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1. INTRODUCTION

We study the feasibility of a vertical beam profile monitor for LEP
which would detect synchrotron radiation (SR) without imaging, fol-
lowing an idea recently developped at PEP. Most methods proposed so
far[ll have complicated optical systems in order to obtain a pre-
cise image in the detector plane. However, those equipments are dif-
ficult to align and to maintain. Furthermore, any imaging system suf-
fers from aberrations, is diffraction limited, and must be designed

with great carelz].

The principle of this measurement is based on the fact that the syn-
chrotron radiation is strongly concentrated in a narrow cone, espe-
cially for small wave lengths. Thus the phase plane distribution of
SR is not much different from that of electrons and the electron beam

size can be inferred from a measurement of the photon profile.

In order to realize this aim SR detection could be achieved with si-
licon microstrips located near a defocusing quadrupole magnet where
the electron beam does not use the full aperture of the standard
vacuum chamber. Figure 1 shows the layout of the detector which ob-
serves SR emitted, 7 m downstream of the quadrupole magnet Q13. In
front of the detector one radiation length of tungsten can be used to
filter out the lower energy component of SR which otherwise would re-
duce the accuracy of the profile measurement because of its wider an-

gular distribution.
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SYNCHROTRON LIGHT

The electron beam generates photons in the tangential direction of

motion and their intensity can be described by the following for-

mula[3]

2
d’N photons  _ 17 g{r) IR mAm
de dt keV s = 1.50 x 10 r E GeV (1)

where g(r) is a function of the photon energy (r = s/cc). E, I
and R are the electron energy, electron current and average machine
radius, respectively, €. is the critical energy of SR defined
by[a]

e _[kev] = 2.218 = =L- (2)
¢ P

By substituting the parameters of LEP-13 the ecritical energy is

94.9 keV. Figure 2 shows the photon intensity versus energy.

The photon phase plane distribution will be obtained with a convolu-
tion of electron divergence and SR emission angle. Figure 3 shows the
angular distribution, U{(r,a), of SR in the vertical plane (perpen-
dicular to the bending plane)[4], whereby the vertical angle y

scales with r and y as :
¥ = ar ¥ . (3)

For r = 1 the distribution is nearly Gaussian with an r.m.s. value

given by :
¥ = r Y . (4)

At the energy of LEP phase I, the Lorentz factor vy = 10° so

that ¢ = 6 yrad at ¢ _. As ghown in Fig. 3 and by

r.m.s. c

Equ. 4 the divergence wr m. s is wider for lower photon energy,
(lower r). Thus we have interest to restrict the spectrum to high
energies as much as possible in order to reduce the smearing out of

the beam image by the angular spread of SR.



PHASE SPACE DISTRIBUTION

In general, the phase plane distribution of the electrons can be des-
cribed by a Gaussian function :
- g Er2d’

f (5)

where Ez = sz + 2ayy' + By'z .[5] (6)

When Ez= €y vertical emittance/w) then Equ. 6 describes an ellipse at
one standard deviation. Let us transform the phase plane (ya, y;) into
(yb, yé), in order to get an upright ellipse (see Fig. 4). This fic-
titious transformation is not altering the distribution versus ¥

and for any given value of y it just shifts the distribution in y'

by a constant value so that the first moment y'vanishes, but the second

moment remains unchanged.
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By this transformation the Twiss parameters are also changed to :

ab = 0
B = B
b s (8)
Ty = Yy~ %g/B
Bpyp = 1

The new phase plane distribution can be written with separate vari-

ables :

2 2 2 2
-y, /20 -y /20,
£~ e D ¥ . g P Y (9)

where cy = v chb and oy, = v e, Yp (10)

We now can easily combine the electron distribution with SR angles to

get the photon divergence as :

= O .+ W (11



According to equations (10) and (11), the Twiss parameters of the

photon distribution become :

a = 0
/Y = (ayléy,)z (12)
By = 1

e = € (13)

Let us come back to the real phase space distribution of X-rays
by applying the inverse transformation M ' to the Twiss parameters ;,
ﬁ and ; . Figure 5 shows the resulting phase plane ellipse for
X-rays and compares it to the original electron distribution. The
beam profiles which should be observed by the detector can be ob-
tained by transforming the above ellipses through the drift space be-

tween emission point and detector.

