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Abstract

A concept is presented for stripping low-energy,
radioactive ions from 1+ to higher charge states. Referred
to as an Electron Beam Charge State Amplifier (EBQA),
this device accepts a continuous beam of singly-charged,
radioactive ions and passes them through a high-density
electron beam confined by a solenoidal magnetic field.
Singly-charged ions may be extracted from standard
Isotope-Separator-Online (ISOL) sources. An EBQA is
potentially useful for increasing the charge state of ions
prior to injection into post-acceleration stages at ISOL
radioactive beam facilities. The stripping efficiency from
q=l+ to 2+ (~1,) is evaluated as a function of electron
beam radius at constant current with solenoid field,
injected ion energy, and ion beam emittance used as
parameters. Assuming a 5 keV, 1 A electron beam, q,2 =
0.38 for 0.1 keV, ‘s2Xeions passing through an 8 Tesla
solenoid, 1 m in length. Multi-pass configurations to
achieve 3+ or 4+ charge states are also conceivable. The
calculated efficiencies depend inversely on the initial ion
beam emittances. The use of a helium-buffer-gas, ion-
guide stage to improve the brightness of the 1+ beams[l]
may enhance the performance of an EBQA

1 Introduction--Motivation for the EBQA
The production and acceleration of radioactive nuclides
far from stability is an area of significant interest in
nuclear physics[2,3]. Generating these nuclides in specific
charge states selectively and efficiently are important
goals in the development of a cost-effective Radioactive
Ion Beam (RIB) facility. To increase efficiency and
reduce cost, it is desirable to strip singly-ionized species
to higher charge states while still at low energy in the
post-accelerator. RIBs typically employ low charge state
ions (usually 1+) at the front end of the post-accelerato~
these ions are often generated within Isotope Separation
On-Line systems (ISOLS)[4]. For A>30-60 amu, higher
charge states are desired to simplify the post accelerator.
For example, ISAC[5] presently under construction at
TRIUMF, requires a source capable of generating heavy
ions with charge to mass ratios (q/A) greater than 1/30.
Elevated charge states are available at low energy from
Electron Cyclotron Resonance Ion Sources (ECRIS)[6]
and Electron Beam Ion Sources (EBIS)[7]. The ISOL-
MAFIOS[8] system combines properties of both ECRIS
and EBIS by electrostatically “catching” singly-charged
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ions injected into the minimum B-field ECR reg’om
stripped ions then effuse continuously. However, ECR
sources tend to generate beams of relatively large
emittance and produce a broad range of charge states.
The EBIS is typically a pulsed machine which generates
higher charge states by first trapping ions in an
electrostatic well then “cooking” them in an electron beam
for a period of time. A large EBIS is planned for the REX
ISOLDE facility at CERN[9]. If the 1+ ions are first
accelerated by a low q/A structure, such as an RFQ, they
can be stripped afterwards to higher charge states. A post
accelerator based on this concept is being developed at
Argonne[2,10, 11]. The EBQA concept discussed here is
an alternative method of increasing the charge state of a
DC beam at ion source energy.

The primary components of an EBQA are presented in
Figure 1. Though in principle it should be possible for the
EBQA to generate ions of arbitrarily high charge state by
recirculating the beams, the present analysis focuses on
advancing q from 1+ to 2+.
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Figure 1: The EBQA in single-pass mode.

2 EBQA ANALYSIS

Simulating the detailed ion and electron orbits within
the solenoid requires a full 4-D emittance distribution
(e.g., f(x,x’,y,y’)). Angular momentum effects arise from
xy’ and x’y phase-space pairs. A Kapchinsky-Vladimirs@
(K-V) distribution is chosen for the injected bearn[12].
The solenoid is modeled as an ideal cylindrical coil. All
ion trajectories are assumed to be near the axis; therefore,
analytical expressions for B1and B, can be obtained.

2.1 Matching

To optimize stripping efficiency and minimize
envelope oscillations, the ions and electrons must be
properly matched into the solenoid. Assuming the ion
starts from a shielded source (B-4), the matched beam
radius is just twice the Larrnor radius, r~=2p0,
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Abstract:

Fluid flow rate in high temperature and pressure vessels can be difficult to measure due to the

associated harsh environment, inaccessible locations and pressure boundary integrity concerns.

However, by using quick response miniature thermocouples to measure the naturally occurring

temperature variations within the flow, the fluid velocity can be inferred from the transit time

analysis. This flow measurement technique has other advantages such as the flow profile is not

significantly disturbed, no additional flow restrictions introduced and the system fiction factor is

not increased. Furthermore, since the measured flow rate is generally unaffected by the global

system dynamics, such as heat increases or losses, as well as changes in the flow regimes, the

location of the thermocouple pairs is extremely flexible. Due to the mentioned advantages, the

thermocouple cross-correlation flow measurement method has been developed for use at the

Purdue university &@ki-Dimensional Integral Test &sembly (PUMA). Currently,

thermocouple cross-correlation technique is used to measure the Reactor Pressure Vessel

downcomer fluid velocity and the suppression pool in-vessel natural circulation velocity.
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1 INTRODUCTION

