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Abstract

The feasibility of Thomson scattering to determine the beam velocity in a gyrotron has
been analyzed and preliminary experiments to implement such a system on our 100 GHz
quasi-optical gyrotron are reported. Although the project had to be abandoned due to
technical problems, the conclusions are that for the 90° scattering arrangement discussed
it should be possible to determine at least one velocity component with an acceptable

signal-to-noise ratio.
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1. Introduction

In gyrotrons the rotational energy contained in the relativistic electron beam is trans-
ferred to the electromagnetic radiation in the microwave cavity. The efficiency of this
process is limited and usually significantly less than predicted.! This is probably mainly
due to poor beam quality and it is hoped that considerable improvements might be possible
if the problems could be clearly identified.

In order to do that a precise beam diagnostic method has to be developed. Thomson
scattering offers an accurate and non-intrusive technique which has been applied with
great success in plasma physics. While the cross-section for Thomson scattering is very
small, the scattered signal, which is proportional to the particle density, can easily reach
a detectable level in tokamak-type plasmas, but the electron density in a gyrotron is one
to two orders of magnitude smaller (=2 3 - 10! ¢m—3). Hence considerable thought has to
be given to the geometry of the interaction region and the light collection capability of the
detection optics.?

In this paper we propose an arrangement which allows simultaneous measurement of
the parallel and perpendicular beam velocity with an acceptable signal-to-noise ratio. Pre-
liminary experiments are reported to implement this system on the quasi-optical 100 GHz
gyrotron of our institute. Unfortunately due to the very restrictive access to the interac-
tion region and the scanty availability of the gyrotron for this project, the plans to build
the system had to be abandoned.



2. Measurement of the electron beam velocity

The electron beam in a gyrotron has two characteristic properties which make mea-
surements with conventional methods relying on beam interception or capacitive coupling
rather difficult: its high power density (> 10MW/cm?) which causes rapid melting of
most materials and the fact that most of the energy is contained in rotational motion. 3—*
With these methods only the translational velocity component is measured and the per-
pendicular velocity, which actually couples to the RF- field of the resonator, is determined
under the assumption of energy conservation which might be modified by the presence of
parasitic modes in the electron beam duct.

Thomson scattering is a non-intrusive method and in principle offers great flexibility by
a suitable choice of the scattering geometry which is, however, usually severely restricted
by access.

Disregarding for the moment the fact that apart from access the particle density also
limits the available choices of scattering arrangements, the relativistic velocity of the elec-
trons offers a great advantage with respect to a fusion-type plasma: under most conditions
the frequency of a scattered signal is shifted quite significantly from the original laser fre-
quency. Hence parasitic stray light, one of the major noise sources in Thomson scattering
from plasmas, can easily be suppressed with a suitable bandpass filter. We will first dis-
cuss qualitatively how it is possible to enhance the influence of a particular parameter on
the spectrum with the scattering geometry, then derive the relevant formula and discuss
calculated spectra. After this an estimation of the magnitude of the scattered signal and
the signal-to-noise ratio will be given. In the final section experimental considerations con-
cerning our 100 GHz gyrotron will be given and the reason behind our decision to abandon

the project at a relatively early stage will be outlined.

3. Scattering geometry

For an arbitrary scattering geometry the conditions are illustrated in Fig. 1 which
shows the particle motion &, the wave vector 750 of the incident and l?,, of the scattered

radiation. Each electron of the gyrotron e-beam describes a helical motion around the



magnetic field lines which are parallel to the symmetry axis of the gyrotron in the in-
teraction region. Hence their velocity distribution can be described by a parallel and a
perpendicular velocity component and their respective velocity spreads. The angle of the
velocity vector with the symmetry axis is referred to as pitch angle &.

The frequency of the scattered radiation w, is related to the frequency wp of the incident

wave by the Doppler formula®
_ 1—Bcosb
Wo = W0 B cosé

where f is the beam velocity in units of the velocity of light (8 = v/c), and 6,8 are the

(3.1)

angles between the velocity vector ¢ and the incident and scattered wave vectors ky and
Es, respectively.

