UNIVERSITY OF FUKUI
REPOSITORY

Relationship among frequency, temperature of the
cooling water and beam current in submillimeter
wave gyrotron FU-IV

&&8: English

HhRE

~FH: 2008-02-14

F—7— K (Ja):

*—7— K (En):

{ER 2 HORI, Toshihiro, IDEHARA, Toshitaka,
SASAGAWA, Hiroyuki, KIMURA, Atsushi, OGAWA,
[samu, MITSUDO, Seitaro

X=ILT7 KL R:

FiriE:

http://hdl.handle.net/10098/1605

= 2005 American Institute of Physics



Relationship among frequency, temperature of the cooling water and beam
current in submillimeter wave gyrotron FU-IV

Toshihire Hori

National Institute of Information and Communications Technology, 4-2-1 Nukui-Kita, Koganei,

Tokyo 184-8795, Japan

Toshitaka ldehara, Hiroyuki Sasagawa, Atsushi Kimura,

{samu Ogawa, and Seitaro Mitsudo

Research Center for Development of Far-Infrared Region, University of Fukui, 3-9-1 Bunkyo,

Fukui 910-8507, Japan

The frequency characteristics of the gyrotron FU-IV in free running mode are examined precisely
using heterodyne mixing technique. First, the frequency characteristics are measured and the
short-term spectral bandwidths and the drifts of the center frequency are found to be less than
10 kHz full width at half maximum and about 10 MHz during 20 min, respectively. Next, an
effective water-cocling system reduced the drifts of the center frequency within a range of several
MHz. Then, the frequency, the cooling-water temperature, the beam current and the output power
are monitored simultaneously to examine the relationship among these parameters. The results
indicate that the beam current drift correlate with the frequency drift due 1o frequency pulling effect
as well as the thermal expansion and contraction of the resonant cavity.

i. INTRODUCTION

In the far infrared (FIR) and submillimeter wave
(SMMW) regions, only a few types of radiation sources
yield a coherent, continuous-wave {cw) and high output
power signals. Gyrotrons are among these sources and have
found applications in various fields.' The Research Center
for Development of Far-Infrared Region at University of
Fukui has developed FU Series of millimeter and SMMW
gyrotrons (FU-1, FU-II, FU-III, FU-1V, FU-IVA, FU-V, and
LOG). Meanwhile, National Institute of Information and
Communications Technology (NICT) has developed a sys-
tem for measuring frequency precisely in SMMW, using het-
erodyne mixing techniques.” In these situations, collabora-
tion work has started on precise frequency measurement of
the SMMW gyrotrons.

Various experiments on precise frequency measurements
of high-power gyrotrons®® have been carried out, to know
the frequency characteristics and find their dependence on
operational parameters. In SMMW gyrotrons also, to know
the frequency characteristics and the factors that affect fre-
quency stability is essential for practical applications such as
electron spin resonance (ESR) spectroscopy and plasma di-
agnostics using scattering measurements. Some experimental
results have already been obtained and frequency stabiliza-
tion has been discussed in our previous repoﬁ.w In the
present experiments, we are interested in getiing more pre-
cise information on the short-term spectral bandwidths and
the drifis of the center frequency during operation.

As a first step, we measured the frequency characteris-

tics of FU-IV operating in the 300 GHz range in free running
mode. The results show that the short-term spectral band-
widths are less than 10 kHz and the drifts of the center fre-
quency, in other words, the frequency accuracy, are about
10 MHz in 20 min." The short-term spectral bandwidths are
as narrow as the reported data for optically pumped FIR
lasers, that is, the spectral bandwidth of 5 kHz and the accu-
racy of 500 kHz1*

The results of our experiments indicate that the ratios of
the drift frequency to the center frequency are on the order of
11075, One reason for the frequency drift is obviously the
thermal expansion and contraction of the resonant cavity of
the gyrotron. Reference 13 shows that the copper cavity has
an expansion coefficient equal to 1.67 X 1075/deg. To study
the role which the thermal expansion and contraction plays
on the frequency characteristics, we measured the tempera-
ture of the cooling water as well as the frequency and found
good correlation between them. Through efficient control,
the drifts of the center frequency were reduced to several
MHz.!

In an attempt to understand in more details the factors
that cause the drifts of the frequency, we simultaneously
monitored the beam current, the output power, the cooling-
water temperature and the frequency. As a result, the rela-
tionship among the frequency, the cooling-water tempera-
ture, and the beam current are found." In this article we
present and discuss the results of our experiments. The data
indicate the influence of the frequency pulling effect of the
beam current on the frequency characteristics.
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H. PRECISE FREQUENCY MEASUREMENT USING
HETERODYNE TECHNIQUES

A. Experimental setup

To measure the frequency characteristics of the gyrotron
radiation, heterodyne harmonic mixing technique is used.
The frequency measurement system used in these experi-
ments was initially developed to measure the frequency of
optically pumped FIR lasers.® This system is made up of a
point-contact Schottky barrier diode (SBD) mixer, a phase-
locked 100 GHz band Gunn oscillator and global positioning
system (GPS)-synthesized 10 MHz standard signal distribut-
ing facility. The layout of the apparatus is shown in Fig. 1
and the main components are briefly described below.