With LEP-13 parameters we get :

at emission point,

for electrons for X-rays
a = -1.045 -0.853

B = 35.682 m 29.150

¥ = 0.0587 m * 0.0593

€, = 2400 + 10 ** rad m 2993 + 10 7

at detector position,

for electrons for X-rays
o = =2.077 -1.896

B = 90,583 m 17.507

Y = 0.0587 m ! 0.0593

o, = 466.2 um 481.6

Note that the X-ray beam size is very close to the electron beam size

(only 3.3 % difference) so that one can easily deduce the latter from

measuring the former.



FIELD DEPTH

Ideally, we should observe SR emitted from a sgingle point on the
electron orbit. However, in the configuration described in the pre-
vious section, with an horizontal aperture of 10 mm the detector re-

ceives SR emitted through the following length on the orbit :

16.70 m < L < 18.47 m,

where L is the distance measured from the lattice magnet Q12
(Fig. 6). A computation of X-ray beam size can be repeated, following
the procedure of Section 3, for these two extreme positions of the SR
source. The result shows a variation of the measured beam size of

only 0.7 % thus the effect of field depth can be neglected.

FILTER

In the evaluation of Para. 3 we assumed that all photons have about
the e¢ritical energy but in practice many more photons will be radis-—
ted at much lower energies. In order to avoid the smearing effect of
the angular distribution of SR, the spectrum should be restricted by
8 high pass filter. This can be achieved with the insertion of an ab-

sorber in front of the detector.

Below 1 MeV photons interact with matter in two ways :

1) Photoelectric interaction,
2) Scattering :
Compton scattering,

Rayleigh scattering.

1) In the photoelectric effect the photon interacts with an atomic
electron and looses its total energy. The cross-section of this

effect can be written as[°’7]

c « Z ¢ (14)
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where Z and is the atomic number of the materisl and ¢ is the
photon energy. Values for « range from 4 to 5. This effect

can be ugsed to create a high pass filter as suggested in Fig. 9.

2) The two scattering processes cause an energy degradation of the
incident photons and spoils completely their angular distribu-
tion which is detremental to the accuracy of the profile mea-
surement. Thus, we have to chose for the filter a material
which has a large ratio, oph/dsc’ of c¢ross-sections for
photoelectric intersction and Compton plus Rayleigh scattering,

repectively. Figure 7 illustrates these ratios for various ma-

terials.

For Tungsten the K-shell edge in its photoelectric cross—-gection
falls inside the energy band of interest here so thal Lhe cross-
section ratio has an abrupt jump near the photon energy of 70 keV. We
chose to use a filter made of a 4 mm thick tungsten plate, because of
its large cross—section ratio and of its steep energy dependence
which causes a strong attenuation of low energy photons. Relevant
crogss—sections for tungsten and total absorption length A are

t
shown in Fig. 8. The resulting photon intensity at- tenuation factor

is :

e XMy (15)

where 1/?\t = np/A (aph + asc), and N, p and A are
Avogadro's number, density and atomic number, respectively. This
factor is il- lustrated in Fig. 9, for various thicknesses x . The
energy degrads— tion and the widening of the divergence for photons
traversing the tungsten plate are investigated by means of a computer
simulation programme. The details of the programme are described in

Section 7.



DETECTOR

A silicon microstrip detector could be particularly well suited to

observe the X-ray profile.

A silicon detector works somewhat like an ionization chamber. The
silicon slab has & p-layer, on one side, & n-layer on the other side
and the voltage gradient develops a depletion layer inbetween. When
an X-ray irradiates the detector electrons and positive holes are
created in the p,n and depletion layer. These electrons and holes in
the depletion layer diffuse into p and n layers, respectively,

and the movement of those charges induces the output current signal.

Whether & photon is detected or not depends on its probability of
being absorbed by photoelectric effect during its traversal of the
silicon slab. This detection efficiency is shown on Fig. 10. Charged
pairs are then created in proportion of the available energy divided

by the pair creation energy, (3.8 eV for silicon)[al.