The frequency ratio w,/wp depends therefore on B and on the scattering geometry
given by ko and I-C;, which allows us to adjust the frequency shift in order to match the
spectral response curve of the detector within certain limits. For a defined geometry the
observed frequency change depends only on the velocity vector of the scattering particles.
To illustrate this dependence we plot in Figs. 2,3,4 the ratio w; Jwo as a function of § for
a constant absolute value of # (monoenergetic e-beam) and fixed directions of the vectors
ko and E,. These two vectors define the scattering plane and the angle between them is
known as the scattering angle v. To simplify the discussion we will in the following assume
that v'is in the scattering plane.

From standard non-relativistic scattering theory® it is well known that the differential
scattering vector kg = ko — ks indicates the direction in which the velocity distribution is
sampled. This can directly be seen for different geometries (7 = 1°,90°, 180°) and a low
B-value (8 = 0.0047) in Fig. 2a, 3a, 4a. The up- and downshift in frequency is very small
(ws & wo), symmetric and has its maximum value for velocity vectors parallel and anti
parallel to kg. In particular, when the velocity vector is parallel (anti parallel) to k4 the
relative frequency shift is negative (positive). Note that for v = 1° (forward scattering)
the frequency shift is much smaller than for v = 180° (back scattering), that there is no
shift for 4 = 0° and that no shift occurs for velocities perpendicular to Ed. The relative

frequency shift for § < 1 is given by

A - 2
et Bk ——’c’fl sin ~ (3.2)




where c is the vacuum velocity of light and v, the projection of % onto kg

In the case of relativistic velocities the dependence changes, as can be seen in Fig.
2b, 3b, 4b for B = 0.47 which corresponds to a typical value of the electron beam in our
gyrotron. First, note that in general the shift is much larger than in the classical case and
that it is normally no longer symmetric with respect to the incident frequency. Second, the
differential scattering vector is no longer fixed in space because the frequency shift is now
so large that the length of &, changes significantly. As a consequence the velocity vectors
which produce the maximum up- and downshifts are, except for back scattering, no longer
anti parallel to each other. The spectrum is therefore not determined by a single velocity
component and the simple relationship of Eq. (3.2) is no longer valid. In addition, at
different absolute 3-values the maximum up- and downshift will occur at different angles
of the velocity vector, but this effect is negligible in our case as can be seen in Fig. 5.
Hence, in general, a single measurement at one particular scattering geometry will not
provide enough information to determine the velocity distribution of a given component.”
As we will see later it is however possible in our application to determine the mean velocity
vector from a single spectrum due to a restriction of the f-values by certain geometries.
Third, the direction of # which does not produce any frequency shift at all is still the
bisecting line of ko and k,. This follows directly from the Doppler formula, Eq. (3.1)
which reduces to ws = wp for § = #. Therefore the angle 1, which is the angle between
the velocity vectors which produce the maximum shift (up or down) and no shift at all,

changes as well. The angle is given by

cost) = B cos % (3.3)

where v is the scattering angle. As long as 8 is not too large, v is close to 90°, and
this is true even for quite large B in the case of back-scattering (y = 180°). For forward
scattering (y = 1°, 8 = 0.47) the maximum shift towards higher and lower frequencies now
occurs at an angle 1 = £62° according to equation 3.3. Since 8 = ¢ + /2 the maximum
shift to higher and lower frequencies occurs at 62.5° and 298.5°, which means that the
corresponding velocity vectors form an angle of 124° instead of 180° as in the classical
case. In this case the shift is still symmetric with respect to the incident frequency, similar

to the non-relativistic case. The vector diagram in Fig. 2 shows that a change in the



length of ks due to a change of 8 rotates the vector k&g by a significant amount. Hence the
largest frequency shift for each A is obtained for a different direction of the velocity vector
and it is unlikely that the two effects (length and angle dependence) are separable.

In the case of back scattering Ed is fixed (parallel to Eo) and the velocity component
v can be measured, but all information about the pitch angle ® is lost.

