)zo; 3)
bution showing the characteristic double-lobe shape with j=1

peak atl/~. In a electron linac, OTR is mainly observed

for monitoring the beam transverse size. Information abowtheret,, ; = H, (s, w, po;) with u = x,y

the transverse spatial distribution of an electron beam can _ i

be obtained by imaging the OTR light spot by means of iek /dﬁ/ d;ﬂ;s . a; GAT=RT(4)

x [ d7 e F T T (1)

&plth R = (ks, ky)] leads to the following formal expres-
n of the TR field at a distande:

a CCD camera equipped with a focusing achromatic lens I 2w Rw
with a focal lengthf. A real-size image of the OTR light

spot can be obtained for a lens position two tinfiesjuidis-  Finally, by calculating the flux of the Poynting vector, the
tant from the image and the object plane. The OTR angormal expression of the TR energy spectrum in the most

lar distribution can be instead mapped for a lens distan%nera| case of a radiator Surfaﬁd]aving arbitrary size
from the CCD sensor equal tb. A formal approach to and shape follows:

the derivation of the angular distribution of the TR spgctra

intensity by a relativistic three-dimensional electromive (21 oR? N 9

consists in [3, 4, 5]: (1) calculating the virtual quantadiel gQdwo — 4m? u=w~,y(zj=1 [Hyugl™ +

Ior the beam [8]; (2_) imposing boundary pondltlons to the + Z?jl(j;ﬂ):l o—i(w/w)zo; ei(w/w)zm,HwH;lX@
ransverse harmonic component of the virtual quanta field

on the metallic surface; (3) propagating the radiation fieléome comment about the just obtained results. (1) The
from the boundary surface to the observation point by imformal expression of the TR field —see Egs.(3,4)—results
plementing the Helmholtz-Kirchhoff integral theorem; (4)from the addition of N single electron field amplitudes
calculating the flux of the Poynting vector; (5) perform-H,, ;, each depending on the given electron transverse co-
ing the passage from a discrete to a continuous represeteinatespy; = (zo;,yo0;) andS. Furthermore, each field
tation of the charge form factors in the radiation energgmplitude term shows a relative multiplicative phase fac-
spectrum provided that the particle density is sufficientlyor e—#(«/®)20; only dependent on the longitudinal coor-
high that the continuous limit can be applied. Highlightsiinatez; of the given electron. The relative-phase struc-
of the derivation of the formal expression of the TR enture of the radiation field conforms thus to the temporal
ergy spectrum by a relativistic electron bunch are belowausality principle that, in the present context, states th

S
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Figure 1: (top) Processed CCD camera images of the OTR andistaibution and (bottom) corresponding radiation
intensity distribution along a CCD camera pixel row in comgan with normalized predictions from “single particle”
model (red curve) and "beam-transverse-size” model (btacke). The nominal beam transverse size —alhouim —
decreases passing from a) to b) and c. The fit beam-transsiegesis abou20 ym. One pixel equal t62 urad.

the temporal sequence of the particle collision with the raradiator surfaceS. The invariance of the formal represen-
diator surface only depends on the distribution of the eletation of the radiation energy spectrum under applicatfon o
tron longitudinal coordinates. (2) The single electrondfiel the continuous limit to the flux of the Poynting vector—see
amplitude —see Eq.(4)—is represented according to an ifgg.(5)—or to the radiation field—see Eqgs.(3,4)—has been
plicit integral formulation—a sort of special function-ath already argued in [4]. It should be finally noticed that
in general does not need to be given in an explicit fornkq.(5) can be applied to the description of the TR emission
before the final calculation of the radiation energy spe@ven maintaining the primitive spatial representatiorhef t
trum—see Eq.(5)—since both size and shape of the radiatdectron bunch in terms of a discrete particle distribution
surfaceS are, in principle, not priori fixed. (3) Conse- function. Therefore, all the physical implications of Ex).(
quently, for the formal derivation of the TR energy speceontinue to be valid independently whether the continuous
trum—see Eq.(5)—the implicit representation of Eq.(4) hagmit is applied or not to the particle density. In conclusio

to be taken into account since the formal expression of theith reference to [3, 4, 5] for details about the continuous
radiation energy spectrum must be independent of the padimit and the derivation of the formal results, the expressi
ticular shape and size of the radiating screen: in particulaof OTR energy spectrum—in the present context intended
it must be the same whethéfr = oo or S < oo. The to be the temporal incoherent part of the whole radiation
passage from the discrete —see Eq.(5)—to the continuoceisergy spectrum—in the case of a gaussian electron beam
limit representation of the radiation energy spectrum cawith variance(o,, o) in the transverse plane reads:
be obtained by averaging Eq.(5) with respect to the distri- o ae e e s
bution function of the particle coordinates. Such an aver-d2I  (ef)? sin? e s 0(ocosdto,sin"e) 6
aging procedure passes through #msatz of the average dQdw =~ 72c (1 — B2cos?0)? ©)

