Journal of Radioanalytical and Nuclear Chemistry, Vol. 233, Nos 1-2 (1998) 155-159

Characterization and use of the new NIST rapid pneumatic tube
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Recently a new rapid pneumatic tube facility was inserted into a long unused location in the NIST 20 MW nuclear reactor. This facility was
designed and constructed specifically for rapid INAA using short lived activation products. Included is a computer controlled console which uses
fast sensors to accurately measure the irradiation capsule flight time, and a loss-free counting system connected to a 32% efficient HPGe detector
with a transistor reset preamplifier. Measurement of travel times from end-of-irradiation to detector were 47318 ms. Measurement of the thermal
neutron fluence rate was 5.0-10'3 n-cm2-s71. The other three pneumatic tubes in the NIST reactor have transfer times of 3 to 15 seconds, and no
timing capability more accurate than human response. This new facility substantially improves our ability to accurately determine activation
products with half-lives from 1 to 100 seconds. Characterization information reported on this new irradiation facility includes absolute fluence

measurements, fluence rate variations within the capsule and variations with time, and determination of analytical sensitivities for fluorine-20,

selenium-77m, and silver-110g.

Introduction®

There are a number of elements which upon neutron
irradiation produce very short-lived activation products,
which are potentially useful for determination by
instrumental neutron activation analysis (INAA) (Table
1). In some cases these nuclides may be the only
available activation product (e.g., F, O, and Pb); in other
cases the nuclides are activation products which provide
improved sensitivity, accuracy, or ease of determination
(e.g., Se, Ag, Rh, Cu). In all cases the short analysis
completion times are a distinct advantage. In addition, at
NIST much of the effort of the Nuclear Methods Group
is in the analysis and certification of reference materials.
Since it has been demonstrated that all analytical
techniques which require dissolution of the sample
before analysis are subject to errors due to incomplete
dissolution or recovery,! INAA has been effectively
utilized for evaluating and eliminating potential
analytical errors due to these problems. Therefore, the
identification of additional elements that can be
quantitatively determined nondestructively with high
accuracy and sensitivity is of substantial benefit to
NIST.

The NIST nuclear reactor (NBSR) is a 20 MW
research reactor, first operated in 1967. It reached 10
MW power operation in 1969, and was upgraded to 20
MW in 1985. It is cooled and moderated with D,O, and
has a split core designed for the generation of highly
thermalized neutron beams for materials research
purposes. In 1990 the NBSR experimental beam
facilities expanded to include a cold neutron facility.

While over the years the primary use of the NBSR
has been for research using neutron beams, the reactor
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design which produced highly thermalized neutrons has
also been extremely beneficial for use by neutron
activation analysis (NAA). There are several pneumatic
tube irradiation facilities, covering a range of neutron
fluences and neutron energy spectra. All of these pneumatic
tubes use the same large, but relatively slow moving
irradiation capsules (“rabbits”) with a 40 ml capacity.

The recent extended shutdown of the NIST reactor
for modifications and facilities upgrade provided the
opportunity to obtain a new pneumatic tube irradiation
facility and insert it into the reactor at a previously used
thimble location (RT-2). The irradiation terminal and the
send/receive portions of this new facility were
constructed by contractors to our design requirements,
specifically for rapid INAA using short-lived activation
products. Included in this new RT-2 facility is a
computer control console used to send the irradiation
capsules (“rabbits”) with a preset irradiation time, count,
and return them to a shielded storage facility. The
system also has a 20 sample automatic loader, and a
number of fast infrared and acoustic sensors to
accurately measure the “rabbit” flight time from end-of-
irradiation (i.e., out-of-reactor) to the detector (i.e., the
decay time). The irradiation capsules for this new
system are considerably smaller than the other existing
tubes (1.4 ml capacity), both for speed and for a smaller
total capsule analytical blank, since the samples will be
counted while still inside the irradiation facility (at least
initially). The facility also includes a loss-free counting
system connected to a 32% efficient HPGe detector with
a fast transistor reset preamplifier. This RT-2 system
design and construction has been reported elsewhere
and thus will not be described in detail here.23 This
paper will report on the facility operational and
irradiation characteristics which affect their use for high
accuracy
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Table 1. Selected short half-life activation products