For 4 = 90° both # and the velocity direction influence the spectrum. The angle of kg
defining the direction which produces a maximum frequency shift, is variable. This raises
hopes that it might be possible to obtain information on both 8 and the direction of the
velocity vector from the spectrum, provided the two effects are not too scrambled. We will
indeed find later on that this is the case. For our case 3 = 70.6° and the two angles for
maximum shift are 0,4, = 115.6°,334.4°.

In the following we will discuss different scattering arrangements, whereby we assume

that § < 1, for simplicity. The vector diagrams are shown in Fig. 2, 3, 4.

3.1. Collinear arrangements

With the term collinear arrangements we mean that both the incident and scattered
radiation vectors are parallel, or at least almost parallel to the gyrotron axis of symmetry.
Notwithstanding mechanical constraints (the presence of the gun) we can consider forward
and backward scattering parallel or anti parallel to the electron beam.

For backward scattering the differential scattering vector is parallel to v for any B.
Hence v does not influence the spectrum and the parallel velocity distribution can be
measured. The relative frequency shift according to Eq. (3.1) is maximum and for head-

on electron-photon collisions § = 180° given by:

Aw/wo = Zﬂ"/ (1 - ,3") (3.4)

This reduces to 28 for 8 < 1 according to Eq. (3.2). (Note that ¥, is anti parallel to kg
in this case and hence negative, so that Aw in Eq. (3.2) is positive).

If the incident radiation propagates in the same direction as the electrons the same
velocity component is measured, but the frequency shifts in the opposite direction with

the ratio ws/wo being the inverse of the previous case.



For exact forward scattering (§ = §' = 0) no shift is obtained, but for small angle
forward scattering the differential scattering vector is perpendicular to the beam axis and
hence allows to measure v}, at least in the classical case, whereas a mixing of the two
components occurs at relativistic velocities. The frequency shift is small, but if the incident
narrow-band laser radiation can be suppressed efficiently enough with a narrow-band filter,
this might still be an interesting arrangement.

It should be remembered that the electrons describe a circular motion in the plane
perpendicular to the beam axis. This means that the velocity components of individual
electrons projected on the scattering plane take all values between —v, and +v,; and hence
also the frequency shift according to Eq. (3.2) covers a corresponding range. It is to be
expected that a spectrum enlarged in this way completely masks the much smaller effect
of a velocity spread.

Note that in all collinear arrangements the scattering volume is rather elongated which
enhances the scattering intensity, but is unfavorable for spatial resolution. The incoming
or scattered radiation either hits the cathode or passes very close to it which may not be

possible due to access restrictions.

3.2. Forward and backward scattering perpendicular to the beam axis

Here again we have the possibility to observe either v|| (near forward scattering) or
v) (backward scattering). The frequency shift for near forward scattering is small, but
it may again be possible to suppress the unshifted laser radiation with filters. Backward
scattering produces a broad spectrum, filling out the region corresponding to shifts caused
by —v; and +v;.

Although good spatial resolution could be obtained, the scattering volume and hence

the scattering intensity are tiny in these arrangements which, therefore, do not deserve

further discussion.



3.3. Right-angle scattering

Of all the possible right-angle scattering arrangements only those with the incident
radiation parallel or anti parallel to the gyrotron axis are interesting. Indeed, the cylindrical
symmetry of the system allows to enhance considerably the amount of collected radiation,
as will be shown further on.

The differential scattering vector for # <« 1 forms an angle of 45° with the axis and
hence both v and v, are sampled. When the incident radiation is propagating in the
opposite direction to the electron beam, described by 8 = 0.47 and & = 55° (pitch angle),
the angle 6 is fixed at 125°. The expected maximum up- and downshift is therefore 2.1 and
0.9 times the incident frequency, corresponding to ¢ = 35° and ¢ = 145° respectively (Fig.
3b). Furthermore, for velocity vectors which are not in the scattering plane the #'-values
are in the range of 35° to 145° and the shift they produce will be smaller according to
Eq. (3.1). The spectrum therefore covers the whole spectral range between the maximum
shifts. For & = 55° the high frequency end of the spectrum depends less on a change of the
pitch angle than the low frequency end as can be seen by the smaller slope at this point
(Fig. 3b).