of the square module of the single pe_lrtic_lc_a field amplitudq\ccording to Eq.(6), main features of the OTR radiation
see EQ.(3,4). Such amnsatz can be justified on the ba- gnergy spectrum are: (1) For a given observed wavelength
sis of the following consideration. The radiation energang, the radiated energy increases and its angular distri-
spectrum —being the flux of the Poynting vector—is only,ytion broadens with decrease of the beam transverse size.
a dependent function of the radiation field that is the reg} tends to the angular distribution predicted by the well
observable quantity of the electromagnetic radiative mecipnown “single particle” OTR model for a beam transverse
anism. Consequently, the formal representation in the cog;,e tending to zero; (2) For a given observed wavelength
tinuous limit of the radiation energy spectrum must be inpang and a fixed value of the beam transverse size, the
variant whether the continuous limit is ap_plied to the flweam-transverse-size model prediction tends to overkap th
of the Poynting vector—see Eq.(5)—-or directly to the rawsingle particle” prediction with increase of beam energy.
diation field —see Eqgs.(3,4)—prior to the calculation of thehjs means that the possible estimate of the beam trans-
flux of the Poynting vector. Moreover, it must be invari-yerse size from the OTR angular distribution analysis suf-
ant independently of the particular size and shape of thg s _ at high beam energy —from a “saturation” effect that
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can be cured by shifting the radiation detection towards thee., o, # 0,0, # 0 in Eq.(6). The “black curve”—

UV part of the visible spectrum. OTR beam-transverse-size model—has been calculated in
the wavelength band.4 = 0.8 um for a beam transverse
EXPERIMENTAL SET-UP size (RMS) betweer0 and30 pm. The analysis of the

experimental data in comparison with the single particle

A screen monitor has been set up in the SLS Inject@nd the beam-transverse-size models deserves the follow-
at position SM5 to study properties of OTR, the perforing comments: (1) the measured OTR shows the character-
mance of the imaging system and to test system integratiétic two-lobe shape with a lobe angular peak position and
aspects[9]. The particle energyi80 MeV and the nor- Width shorter and narrower—respectively —than predicted
malized emittance i$00 = mm mrad. A quadrupole triplet by the single particle model; (2) the observed narrowing of
can be used to focus the beam onto the screen. Three dife measured OTR angular distribution is compatible with
ferent screens are mounted to the screen laddarpm @ diffractive effect that can be described on the basis of
thick titanium foil generating OTR, a cerium doped yttriumthe beam-transverse-size model but with a beam transverse
aluminum garnet (Ce:YAG) crystal and a cerium dope@&ize much shorter that what is supposed to be. Further mea-
lutetium aluminum garnet (Ce:LUAG) used as scintillatorssurements are planned to be performed at PSI for investi-
All screens are mounted at an anglengft to the beam. gating the diffractive effects of the beam-transverse-siz
The screen ladder is inserted by a stepper motor actuatte OTR angular distribution. The OTR beam-transverse-
an absolute encoder verifies the position. The screens &ige model has to be improved in order to take into account
imaged by two cameras, consisting o2@0 and85 mm  the full emittance of the beam and the angular tilt of the
lens, respectively, and room-temperature CCD sensors. $&€en. Improvements in the experimental characterizatio
third camera is set to image the angular distribution of thef the charged beam, in the optical set-up and in the data
light. Beam splitters can be inserted to select the camer@halysis are also planned.
The CCD sensors are digitized with 12-bit accuracy in the
cameras. The digital signal is transmitted via a fiber optica CONCLUSION

link to the computer used for data acquisition. A series of M ¢ OTR lar distributi he SLS
filters can be independently inserted into the optical path: easurements o angular distribution at the

neutral density filters with and 10 % transmission (Ko- electron linac are underway at PSI in the framework of the

dak Wratten), band-pass filters transmitting the ranges VVISSFEL project. Goal of the measurement campaign is
380 to 700 nm (B+W 486) andi40 to 500 nm (Roscolux to investigate the diffractive effect of the finite beam wgan

474), and a long-pass filter with transmission above 5946S€ size on the OTR angular distribution. First results
nm (Roscolux22). Indicates that the OTR single particle model does not fit

the data for what concerns both the OTR two lobe angular
width and peak position. Evidence of diffractive narrowing
EXPERIMENTAL RESULTS of the OTR angular distribution compatible with a finite

OTR angular distribution has been measured at PS| gam-transverse-size effect has been observed.
the SM5 diagnostic station of the SLS linac for a beam
charge of abou.7 nC and a beam transverse size (RMS) ACKNOWLEDGMENT
of aboutl mm. In the upper part of Fig.1, several pro-
cessed images of OTR angular distribution detected by
Point Grey FLEA FL2-0852M CCD camera (pixel size
4.65 pum) equipped with &5 mm focal length objective
set atoo are shown. They have been obtained by averag-
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