1. Gyrotron

FU-1V is operated at the frequency of 300-302 GHz
with a maximum output power of about 20 W. The radiated
wave is (ransmitted through a circular waveguide and di-
vided into two beams. One goes to the power-meter Scien-
tech. Model 362 while the other goes into the SBD mixer of
the heterodyne system. To measure the (olal power, the ab-
solute calorimetric method with a water load is used. The
output power is sufficient to produce an appropriate signal in
the SBD mixer.

2. SBD heterodyne harmonic mixer

An IT7 chip from the University of Virginia is used as a
frequency mixer. The intermediate frequency, f)p, is given by
Eq. (1):

fIF:fgym"Engunﬂ! (}}

where fyr, and fy,,, are the {requencies of the gyrotron and
the phase-locked Gunn oscillator, respectively. The maxi-
mum operating current of the SBD is about 300 pA. The IF
signals generaied in the SBD mixer are amplified with low-
noise amplifiers (Trontech. W1G2H, NF=1.2 dB,30 dB*2)
and the signal is displayed on a spectrum analyzer.

3. Phase-locked Gunn oscillator

A commercial Gunn diode to which a phase locking loop
(PLL) is added is used as a local oscillator. Its configuration
is shown in Fig. lA. In the frequency range from
95 to 105 GHz the output level is over 5 mW. A reference
signal (10 MHz) is generated from a GPS-synthesized signal

generator, Symmetricom. 58540A (Fig. 1B). The results
show that the frequency stability is within a range of 1 Hz at
100 GHz and 10 Hz at I THz. Synthesized 5 GHz range sig-
nals are generated from a phase-locked oscillator (PLOY. The
frequency difference between the Gunn oscillator and the
20th harmonics of the PLO output is used for phase-locking
the Gunn oscillator,

4, Distribution of GPS-synihesized 10 MHz standard
signals

The 10 MHz signal generated by the GPS-synthesized
signal source is distributed to all components of the fre-
quency measurement sysiem using a distribution amplifier
(HPS087A).
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water temperature is nol controlled.
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FIG. 3. Results for measurement of cooling-water temperature at three
points and the frequency.

B. Results of frequency measurement without any
conirol

Typical examples of resulis obtained without a cooling-
water controf are shown in Figs. 2{a) and 2(b).

1. Shori-term specitral bandwidihs

Figure 2(a) shows the results obtained for the short-term
spectral bandwidths. As can be seen, the spectral bandwidth
is 10 kHz (FWHM) at maximum. The limitation on the mea-
surements of spectral bandwidths, that is, 10 kHz (FWHM),
is not due to the resolution of the gyrotron spectrum iself,
but io the drifts of the center {requency. The drifts of the
center frequency do not allow the frequency to be measured

at a higher resolution. Therefore, the actual spectral band-
width is probably less than 10 kHz (FWHM). The estimated
value is as small as the nominal values obtained for optically
pumped FIR lasers, that is, 5 KkHz."* It must be noted that the
two side peaks that appear at a separation of about 200 kHz
from the center frequency in Fig. 2(a) come {rom the spec-
trum of the phase-locked Guan oscilfator.

2. Drifts of center frequency (accuracy of frequency)

Figure 2(b) illustrates the drifts of the center frequency,
that is, the accuracy of the frequency. The experimental re-
sults show that the frequency drifts are about 10 MHz in
20 min.

C. Resulis obiained by simultanecus monitoring of
gyrotron parameters

FU-IV is operated at 300-302 GHz and the drifts of the
center frequency are about 10 MHz. Thus. the relative drifis
of frequency are in the order of 1 X 1075, As already men-
tioned, we consider that thermal expansion and contraction
of the resonant cavity is one of the factors responsible for the
drifis of the frequency. Therefore, the cooling-water system
was improved to reduce the frequency drifts. In addition, the
electron beam current and the output power of the gyrotron
are also monitored simultaneously with the frequency and
cooling-water temperature to examine the relationship
among these parameters. The experimental results are shown
below,

1. Influence of cooling-water femperature on
frequency

A water chiller (NesLab. Corp. RTE-210 ) was added to
stabilize the temperature of the cooling water. In the experi-
ments, three thermocouples with voltage-corrected ICs (Ana-
logue Devices, ADS595) are used to measure the’ temperature
in both the startup phase and cw operation phase at three
different points; in the water tank, at the inlet to the gyrotron,
and also at the outlet. Obtained data are processed using a
digital multimeter and a personal computer with a GPIB in-
terface.