[ 4 P
pair
In terms of mobility, the transit time of charged pairs in the deple-

tion layer is

., = 94— _ 4 (16)

t vdrift

where u, U and d are the mobility, the applied bias voltage and

the thickness of the depletion layer, respectively. As an example of

a typical silicon detec::tol:'[91 we get d =300 um, U =100V and

the transit time becomes[a]

t = 6.7 ns (for electrons)

22.1 ns (for holes)

.-|
1]

The output current signal is proportional to the number of charged

peirs divided by the transit time, see Para. 6.



COMPUTER STMULATION

In order to cross check the evaluations presented in Para. 2, 3
and 4, a Monte-Carlo simulation has been carried out with a computer
code which takes into account the exact synchrotron light production,
the effects of a tungsten filter and the efficiency of a silicon de-

tector.

The steps of the simulation run as follows

First an electron is created in the verticsl phase plane with a pro-
bability corresponding to a bi-Gaussian distribution as given by
Equ. 5 and Equ. 6. This phase plane is located azimuthally at the
centre of the SR source (field depth is not taken into account since
its effect is negligible). Then a photon is simulated with energy ¢
and vertical angle ¢ corresponding to the distribution of Equ. 17

(from Ref. 3)

2. 2
a’P = 3ce /h ivie? (1 + YD K2 () + —L¥— g2 (0 (17)
dd c % 1+ Yzwz Y5
¥ e
where r = c/cc and x = % (1 + Yzwz)alz.

This photon is followed to its vertical position within the filtre.
There it is renormalized to take into account the photoelectric ab-
sorption related to :

4.5 -a

g [b/atom] = A Z € [keV] (18)

ph
where the parameters A and a are obtained by fitting the datsa
shown on Fig. 8 (A =0.32, a =2.772) for a < 70 keV and A = 1.15,
a = 2.686 for ¢ > 70 keV, (the K-shell discontinuity for tungsten).

At this point Compton and Rayleigh scattering cross—sections are com-

puted for this photon according to Equ. 19 and Equ. 20.
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We use the following empirical formula for the Compton scattering
[10]

cross—section

, cE+ c2§’ + CSES
"Ye " S (19)
L+d§+dE +d5

]

o [cmzlatom]
com

1

with E =
1l +g (e/mc?)

where Ci, di and g have the following values :

g = 0.22204
c, = 1.6510 d = 12.5013
C, = 9.3402 d_ = -14.2004
c, = -8.3250 d, = 1.6991

Formula (19) describes the cross-section within an error of 0.1 % for
photon energy of 0 £ ¢ £ 1 MeV.

Rayleigh scattering is computed with a cross-section given bylg] :

Ry [b/atom] = B ¢ ° [MeV] . (20)
The parameters B and b are obtained by fitting the data in Fig. 8
and B = 0.836, b = 1.73 for the photon energies of 40 keV £ E £ 400 keV.

The non scattered part of the photon norm is summed at the detector
and histogrammed for vertical position, renormalized for scattering
and for detector efficiency, n(e).

The detector efficiency is described as

n = De 9 [kev], (21)

where the parameters are D = 5069.0, d = 3.153[101.

The scattered part of the photon changes direction according to

do

2
a0 = C (1l + cos 8} (22)
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which is an acceptable approximation for Compton scattering in the
forward direction and is considered good enough for Rayleigh scatter-
ing since this latter effect plays a very small role numerically.

During this process the photon energy, ¢, is changed to ¢!

€
€' = € 1+

(1 - cos 0) (23)

2
mc

By following the new trajectory one obtains the vertical position at
the detector for the scattered part of the photon which has to be

normalized with detector efficiency n(e').