The opposite holds for a change in velocity as can be seen in Fig. 5. While our
qualitative discussion is insufficient to predict the form of the spectrum, it can be assumed
that such an arrangement allows to measure simultaneously the pitch angle and 8 and
hence vy and v;. The gyro motion will, of course, smear out the v, contribution again,
since velocity components in the range —v, to +v; all contribute to the signal. Note that
a higher 8 with lower pitch angle can yield the same maximum high frequency shift as a
lower § with higher pitch angle. In order to determine the pitch angle and 8 one therefore
has to observe the low frequency end of the spectrum as well. As will be shown later this
is not feasible in our case. An additional diagnostic would be required to measure both
the pitch angle and j3.

A numerical code has been developed to discuss the resulting spectra in more detail.

It will be presented in the following section.



4. Thomson scattering from a weakly relativistic electron beam

A detailed theoretical study of the spectrum of electromagnetic radiation scattered by
a strongly relativistic electron beam has been reported by Zhuravlev et al.® In particular,
they investigated the influence of the scattering geometry, of the relativistic particle veloc-
ities and the polarization characteristics of the radiation. While they demonstrated that
interesting supplementary information can be obtained from polarization measurements, °
we will not treat these effects in this paper, although the required correction terms could
easily be incorporated into our numerical code. Instead we will try to illustrate, what kind
of information can be obtained in an actual measurement and which are the important
parameters to adjust.

We start from Eq. 8 of Ref. 8 for the scattering form factor S, adapted to the notation

used in this paper

5 (Farw) / / / Bor (3 f (7) 5( ”°°S‘9”_C:S‘;‘,’SO> (4.1)

where w now stands for the dimensionless frequency shift Aw/wq. The relativistic correc-

tion term (%) will not be further discussed here, but is included in the code for the case of
the polarization of the incident and scattered light perpendicular to the scattering plane.
The v cos 6-term can be replaced by the scalar products € ¢ and using @ = €y — €; where

€0, €, are unit vectors parallel to Eo, E,,, we find
S kd, // dvgdvydv, r (7) f (V) 6(w + — ) (4.2a)
- / / dvgdu,dv, r () f (¥) 5(w 4 sl t Uyly + Vs ) (4.25)

1 - vxesz - vyesy - 'Uzegz

After integration over v, we obtain:

S (Ed,w) = —/ dvgdvy f(vx,vy,vz = w (1l —vyess — vyegy) + vzay + vyay)

WeEgy — €y

w (1 — vgesy — vyegy) + Vzay + Vy Oy
*T Vg, Uy, Uz =
Wegy — €2

 Esz (Uzaz + Uyay) + ez (1 — VUg€sy — 'Uycsy)

(wesz - ez)z

(4.3)

This is the equation which is numerically integrated in our code, whereby we assume that

f(¥) is Gaussian with widths Avj and Av, . (Note that @ = k4/|ko| in the non-relativistic



case. It has otherwise no particular meaning except that it depends only on the scattering

geometry in a simple way).

5. Discussion of spectra for the case of right-angle scattering

We used the numerical code based on Eq. (4.3) to predict spectra for the right-angle
scattering arrangement discussed in section 3.3. We assume a Nd:glass laser at 1.06um
wavelength as laser source and beam parameters which are typical for our 100G Hz gy-
rotron. Fig. 6a shows spectra for 3 different pitch angles ¢ (angle between beam velocity
vector and axis of symmetry). As can be seen, changing the pitch angle influences the
low-frequency peak in the vicinity of the laser line. A clearly measurable displacement
towards higher wavelength is observed as the pitch angle is increased. While at ¢ = 50°
the peak still overlaps with the unshifted laser line, filtering out the latter one at ¢ > 55°
seems feasible. Unfortunately this takes place in a spectral region where sensitive detectors
are not readily available.