The results for ¢w operation are shown in Figs. 3(a),
3(b-1), 3(b-2), and 3(b-3). The drifts of the temperature at
the outlet of the gyrotron, which are shown in Fig. 3(b-1),
are well correlated with the frequency drifts presented in Fig.
3(a), while the temperatures at the inlet to the gyrotron [Fig.
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3(b-2)] and in the water tank [Fig. 3(b-3)] are not correlated.
This result shows that the thermal expansion and contraction
of the cavity is related to the frequency drifts. It must be
noted that the frequency decrcases when the temperature
rises. -

The data for the startup phase are shown in Figs. 4(a)-
4{c). In Fig. 4(a), the temperature rise was about 8° and
frequency decrease was about 270 MHz. The correlation be-
tween ihe temperature and frequency is shown in Fig. 4(c).
The results demonstrate a strong correlation with a correla-
tion coefficient of about 0.99.

Data for the drifts of the temperature and the frequency
in cw operation phase are shown in Figs. 5(a) and 5(b). The
correlation between the temperature and the frequency is il-
lustrated in Fig. 5(c) and a strong correlation with a coeffi-
cient of about 0.98 is also found.

Nexi, the resulis obtained with and without the cooling
facility are compared in Figs. 6(a) and 6(b), showing that the
frequency is more stable when a temperature-controfled
chiller is used. These results indicate the importance of con-
troling cooling-water temperature.

The linear coefficients between the frequency and the
femperature and their correlation coefficients are summarized
in Table. I with the data from Figs. 3(a), 4(a), 5(a), 6(a), and
6(b). The data are arranged according to the peak-to-peak
frequency values. As a result, Figs. 4(a), 6(a), 5(a), 3(a), and
6(b) form a sequence.

2. Influence of beam current on frequency
When the temperature of the cooling water is stabilized,
the drifts of the center frequency remained within a range of
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FIG. 6. Stabilizing effect of cooling-water temperature.

a few MHz. To examine other factors that may affect the
frequency characteristics, the beam current, the output
power, the temperature of the cooling water and the fre-
quency are monitored simultancously. The obtained data,
which correspond (o an output power of 5 W, are presented
in Figs. 7(2)-7(d). Figure 7(d)(d) shows that in this case,
frequency drifts are within a range of 1 MHz The strong
correlation among the four curves indicate that the beam cur-
rent is the principal factor for the frequency drifis at least via
thermal expansion and contraction of the cavity.

Using the data presented in Figs. 7(a)-7(d) the correla-
tion coefficients are calculated. The correlations bétween the
beam current, the output power, the terperature of the cool-
ing water and the frequency are shown in Figs. &(a)-8(1.
The correlation coefficient between the beam current and the
output power is found to be about 0.95 while the correlations
between the beam current and frequency and between the
output power and the frequency are 0.76 [Fig. 8(c)] and 0.71
[Fig. 8(e)], respeciively. The linear coefficient between the
frequency and the cooling-water iemperature  is
1.5 MHz/deg with a correlation coefficient of 0.76 {Fig.
8(D)]. These values are listed in Table 1 for discussions below.

lil. DISCUSSION

We discuss three aspects of the experimental results. The
first one is the cause of the slow drifts of the beam current
and the water temperature. The second is the time constant of
the decrease in frequency in the startup phase and the last is
the linear coefficients between the frequency and the
cooling-water temperature and their correlation coefficients.

As shown in Fig. 7, the frequency drifts are related to
drifis of the beam current and the water temperature. The

TABLE I Relationships between the temperature and the frequency.

Frequency Linear Absolute value
Figure (peak-to-peak) coefficients of correlation
No. (MHz,_)) (MHz/deg) coefficient
4(a) =270 —41.1 0.99
6(a) 8.6 —14.4 0.98
5(a) 8.6 -14.1 0.98
3(a) 53 -27.8 0.94
6(b) 33 ~52 . 0.64
8(f) 1.3 -1.5 0.76




problem gives rise to the latter drifts. Possible factors relat-
ing to beam current include the drift of heater temperature of
thermal electron emission and the drift of acceleration volt-
age. A possible facior relating to the water temperature is the
maximum temperature stability that the chiller can mainiain.
The maximum temperature stability of the water chiller we
used is 0.1 deg. The peak-to peak value of water iemperature
in Fig. 7(c) ts about 0.7 deg so about 15% of the drift can be
atiributed to the achievable maximum temperature stabiliiy.
In future work, to find the causes of the drift of the beam
current and the water temperature is very important {0 our
aim of achieving frequency stabilization.