Finally the detected photon weight is converted into number of pairs
created in the detector, when multiplied by /¢ ., , (e'/fe . ).
pair pair
TABLE I

Summary of simulation steps

Electrons per bunch

4 e frev
Electron phase plane at source Yoo y;
Photon produced with €, ¥
Photon phase space at filtre Yes y%

-x/A{e)

Filtre absorption

Photon scattering 0 =20 0 < fe] < w2
New energy € €'
Position at detector ¥q ;d
Detector efficiency nie) nie")
Pair creation slepair s'/cpair

where frev = revolution frequency 11.2 kHz
kph = photoelectric absortion length
X = filtre thickness
cpair = energy for pair creation.
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Figure 11 shows the number of simulated charged pairs in the detector
as a function of photon energy. The effect of the K-shell edge in
photoelectric cross-section is not seen because of the larger number
of charged pairs created at higher incident photon energy according
to Formula (23). The scattered photons traversing the filter are de-
graded in energy and can hardly be seen in the low energy tail of the

spectrum.
In our simulation, the electron beam, if it could be measured when
passing by detector position, would have the following width and di-

vergence :

oy = 467.2 ym
o_,= 11.97 pyrad .
y

The influence of the angular distribution of SR is demonstrated in
Fig. 12 and 13. It enlarges the width up to :

Uy = 485.8 wurad, (see Fig. 13),
and increases the divergence to :

UY'

13.05 pwrad, (see Fig. 12).

With a tungsten filter of 4 mm thickness these values come back to :

Q
]

480.5 um
v 12.38 yrad,

Q
1l

s0 that the measurable X-ray profile is only 2.8 % larger than the
electron beam profile.

Figure 14 shows the performance of the filter. A thicker filter re-
duces more the effect of the angular distribution of SR, but yields
more scattering and less signal. An optimum accuracy for the beanm

stze is reached with, say, 4 mm thickness.
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BUNCH OBSERVATION

For some investigations of beam dynamics it would be interesting to
measure profiles integrated over a single bunch passage. Since the
time interval between two successive LEP bunches 1is 22.5 ws, it
will be easy to separate electronically the signals of the four bun-
ches with a system such as analogue/digital converter, amplifier and
multiplexer etc., but we must check that we got enough sensitivity.
Figure 15 shows the profile signal generated by a single passage of a
bunch (4 mm W filter in use). At the centre of the profile distribu-
tion we get 9150 induced charged pairs per strip of 60 um and those
pairs diffuse into the pand n-layers in the detector within 6.7 ns
{Section 6). Thus the peak current is 219 nA. A limitation of the de-

tectable signal is set by the thermal noise of the circuit.

it = ==, (24)
where = Boltzman's constant
absolute temperature
= band width

LR - = 3
1}

= resistance of the gilicon slab.

This signal contains frequencies up to 166 MHz, however, the band
width is limited by the circuit, say, to about 30 MHz. As an example
we put T = 300 K, B = 30 MHz and R = 1 GOhm, and we get :

i = 714
8

with a binning of 60 ym we get a signal of 219 nA at the center of
the profile distribution (Fig. 15) and 133 nA at one standard devia-
tion. The latter one is still detectable, however, we have to take
great care in designing the system. In case of serious difficulties
one could raise the signal by one order of magnitude just by reducing
the filter thickness.
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CONCLUSIONS

We investigated the feasibility of a beam profile measurement by direct
detection of synchrotron light. The blow-up due to the angular distribu-
tion of the synchrotron light emission has been minimized by placing a
filter in front of the detector. According to our computer simulation the
photon beam profile at the detector plane will be only 2.8 % larger than
would the electron beam profile be at the same place. A silicon micro-
strip detector should be suitable to measure profiles of individual bun-
ches with plentyful spacial resoclution and enough sensitivity in one pas-

sage. No fancy imaging system is required.
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Layout of the system

Synchrotron light yield from a normal dipole in LEP phase I
Angular distribution of synchrotron light

Virtual phase plane transformation

Phase plane ellipses (at 1 o) for electron beam and hard
X-ray photons

Schematic illustration of field depth

Ratio of photoelectric absoprtion to total scattering of pho-
tons for different materials

Absorption and scattering of photons in tungsten, versus photon
energy

Tungsten filter attenuation, versus photon energy

Silicon detector efficiency and filter attenuation factor, ver-
sus photon energy

Energy spectrum of detected photons and corresponding number of
charged pairs created in the detector

Simulated beam divergence at detector position
Simulated beam profile at detector position
Simulated beam profile width versus filter thickness

Histogram of a profile measured with 60 um strips (results of
a Monte Carlo simulation)
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