Element Nuclide Tip, s Abund., % c,b E,, keV BR, % v/s/ng?
Chlorine 38mcy 0.715 24.23 0.005 6713 100 630
Lead 207mpy, 0.80 24.1 0.03 1064 88.6 530
Indium H6m2ry 2.16 95.72 87 162.4 50 3.1-108
Erbium 167mp 2.27 33.6 15 207.8 43 1.0-10°
Fluorine 20p 11.0 100 0.0096 1633.6 100 930
Indium 1l6ery 14.2 95.72 45 1293 1.2 820
Selenium Tmge 17.4 9.1 21 161.9 59.5 16900
Scandium 46mg, 18.7 100 10 142.5 100 2.43-10°
Hafnium 179mpy¢ 18.7 27.3 50 214.3 82 1.0-10°
Silver 10z o 24.6 48.17 87 657.7 45 18700
Oxygen 190 26.9 0.20 0.00016 1357 59 10300
Rhodium 104gpp 42.3 100 134 555.8 2 1550
Dysprosium 165myy 76.36 28.2 1700 516 11.7 96000
Aluminum 28A1 135 100 0.233 1779 100 1370
Vanadium Sy 226 99.75 491 1434 100 9000
Rhodium 104mp, 262 100 11 51.4 57 10300
Copper 6Cu 306 30.83 217 1039 9 67
Titanium STy 345.6 5.4 0.177 320.1 95 17
Calcium 49Ca 523.2 0.187 1.1 3084.3 91.7 2.0
Magnesium Mg 567 11.01 0.036  1014.4 28.6 1.8
Cobalt 60mcg 630 100 20 58.6 2.1 250
Todine 1281 1500 100 6.2 4429 17.5 120
Indium Hémly 2353 95.72 75 1097 53 3400
Barium 139, 5026 71.7 0.45 165.9 22.6 1.8

a Calculated for 1 s irradiation at a thermal neutron fluence rate of 5-10'3 n-cm2-s7! for 1 pg of the element

INAA, and the methods used to obtain these data.
The characterization effort described is an extension of
work performed previously on existing NIST pneumatic
tubes,*¢ and these parameters must be fully understood
before high accuracy INAA determinations can be made
reliably.

Experimental

The characteristics to be evaluated include timing
measurements, absolute fluence rate determinations for
thermal and fast neutrons, neutron variations within the
irradiation  capsule  volume, and  sensitivity
determinations for several representative elements. For
these measurements the system was operated at 310 kPa
(45 pounds/in?) CO, pressure for the send station, and
240 kPa (35 pounds/in?) CO, pressure for return of the
rabbit to the detector and later to the dump station. The
higher pressure for the send station was found to be
necessary for reliable operation of the diverter valves.
The return pressure was kept at the lower pressure in
order to minimize shock to the polyethylene rabbits
hitting the detector station. Under these conditions, it is
estimated that the rabbit for this facility is traveling at a
rate of approximately 20 meters per second. These
operational conditions are variable and may be changed
at a later date if it is found to be advantageous to do so.

156

Timing measurements

The timing measurements made included both the
reproducibility of return time from the irradiation
position to the detector, and the absolute time accuracy
for variable irradiation times. The return times were
recorded at the computer via a signal from the fast
solenoid providing the return gas (START of return
time) and from the infrared sensor at the detector station
recording the arrival of the rabbit (END of return time).
The wvariability of these times indicates the repro-
ducibility of the return times. The value obtained was
for a series of 27 irradiations made over a three day
period.

The absolute time accuracy measurements for the
time of irradiation was determined by a series of
irradiations ranging from 1 to 60 seconds, completed
within a period of 20 minutes. The reactor power was
held constant during this period. Each rabbit had an
accurately weighted copper foil fluence monitor inside,
firmly held in a fixed, reproducible position. After all
irradiations were completed, the copper foils were
removed from the rabbits and, after decay of the 5.1-min
%6Cu activity, were counted in a reproducible geometry
on a HPGe detector. The 511 keV positron activity of
64Cu was determined for each foil, and the relative
activities per second of irradiation compared. For all
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copper foils, a metal disk was placed on top of the foil

during counting, to assure that all positrons were
annihilated in close proximity to the foil itself.

Absolute fluence rate measurements

The absolute fluence rates for thermal neutrons were
measured in RT-1 and 4 as well as RT-2, in order to
reconfirm previous measurements for these two existing
pneumatic tubes, and the fluence rates for these three
irradiation positions compared. Measurements were
made using cobalt and copper, using their well known
thermal neutron (n,y) reactions forming the activation
products °Co and %4Cu. The cobalt is a known
component of the iron foils actually irradiated, and is a
minor constituent of the iron foil at a concentration of
0.138%0.005% by weight. This eliminates the problem
of neutron self-shielding in pure cobalt foils. Nickel
foils were used for measurement of the fast neutrons
present in these facilities, with determination of the 58Co
activation product from the (n,p) nuclear reaction. For
the nickel, an activation cross section of 420 mb was
used to provide the integral fast neutron fluence rate
above 2.9 MeV.’