While the high frequency peak is practically unaffected by the pitch angle, it is rather
sensitive to the absolute electron velocity or to 8. This is shown in Fig. 6b where a 10%
variation in 3 shifts the position of the peak by about one peak width.

Thus in principle this scattering geometry allows us to measure both pitch angle and
B and hence both components of the velocity vector: v| and v;. The attainable precision
depends to a large degree on the number of spectral channels available and hence on photon
numbers. This point will be discussed in section 6.

In Figs. 7a, Tb we show the spectra which correspond to the parameters of Figs. 6a,
6b, except that a ruby laser is used as source. The low frequency peak is now in a range
where photo multipliers with good sensitivity are available, but the peak which reveals the
B-information is in the UV. Ideally a combination of Nd:glass and ruby laser would yield
an optimum amount of information, but in practice such a system would be too complex
and expensive,

Although it seems unlikely to be able to determine the velocity spread in a realistic
set-up, we show nevertheless in Fig. 8 the effect of a variation of the width of the velocity

distribution, assumed to be gaussian. Changing Av) or Av neither results in a significant



10

shift nor broadening of the peak. Only the height of the peak is affected which is difficult
to measure and requires a careful intensity calibration. Hence this arrangement is not

suitable to measure velocity spreads.

6. Estimation of count rates

In view of the small cross-section for Thomson scattering and the low beam density,
detection of the scattered radiation will be difficult and only the most sensitive detection
system will be adequate. Our discussion is based on the use of a photo multiplier combined
with a monochromator or a set of optical bandpath filters. A spectrum cannot be obtained
in a single shot, but must be built up over a series of shots.

The ratio of scattered intensity to incident intensity according to standard theory of

Thomson scattering is
Is/I0=aT-n~AQ-l-/S(w)dw (6.1)

with

I,/ Iy ratio of scattered intensity

o1 Thomson cross-section

n electron density

A solid angle

! length of scattering region

S(w) scattering form factor

The integrated form factor in the non-collective regime can be set to one. The electron
density in our case is typically 3-101em =2 and we assume that an overlap region between
the focused laser radiation and the electron beam of 5 cm length can be imaged onto
the detector. For the estimation of the solid angle we assume that with the use of a
cylindrical mirror of parabolic shape a collection angle of 90° can be sustained in the plane
perpendicular to the beam and 10° in the plane of the beam (see Fig. 9). This results in
a solid angle of AQ = 0.02/4rsr.

With o7 = 6.65-10~25cm =2 the intensity ratio is obtained as 1.6-10~15. The energy of
a photon of wavelength 1um is 2- 10717, so that 8000 photons are collected from a laser
pulse of 1J. With a quantum efficiency of the photo multiplier of 20% and assuming that
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the total spectral width is divided into 10 channels, 160 photoelectrons are obtained on the
average per channel, with statistical fluctuations - and hence error - below 10%. The main
sources of stray light are the unshifted laser radiation, which can be suppressed efficiently
by a suitable notch filter, and the emission of the cathode which is heated to about 900°C.
With the proposed scattering geometry neither of these two noise sources are seen directly
by the detection system. Only radiation which has been scattered several times from the
metallic surfaces could find its way to the detector. Although theoretical estimates are
unreliable, they indicate that neither of these noise sources should be a problem. Hence
according to this the measurement just seems to be feasible, at least if optical transmission
losses which have not been included above are not too important.

Lasers are available which produce considerably higher output energies than the 1J
assumed. The problem with the chosen scattering geometry is, that the laser beam strikes
the cathode of the gyrotron. The careful shaping of the emitted electrons into a spiraling
beam of low velocity spread should by no means be interfered with by laser induced photo

emission. This problem is discussed in the next section.

