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EXECUTIVE SUMMARY

This technical report contains recommendations from the Analytical Development
(AD) organization of the Savannah River National Laboratory (SRNL) for a system of
triplicate Sodium Iodide (Nal) detectors to be used to monitor Cesium-137 (**’Cs)
content of the Decontaminated Salt Solution (DSS) output of the Small Column Ion
Exchange (SCIX) process. These detectors need to be gain stabilized with respect to
temperature shifts since they will be installed on top of Tank 41 at the Savannah River
Site (SRS). This will be accomplished using Nal crystals doped with the alpha-emitting
isotope, Americium-241(**'Am). Two energy regions of the detector output will be
monitored using single-channel analyzers (SCAs), the *’Cs full-energy y-ray peak and
the *' Am alpha peak. The count rate in the gamma peak region will be proportional to
the "*’Cs content in the DSS output. The constant rate of alpha decay in the Nal crystal
will be monitored and used as feedback to adjust the high voltage supply to the detector
in response to temperature variation. An analysis of theoretical >'Cs breakthrough
curves was used to estimate the gamma activity expected in the DSS output during a
single iteration of the process. Count rates arising from the DSS and background sources
were predicted using Microshield modeling software. The current plan for shielding the
detectors within an enclosure with four-inch thick steel walls should allow the detectors
to operate with the sensitivity required to perform these measurements. Calibration,
testing, and maintenance requirements for the detector system are outlined as well.
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1.0 Introduction

The Analytical Development (AD) organization of the Savannah River National
Laboratory (SRNL) was tasked with providing a recommendation for a system of three
redundant Sodium-Iodide (Nal) detectors to monitor the Cesium-137 (**’Cs) content in
the Decontaminated Salt Solution (DSS) effluent being sent to Tank 50 from the Small
Column Ion Exchange (SCIX) process at the Savannah River Site (SRS). This will be
done by detecting the 662 kiloelectron volt (keV) y-ray emitted by the daughter nuclei,
Barium-137m (*"™Ba). Recommendations for the SCIX gamma monitors will address
several issues: the required detectors and electronics, incorporation into the SCIX
Distributed Control System (DCS), shielding and background rates, initial testing,
calibration, and maintenance.

The purpose of SCIX is to remove and concentrate high-level radioisotopes from
SRS salt waste resulting in two waste streams. The concentrated high-level waste
containing B7Cs will be sent to the Defense Waste Processing Facility (DWPF) for
vitrification and the low-level DSS will be sent to the Saltstone Production Facility (SPF)
to be incorporated into grout. First, Monosodium Titanate (MST) is mixed with the salt
waste in Tank 41 to remove Strontium-90 (*°Sr) and actinides. The insoluble solids such
as suspended MST and sludge will then be removed from the salt waste by a series of
four Rotary Microfilter (RMF) units producing Clarified Salt Solution (CSS), which will
contain up to 2.625 Ci/gal' of *’Cs. The CSS will then be pumped at ~10 gallons per
minute (gpm) through two lon Exchange Columns (IXCs) containing Crystalline
Silicotitanate (CST) sorbent, which will remove "*’Cs from the solution, producing DSS".
The region of each IXC containing CST will have an inner diameter of 27.375” and a
height of 233.25” as per preliminary vendor drawings with a volume of 79.4 cubic ft
(~600 gal); however, the IXCs will contain an interior cooling line that will occupy ~5%
of this volume®. During production, the columns will each contain 440 gallons of CST
resin with a "*’Cs loading capacity of up to 2300 Ci/gal, thus a fully loaded IXC can
contain a total of 1.0 x 10° Ci of activity'. The DSS effluent from SCIX can have an
average 'Cs content of no more than 6 nCi/g (0.028 mCi/gal) >. The conversion
between nCi/g and mCi/gal is based on a DSS density of 1.25 g/mL. The DSS effluent
will be pumped from SCIX to Tank 50 through a 114 Schedule 40S pipe” (stainless steel,
1.90” outer diameter, 0.145” wall thickness). This pipe should be configured with a
vertical rise after the gamma monitors to ensure the pipe is completely filled with DSS
during operation. The two IXCs will be operated in series in a “lead-lag” configuration.
Before the DSS stream reaches an average ">'Cs concentration of 6 nCi/g, the spent CST
will be sluiced out from the lead column to the Spent Resin Disposal (SRD) unit, ground,
and sent to Tank 40, the DWPF feed tank. The column will then be refilled with fresh
CST and the role of lead and lag column will be switched’. A diagram outlining the
SCIX process may be found in Figure 1.1.
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Figure 1.1: SCIX Process Overview