Nexi, the time constants of the frequency decrease are
discussed. Figures 4(a) and 4(b) show that the time constanis
of the temperature and the frequency deviations in startup
phase are both in the range of 100 s. In contrast, the time
constants reported in previous studies are in the range of
0.1sin Ref. 6 and of 1 s in Ref. 7. Below, we discuss the
reasons for the large discrepancy between our daia and the
reported data.

In the case of thermal transfer in one-dimensional slab
and two-dimensional axial configurations, Fourier namber is
considered as a characteristic time figure that can be used (o
normalize the problems. Fourier number is defined as a
square of the characteristic length, such as, the distance be-
tween the heat source and the observation point Ly, divided
by the thermal diffusivity o, ie., L%/ . In other words,
Fourier number expresses the time constant of the thermal
transfer phenomena.

FU-IV is designed for high-frequency, cw mode opera-
tion. The inner surface of the cavity is heated by the skin
effect. And the outer swrface is in direct contact with the
cooling water. The inner and outer radii of the cavity are
about 1.5 and 10 mm, respectively. Thus, the Ly is about
8.5 mm. In confrast, in gyrotrons designed for high-power
pulse mode operation, the inner and ounter radii are, for ex-
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FIG. 7. Results of the simultaneous measurement of the beam current, the
output fevel, the cooling- water temperature and the frequency.

ample, 10 and 12.5 mm, respectively, though the values de-
pend on the situations. The Ly is about 2.5 mm. When Fou-
rier number for these two cases is compared, it is more than
one-order larger in FU-IV than in other high-power gy-
rotrons. We think this is the major caose of the discrepancy
in the time constants. In addition, when the frequency char-
acteristics are measured during pulse operation, the oscilla-
tion is sometimes cutoff before there is sufficient decay in
frequency. This will make the measured time constanis
shorter than expected.
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We now discuss the linear coefficients between the fre-
quency and the cooling-water temperature and their correla-
tion coefficients. Our estimate shows that if the drifts of the
frequency are caused by thermal expansion and contraction
of the cavity and the temperature is measured at the inner
radius of the cavity, the coefficient must be 5.10 MHz/deg as
shown in Eq. (2):

(3.00 X 10%) X (167 X 107%) = 5.10(MHz/deg).  (2)

The value obtained in Fig. 8(f), of 1.5 MHz/deg is less
than 5.10 MHz/deg indicating that thermal effect may not be
the only cause of the frequency drifts.

When the relationship between the temperature and fre-
quency is examined using the data in Table 1 it appears that
there is a tendency for both the linear coefficients and the
absolute values of correlation coefficients to be smaller when
the peak-to-peak frequency drifts are smaller, although there
are some exceptions, such as, the linear coefficients for Fig.
3(a} and the correlation coefficients for Figs. 6(b) and 8(f).
We think that these results suggest that another physical
mechanism affects the frequency characteristics as well as
the thermal effect.

The frequency pulling effect of the beam current in high-
frequency gyrotrons has been discussed iheoretically.“"l In
Ref. 16, it is found that when the magnetic field, the fre-
quency and the beam current and the loaded Q factor of the
cavity are 6.725 T, 182.993 GHz, 120 mA, and 4000, re-
spectively, the frequency and the beam current are related by
a factor of 0.24 MHz/mA. In our case, the frequency wn-
ability is about 50 MHz at 300 GHz in experiments and is
considered to be determined roughly by the loaded Q factor
of the cavity, that is, about 6000. As a resuly, it is sirnilar to
the value in Ref. 16. The linear coefficient between the tem-
perature and the beam current is 0.264 deg/mA [Fig. &(b)L.
If a linear relationship is assumed for 183 and 300 GHz, the
linear coefficient for 300 GHz is estimated as shown in Eg.

(3

! X 200 1.48(MHz/deg) (3)

0264 g3 HHMHdeR). ;
This value is roughly in the same range as the linear
cocfficients between the frequency and the cooling-water
temperature and can explain why the lincar cocfficient be-

[

4 X

W

tween the frequency and the cooling-water temperature is -

educed to 1.5 MHz/deg and the correlation coefficient is
only about 0.76 [Fig. §()].

Based on our experimental resulis, we think that various
physical mechanisms influence the frequency characteristics

as follows. The drifts of frequency are caused by the thermal
effect via cavity expansion and contraction and by the non-
thermal frequency pulling effect of the beam current. The
time constant of the drifts are in the range of 10 min. The
sum of these two effects can be observed in practical mea-
surements. The thermal effect is caused by both the drift of
cooling-water temperature and the drift of outpur power
originating from the beam current drift. The thermal drift is
in a range of 10 MHz and when the beam current increases,
the frequency decreases. The nonthermal frequency pulling
effect of the beam current is around 1 MHz and when the
beam curreni increases, the frequency increases. This non-
thermal effect is sometimes hidden by the thermal effect. We
think that the above description explains the physical mecha-
nisms that occur in submillimeter wave gyrotron FU-IV,
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