The Purdue university ~ulti-Dimensional Integral Test &sembly (PUMA) is a scaled

modei of General Electric ~implified EJoiling Mater Reactor (SBWR). The objectives of this

facility are to study both the integral and separate effects of various nuclear power plant

accidents. Additionally, the

flow measurement systems.

used in the industry, yet is

velocity.

facility is also intended to be a developing ground for advanced

This paper discusses a

flexible and provides

flow measurement technique that is rarely

accurate measurements of in-vessel fluid

Measuring the fluid velocity in a nuclear reactor pressure vessel (RPV), such as the

downcomer fluid velocity is difilcult due to the high temperature, pressure and radiation

environment. Although some conventional flow measurement device, such as a turbine flow

meter, can be employed, these methods may be undesirable because of possible flow

obstructions, as well as accessibility and reliability concerns. Mhiature thermocouples (TC), on

the other hand, are robust and have proven to be reliable even under extreme temperature,

pressure and radiation conditions. Therefore, the thermocouple cross-correlation measurement

methodology is the logical choice for the RPV downcomer fluid velocity measurement.

The thermocouples are installed in the flow just as they would be used to measure fluid

temperature. The two thermocouples are located such that they would measure two points along

a fluid streamline. Although the temperature variations inherent in all flows are slight, the

miniature TC’s have been proven to be sufficiently sensitive in measuring them. Furthermore, it

has been shown that the temperature fluctuation profile follows the stream velocity profile.

Therefore, for turbulent flows, the velocity measured is close to that of the local average

velocity. Additionally, it has been shown by Bentley et. al. (1967) that for turbulent flows, the

temperature fluctuation is independent of the global system geometry and dynamical processes.

Hence, the installed location of these TC pairs is far more flexible than other types of flow

measurements where fully developed flow conditions are required.

~ THEORETICAL CONSIDERATION

The thermocouples cross-correlation fluid flow measurement methodology is based on a

simple premise: the fluid local instantaneous temperature is distinct and can be measured
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accurately. By applying cross-correlation noise analysis to the measured temperature variations

between two points along a streamline, the temperature signals can be correlated to find the

transit time of the fluid particles. In other words, thk method measures the time it takes for a

clump of fluid with some characteristic temperature to travel between two points along a

streamline. The clump’s fluid temperature is measured by the upstream TC, and afier some time

delay, z, is also measured by the second TC. The delay time, ~, is found from the cross-

correlation fi.mction. With the distance (d) between the two TC’s known, the instantaneous

velocity of that particular clump of fluid is easily found. By averaging over some period of time,

T>> ~, the bulk fluid velocity can be determined with a high degree of accuracy.

Note that the method developed here is most accurate for turbulent flows. This is important

due to the flat velocity profiles of turbulent flows. For laminar pipe flows, the measured velocity

must be adjusted for the parabolic profile. Another point of note is that since the flow is

turbulent, care must be exercised to ensure that the transit time, z, is smaller than the

characteristic time for turbulent temperature difision. This is to ensure that the characteristic

temperature is not entirely difi%sed prior to reaching the second TC. Consequently, higher flows

can afford larger gaps whereas lower flow rates require smaller gaps. For downcomer flow

measurement, the gap between the thermocouples is set at d = 5 mm.

Additionally, it must be stressed, that this method does not measure the turbulent temperature

fluctuations. Rather, this method measures the naturally occurring temperature changes in the

fluid stream due to macro processes such as heating and cooling by heaters, heat exchangers,

pumps or simply heat losses along the system piping. Minor turbulent temperature fluctuations

are considered as white noise, and therefore do not reflect fluid velocity.

The average velocity is given as:

(1)

where d is the distance between the two thermocouples. The transit time, ~i, is found from the

cross-correlation of the temperature fluctuations inherent from the flows. The temperature

variations, measured in volts, are correlated as follows:
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where the above variables are defined as:

v(t) = (v)+w(t)

6V(t) = 6VC(t) + 6V, (t)

W’ (t)= 8V: (t) + 5V: (t)

av’(t +T) = av:(t +T)+8v;(t)

5V(t) = fluctuations

i5VC(t)= coherent fluctuations

5Vi (t)= incoherent fluctuations

The coherency of the signals means that the two TC signals are correlated after some lag

time, t. The incoherent part of the signal is not usefhl and therefore can be removed by means of

hardware filters or by software averaging. Since the temperature signal is continuous, whereas

the sampling of the data is discrete, the above equations must be modified. The discrete version

of equation ( 2 ) is given as follows:

c,,(z)=~gvlnv2n+=
T–z..l

(3)

The effectiveness of the cross-correlation analysis is demonstrated in Figure 1 and Figure 2.

Figure 1 shows two noisy and apparently meaningless sets of data points. In fact, these plots are

two sine fimctions masked by random noise. For this example, the noise is set to be four times

as large as the coherent signal (6Vi = 4 * 5VC). Figure 2 shows that the two sets of data are

correlated, and the lag time between the two signals is found at the correlation fimction’s

maximum. Hence, to determine the fluid velocity, one simply determines the maximum point of

the correlation finctio~ M~[C12(~i)], at which point, ~i is the transit time.