2.0 Detectors and Electronics

A major difficulty in operating gamma monitors at the SRS Tank Farm is the
temperature fluctuations to which the detectors will be exposed. The ambient
temperature at the SRS can vary from 15 to 110 °F. Detector gains are sensitive to
changes in temperature, an effect that must be taken into account to provide a reliable
system for '*’Cs detection. For this reason, the Nal detectors being used to monitor the
1*7Cs content in the DSS should be doped with an Americium-241 (**'Am) source. The
purpose of the **' Am is to act as a pulser, providing a constant source of alpha radiation
with a gamma-equivalent energy between 2.85 and 3.15 megaelectron volts (MeV)
depending on the construction of the individual detectors*. The detector response to these
alphas will be well separated in energy from the 662 keV '*’Cs y-ray line. Two single-
channel analyzers (SCAs) will be required for each detector, one to monitor the alpha
radiation and one to monitor the '*’Cs gamma radiation. The output of each SCA will be
sent to a ratemeter. The output of the ratemeter monitoring the **' Am alphas will be used
in a feedback circuit to adjust the high-voltage supply for the detector, stabilizing the gain
in response to temperature fluctuations. An output signal will be sent to the SCIX DCS
from the '*’Cs ratemeter indicating the amount of activity in the DSS stream.

A system is available from Fluke Biomedical that possesses these capabilities. It
consists of a 2” diameter by 2” thick Nal crystal containing a small capsule of **'Am.
The crystal is coupled to a photomultiplier tube/preamplifier assembly all encased within
a 2.5” diameter by 10.5” long stainless steel housing (Model # 943-237A)’. The
preamplifier is able to drive the detector anode signal up to 1500 ft through 50 Q coaxial
cable. Also provided by Fluke is the Model 942A-200 series Universal Digital
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Ratemeter’ (UDR) that is available with a Model 942-200-90 SCA/Americium
Regulator’ that plugs into an option board bus on the UDR motherboard. The system can
operate between 32 and 122 °F with a maximum rate of change of 9 °F/hr. Despite the
fact that this detector system incorporates gain stabilization with respect to temperature
changes, it would be useful to maintain the temperature of the detector enclosure above
the minimum temperature of the DSS (~70 °F) and below 122 °F. The relative humidity
may range between 0 and 95%, but must be non-condensing. The enclosure should be
designed such that rainwater will not leak into it.

3.0 Incorporation into the Distributed Control System

The UDR’s have the capability of sending various types of signals to the DCS to
indicate the *’Cs content in the effluent DSS. It may send either 4-20 mA or 0-10 V
signals logarithmically proportional to the count rate within the SCA window of the Nal
detector. The upper and lower limits of the signal must be a power of 10 and can be set
between 10™ and 10° counts per minute (cpm) with a minimum range of a decade. It also
has the capability of providing several contact relays, which can be programmed to trip at
various setpoints’.

To determine the average '>’Cs content in the DSS being sent to Tank 50 during a
run, the following relationship is used:

=il el o
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I::EE] = instantaneous "*’Cs content
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To obtain the instantaneous "*’Cs content from the count rate measured by the detector
system, conversion factors must be supplied to the DCS. These conversion factors will
depend upon the geometry of the detector and DSS effluent pipe, the efficiency of the
Nal detector, and the background within the SCA window. The detector efficiency may
be temperature dependent and the background could vary over the lifetime of the system
if ¥’Cs is deposited on the walls of the transfer lines. These factors will have to be
determined during the initial testing and periodic evaluations of the detector system.

The relationship between the instantaneous and average ">'Cs content in the DSS
should depend on a number of factors: the *’Cs content, density, temperature, and flow
rate of CSS entering the IXC, as well as the quantity and distribution of '*’Cs loaded on
the CST at the beginning of a batch. Figure 3.1 shows '*’Cs breakthrough curves
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modeled using the Zhang, Anthony, Miller (ZAM) code based on fresh CST and CSS
containing 2.36 Ci/gal of '*’Cs with a density, temperature, and flow rate of 1.25 g/mL,
25 °C, and 10 gpm, respectively’. These parameters correspond to SCIX Batch 2x from
Reference 3, which was chosen because it was predicted to have the highest '*’Cs loading
on the IXCs of all the SCIX batches modeled. This model predicts that 520,000 gallons
of CSS can be processed before the 6 nCi/g average limit is reached. This corresponds to
an instantaneous "°'Cs content of 0.69 mCi/gal or 143 nCi/g. Rather than integrating the
7Cs content of the DSS, an upper limit to the instantaneous ’Cs content may be
imposed. This will have to be chosen carefully so as not to exceed the 6 nCi/g average
limit, but not limit the efficiency of the SCIX process. If the upper limit is taken to be 6
nCi/g, the modeled batch will need to be stopped at 454,000; a 12.7% decrease in process
volume. Since this model was based upon a run with fresh CST, the actual decrease in
overall process volume per batch during normal operations would be greater because
each batch 1 o0 ’ o T
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Figure 3.1: Comparison of Instantaneous and Average **’Cs Breakthrough Curves®.