7. Breakdown

The only geometry which allows us to collect a sufficient number of scattered photons
is 90° scattering with the incident laser beam anti parallel to the electron beam. The laser
beam hits the electron gun in this case and may well impair its correct functioning. In
order to investigate this constraint we installed a Nd:glass laser at the collector side of the
gyrotron. With a distance between the interaction region and the collector of about 4m,
the last focusing element (lens) of the laser beam is almost at a distance of 5m from the
scattering volume. In addition, the diameter is limited by the entrance window (10cm)
and by the beam duct inside the gyrotron vacuum vessel (Fig. 10). In order to focus 1J
into the scattering volume with its cross-section of 0.2mm?, given by the annular electron
beam, we needed about 5J. Without magnetic field we applied 30kV between the cathode
and the first anode (three electrode gun, see Fig. 11) in order to simulate the electric field

which accelerates the electrons during gyrotron operation.
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By firing 5J of laser energy (pulse length = 300us) onto the heated gun arcs have
been observed by a voltage drop of the 30kV low current power supply as well as by the
short circuit current monitored by a Rogowsky coil. A pressure increase occurred at the
same time. The front region of the gun (Fig. 11), the main component hit by the laser, is
made of molybdenum and the incident average energy density of =~ 5J/cm? is well below
the reported melting threshold of different molybdenum surfaces at 2.7um and 100ns.!0
Possible explanations for the arcs may be the high applied electric field (~ 10kV/ mm)
in correlation with the roughness of the surface (laser induced point discharge), laser
evaporated impurities of the molybdenum, the ’spiking mode’ of the laser and/or to the
considerable percentage of the laser energy which hits the electron emitting cathode directly
or after several reflections in the gun region. In situ cleaning of the molybdenum by the
laser and by heating did not improve the situation. Mechanical constraints did not allow
us to access the gun region and to investigate the interaction more quantitatively. We
determined the threshold to be about 2-3J which corresponds to about 60-90 photoelectrons
in the spectral channel with the highest signal.

At this stage we decided to abandon the experiment although the measurement may
Just have been feasible. The aim of the experiment was to determine the velocity distri-
bution in the electron beam of our gyrotron and not a proof of principle of the Thomson
scattering method which may well work under more favorable conditions (access). The
development time and expenditure of the optical detection system, in particular the cylin-
drical collection mirror with parabolic surface, could not be justified and additional un-
certainties had to be envisaged, as for example the presence of the magnetic field which
will probably further decrease the threshold of the interaction. The reason is that the
probability for ionization of evaporated electrons is increased by the longer path in the
spiraling motion, in particular through interaction with the electron beam itself, a process
which had already limited the gyrotron operation before laser application.

In conclusion, we have shown that a Thomson scattering diagnostic system to deter-
mine the velocity components of the e-beam in a gyrotron may be feasible if it is not
impaired by too many additional constraints such as access to the interaction region. It
would provide accurate measurements and could enhance considerably the understanding

of the operation of gyrotrons and hence provide guidelines for improvement of performance.
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Unfortunately our own gyrotron imposed too many restrictions on the planned experiment

which therefore had to be abandoned.

This work was partially supported by the Fond National Suisse pour la Recherche

Scientifique and by the Office Fédérale de ’Energie under grant OFEN-Gyrotron 581-233.
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9. Figure captions

Figure 1: The scattering geometry with the wave vectors and the electron motion.
The velocity vectors form a cone with pitch angle ®.

Figure 2: The frequency shift as function of the angle 8 between electron velocity and
laser beam direction for near forward scattering,.

Figure 3: As Fig. 2 for 90°-scattering.

Figure 4: As Fig. 2 for back-scattering,.

Figure 5: As Fig. 3 for 3 different beam velocities.

Figure 6a: The wavelength spectrum for 3 different pitch angles.

Figure 6b: The wavelength spectrum for 3 different velocities.

Figure 7a: As Fig. 6a, but for a ruby laser.

Figure Tb: As Fig. 6b, but for a ruby laser.

Figure 8a: The wavelength spectrum for 3 different perpendicular velocity spreads.

Figure 8b: The wavelength spectrum for 3 different parallel velocity spreads.

Figure 9: The light collection in the interaction region by means of a parabolic mirror.

Figure 10: Cross-section of the gyrotron and the Thomson scattering system.

Figure 11: Cross-section of the 3 electode gun of our gyrotron.
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