In measuring real processes, it is possible to have high frequency noise that greatly exceed

the real TC signals. Therefore, some signal conditioning technique is needed to ensure clean and

accurate maximum value of the cross-correlation fimction, C12(Z). One can remove the high

frequency no”ises by utilizing hardware filters, or applying some averaging routines through a

means of software filters. Software filters are less expensive and are more ftexible. Therefore,

they are generally preferred in experimental and frequently changing systems. On the other

hand, hardware

needed and fast,

filters are better

accurate readings

suited in production facilities, where few modifications are

are required.

4



One effective means of signal conditioning is moving averages. This technique effectively

smooths out all high frequency fluctuations while retaining the slower moving trends in the data.

It can be shown that by applying soflware filtering techniques, one can decipher information

from signals that have noise levels as high as 10 times the real process

signal.
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Figure 1: Simulated raw TC signals
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Figure ~: Cross.correlation finction
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3 PROBE CONSTRUCTTON AND CALIBRATION

The thermocouple probes used in these experiments are the standard K-type, Chromel-

Alumnel thermocouples. The junction bead size is approximately 5 ~m. Due to the small

junction size, the response time for the TC is approximately 5 ms. Each TC is connected to a

high efficiency, fast response voltage amplifier. The raw data are read in millivolts (mV) and are

amplified to between * 5V. The amplified signals are read by a Pentium personal computer via a

high-speed MD converter board (Keithley-Metrabyte DAS-1700 series board). The raw signal is

digitally filtered by applying the moving-average method as described above.

The data acquisition board is controlled by an in-house written C-progr~ that controls the

sampling rates, perilorrns moving averages and simuhaneously computes fluid velocity. The

sampling frequencies (f) are automatically adjusted based on the measured flow rates. For slow

fluid velocities (<0.5 m/s), the sampling frequencies are reduced to as low as 60 Hertz. On the

other hand, for higher fluid flow rates, the sampling frequencies are increased up to 300 Hz. The

data sampling rate ($) is needed to convert to units of time once the correlation finction maxima,

(max[Cn])i are determined.

~ = (m=tc121)i (4)
1

f

Once ~i is found, the fluid average velocity is calculated by equation ( 1 ). In order for the

software to self-adjust the sampling frequencies, several trial frequencies are used and the

velocity is reported only after the optimum frequency has been determined and the measured

velocity converged. Furthermore, the displayed velocity is the result of the average of 10 sets of

converged velocity readings.

A standard 2“ water loop was used to perform calibrations for I-inch gap thermocouples set.

The average fluid velocity range from 0.2 m/s to 1.2 rds. The average water temperature was

approximately 50” C. It should be noted that this method worked best with higher water

temperatures. This is clear since at low temperature, the corresponding TC signal is close to

zero, thus making background noise insurmountably large. At higher than room temperatures,

the TC signal is sufllciently high so as to give significantly more reliable results. The average

error as compared to other standard anemometer (flow orifice for high flow and manometer for

low flow) is within & 2.OYO, with the highest percentage error occurring at low flow rates.
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Excluding the minimum flow rate readings, near 0.2 rids, the average error becomes –1 .7’%o. It

should also be noted however, that although the percentage error is proportionally greater at low

flow rates, the absolute error for low velocity is very small indeed (see Figures 3-4).

4 DISCUSSION OF RESULTS

Preliminary results of the RPV downcomer fluid velocity measured by the thermocouples

compared very favorably to those measured by the turbine flow meters. In general, the velocities

measured by the two devices are within 5°/0 of each other. Since the liquid velocity in the

downcomer is expected to be small, the gap between the two thermocouples is set at 5 mm. With

this small gap, the system is very capable of measuring very low fluid velocity. During some

natural circulation tests, the fluid velocity can reliably be measured to as low as 0.01 rds. Since

this system searches for an optimum sample frequency, the initial start-up could take as long as

15 minutes. Subsequent to the initial start~up phase, this” system provides almost simultaneous

data.

Presently, researchers at Purdue are performing experiments on the thermocouple assembly

intended for use in the suppression pool. This assembly consists of 6 sets of thermocouples. The

system for use in the suppression pool will be able to determine the natural circulation flow

pattern within the suppression pool.

5 CONCLUSION

The use of thermocouples to measure fluid velocity is demonstrated to be both reliable and

accurate. Additionally, due to the robustness of thermocouples, this method may prove to be the

best way to measure fluid velocity in harsh and inaccessible environments. Although this

method relies on the temperature fluctuations inherent within the flows, it is insensitive to system

geometry or other disturbances, enabling far greater flexibilityy than other existing flow

measurement devices. Finally,

thermocouple cross-con-elation

technique that can be applied in

based on calibration data and preliminary experimental results,

flow measurement is a viable and flexible flow measurement

industry.
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TC X-Correlation Calibration Curve
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Figure 3: TC Cross-correlation calibration curve, gap = 1“
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Figure 4: Measured vs. Calculated velocity, gap= 1”
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