4.0 Shielding and Background

The gamma flux incident on the Nal detectors was calculated using Microshield
from Grove Software, Inc. These calculations were performed for 1'%” Schedule 40S
pipes of different lengths filled with DSS containing varied quantities of *’Cs. The DSS
was modeled as water with a density of 1.25 g/cm’ and the pipe as 7.8 g/cm’ iron. Three
different levels of "“'Cs activity in the DSS were modeled: 0.001 mCi/gal, as a
conservative lower limit to the required sensitivity, 0.028 mCi/gal, the average activity
allowed during a batch, and 0.69 mCi/gal, the instantaneous activity predicted when the
average activity reaches its maximum allowed value. The dose point was placed 2” from
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the center and 3” from one end of the pipe. The length of pipe was varied from 6 to 18”.
At pipe lengths greater than 127, the gamma flux was essentially constant. Thus,
detectors spaced more than a foot apart without any intermediate shielding will be
essentially independent. Figure 4.1 shows a plot of this effect for DSS containing 0.001
mCi/gal *’Cs, though the same trend appeared in all three concentrations studied. An
inch of steel between the three detectors would further ensure independence. The
unscattered photon flux from a 6” length of pipe at the dose point is predicted to be 2.1,
61, and 1510 photons/cm®s, respectively for the three '*’Cs concentrations given above.
Roughly 75% of 662 keV y-rays incident upon a 2” diameter by 2” thick Nal crystal will
deposit energy in the crystal. This will occur through one of two processes; the
photoelectric effect or Compton scattering. Gamma-rays that interact through the
photoelectric effect deposit all of their energy in the detector producing a narrow
photopeak in the measured spectrum. The SCA window will be set around this
photopeak. Compton-scattered y-rays only deposit a portion of their energy in the
detector producing low-energy counts in the spectrum. The SCA window should remove
most of these events from the analysis. The ratio of counts in the 662 keV photopeak to
total counts should be 50-60%". Thus the 662 keV photopeak detection efficiency should
be approximately 35-45%, producing count rates between 10° and 10° cpm. If buildup is
included in tl o oy ) ~ o' the SCA
window shot
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Figure 4.1: Gamma flux vs. Pipe Length DSS containing 0.001 mCi/gal **’Cs. The black line
gives the unscattered flux and the red dashed line includes buildup.

Another concern is the background rate from the SCIX columns, which may hold
up to 1.0x10° Ci of *’Cs. Figure 4.2 shows the planned layout of the SCIX equipment.
The closest IXC is approximately 13’2’ horizontally from the gamma monitors. The
gamma monitors will be enclosed within a steel box with 4” walls. This box will be
approximately 3’ above a 5’ layer of concrete and the top of the IXC resin bed will lie
slightly more than 10%2’ below the top of the concrete. Microshield predicts that the
background in the gamma peak from a full ICX will be at least 6 orders of magnitude
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below the expected signal from the DSS. The buildup flux will also be insignificant.
Incorporating 4” of steel shielding around the gamma monitors into the calculation
lowers the background by an additional 3 orders of magnitude. Shielding calculations
performed using ISOTOPIC software from Ametek agree with these results.

The SRD unit will be even closer to the gamma monitors than the IXCs. However,
it should contain only residual *’Cs when the gamma monitors are online since the SRD
unit will only be used to dispose of spent CST after the completion of a SCIX batch.
Microshield calculations indicate that, even if the SRD unit was completely full of CST
containing 2300 Ci/gal of *’Cs, the 5° of cement and 4” of steel should eliminate any
significant background in the gamma monitors. This calculation is based upon an SRD
unit with a resin volume defined by a 15 height and 35” diameter’. These shielding
calculations assume the geometry described above; modifications to this geometry will
require additional calculations to ensure detector sensitivity.

Figure 4.2: Proposed Layout of SCIX Process on Top of Tank 41. This rendering includes
(A) the Rotary Microfilters, (B and C) the two lon Exchange Columns, (D) the grinder, and
(E) the gamma monitors. The huts around (C) and (D) will have roofs. The gamma
monitors will sit inside an enclosure with 4” steel walls (not shown).

The gamma monitors will detect the activity of *"™Ba, the daughter of *’Cs. All
gamma flux calculations produced in this report are based on the assumption that the two
radionuclides will be in secular equilibrium; meaning for every Curie of *'Cs there
should be 0.947 Ci of *"™Ba present. However, increased °™Ba concentrations in the
DSS relative to *’Cs could arise from two sources. As '*’Cs that has loaded onto column
decays, there is the potential that *"™Ba could break loose from the CST and escape in
the DSS. This scenario is unlikely. CST captures *’Cs based upon ionic attraction and
size. After beta-decay, the charge state of the ion changes from +1 to +2 and the ionic
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radius decreases by ~20% '°. The increased ionic attraction to the negative loading sites
on the CST and similar size should keep the barium loaded. There will also be °"™Ba
flowing into the IXC and produced from “free-floating” '*’Cs within the IXCs. This
37mBa might not load onto the CST, though experiments conducted at Oak Ridge
National Laboratory'' and SRNL'? indicate that this is not the case. The two resin beds
in the IXCs have bed and particle void fractions of 0.5 and 0.24, respectively”. Thus 62%
of the bed volume (~550 gal) along with the head space (~260 gal) can be filled with salt
solution. At a flow rate of 10 gpm, it will take about 80 minutes or 31 half-lives of
13MBa for the salt solution to traverse the IXCs. Even if the *"™Ba does not load on the
CST, at the beginning of a SCIX batch there will be ample time for the *"™Ba to decay
before reaching the gamma monitors. However, '>’Cs will not be removed from the salt
solution until it reaches fresh CST and as the batch progresses this will occur further into
the IXCs. Equilibrium will be maintained between the two radionuclides until this point,
giving the excess >™Ba less time to decay before arriving at the gamma monitors.
Figure 4.3 shows the cesium column loading profile as predicted by ZAM modeling at
the end of a typical SCIX batch’. In this scenario, the lead column is completely loaded
with "’Cs and the lag column is 30% loaded. If *"™Ba does not load along with "*'Cs,
the gamma monitors will detect rates 20 times higher than expected for the actual B7cs
Ct
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|

1 I 1 I 1 I
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Figure 4.3: Cesium Loading Profile on the Two IXC at the End of a Typical SCIX Batch
Based on ZAM Modeling3.

5.0 Calibration and Testing

Initial testing and calibration of the detectors will take place at SRNL.
Calibration sources containing '*’Cs suspended in a 1.15 g/mL epoxy matrix enclosed
within 6” long 1'5” Schedule 40S pipes can be purchased from Eckert & Zeigler
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Analytics Inc. Several sources should be procured spanning the range of activity
expected in the DSS. A small chamber will be constructed based on the actual geometry
of the gamma monitor enclosure to be installed on the tank top. This chamber will be
temperature controlled allowing for variation of the temperature over the range expected
when the monitors are in service. A detector and calibration source will be placed within
the chamber and measurements will be taken at several temperatures with each of the
sources. This calibration will provide the conversion factors between count rate and
source activity to be used by the DCS. An error analysis of these conversion factors will
be performed by incorporating uncertainties in source activity, counting time, geometry,
background, and temperature. During this calibration, the anode signal from the detector
will be split using a linear fan-out. One signal from the linear fan-out will be sent to the
UDR with SCA/Americium Regulator and the other to a multi-channel analyzer (MCA).
The MCA will acquire spectra over the entire energy range of the detector and will allow
accurate adjustment of the SCA window for the UDR.

During the first hot runs of the SCIX process, the same MCA setup described
above should be used to monitor the DSS. This will enable characterization of
background rates and gain stability. Over the course of the first run, tests should be
performed to ensure that the detectors are adequately shielded and *"™Ba is in secular
equilibrium with the *’Cs in the DSS. To demonstrate this, a simple test can be
performed. First two valves, one upstream from the gamma monitors and one
downstream, should be closed. Care should be taken to keep the effluent pipe completely
full of DSS. If "“"™Ba levels are elevated, they should diminish to the level of *’Cs
concentration within several minutes because of the disparity between the decay rates of
the two radionuclides. Monitoring the count rate for 5-10 minutes should be sufficient to
determine if elevated “™Ba levels are an issue for the SCIX process. After this, the
effluent pipe should be flushed with inhibited water and a short background measurement
should be made. After the first SCIX run, an independent analysis of the *’Cs levels in
the DSS should be performed and compared to those determined by the gamma monitors
to ensure monitor accuracy.

Periodic testing and maintenance of the gamma monitors will be required.
Biannual gamma source calibrations should be performed and background measurements
be taken to ensure *’Cs is not being deposited as scale build-up on the interior of the
effluent pipe. Monitoring of an entire SCIX batch using the MCA setup annually is
advisable. Testing of the detector gain stabilization system by varying the temperature
within the gamma monitor enclosure should be performed periodically as well.
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