Irradiation of iron and nickel foils were made in
three pneumatic tubes (RT-1, RT-2 and RT-4) for 15
minutes each, all virtually simultaneously. Irradiation of
copper foils in RT-2 and RT-4 were made separately,
for one minute and two minutes, respectively. The
HPGe detector used to count all foils were calibrated for
absolute detection efficiencies at each counting
geometry using NIST mixed radionuclide SRMs.

Neutron variations within the rabbit

Previous measurements in the existing NIST
pneumatic tube facilities had demonstrated that the
side-to-side variations in the large rabbits were below
measurement uncertainties (<0.1% relative), while
the end-to-end variations ranged from 10% to 40%, but
were linear*¢ To evaluate variations in the new
RT-2 facility, a series of iron foils were placed at the
top, bottom, and vertically through the middle of the
small rabbit. The rabbit was then irradiated for 10 min,
and after a few days decay the foils were removed,
cut into portions, and counted on a calibrated detector.

Elemental sensitivities

In order to measure the sensitivity of several
elements in RT-2 and compare the results with the
calculated values found in Table 1, known amounts of
Se, Ag, and F from NIST Spectrometric Solution SRMs
were deposited onto small disks of cellulose filter paper
and allowed to dry under clean conditions. These disks
were then encapsulated in the small RT-2 rabbits and
irradiated for 1s (10s for fluorine), returned to the
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detector station, and counted for 60s on the system
detector after a 4 s decay. Elemental sensitivities were
then calculated as counts/pg element for the irradiation,
and estimated elemental detection limits for an
interference free determination also calculated.

Results and discussion
Timing measurements

The results for measurements made to measure the
timing reproducibility averaged 47318 ms for 27 runs
over the three days. However, it should be noted that
this is the time from end-of-irradiation to in-detector
only;
it does not include the time required to start the detector
after it receives the start signal. At present the
loss-free counting system has not been electronically
connected to the irradiation control computer, and thus
the detector start time was initiated manually for these
measurements.

Results for absolute time accuracy measurements vs.
time of irradiation are found in Fig. 1. As can be seen
from this figure the radioactivity per second due to the
first second of an irradiation is 23% larger than the
average irradiation over a longer time period.
In fact, the longer irradiation time for the first second is
very close to accounting for all of the deviation from a
relative fluence rate of 1.00 for all irradiation times, if

the first second is excluded. For example, for a three
second irradiation, the first second at 1.23 plus two
additional seconds at 1.00 would provide an average
relative fluence rate of 1.077, very close to the observed
value of 1.075. This large deviation for the first second
is due either to a system delay in starting the irradiation
timer or, more likely, a 0.23 s delay in ejecting the rabbit
once the “end irradiation” signal is received. This timing
problem may be able to be adjusted electronically.
However, it is only a problem for analytical
measurements if the irradiation times are not kept
constant between all samples, standards, and control
materials.
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Fig. 1. Copper foil activation as a function of irradiation time

Table 2. Results from thermal and fast neutron fluence rate measurements

Thermal fluence rate

Integral fast fluence rate

P-tube FElement  Thermal fluence rate, n-cm2-s! Reaction  Fast fluence rate, n-em 2-s*
RT-1 Cobalt 10.5-1013 S8Ni(n,p)*¢Co 15.7-1010
RT-2 Cobalt 5.0-1013 S8Ni(n,p)*¢Co 2.7-1010
RT-2 Copper 5.1-108 - -
RT-4 Cobalt 3.5-1013 38Ni(n,p)**Co 1.2-101°
RT-4 Copper 3.3-1013 - -

Note: Integral fast neutron fluence rate for the **Ni(n,p)*Co nuclear reaction used includes all neutrons above

2.9 MeV in energy

Absolute fluence rate measurements

The results for absolute fluence rate measurements
are found in Table 2. This table includes data obtained
for both the thermal and fast neutrons. Agreement
between the cobalt and copper thermal data is excellent.
The thermal neutron fluence rate for RT-2 was found to
be 5.0-1013 n-em 251, which is between the levels of
the other two main pneumatic tube facilities at this
reactor.

The integral fast neutron fluence rate for RT-2 is
2.7-101% n-em2-s7! for all neutrons above 2.9 MeV in
energy, made using the ¥Ni(n,p)>8Co nuclear reaction.
The wvalue obtained for RT-4 using an identical
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measurement gave a value of 1.2:101%n-em2s71, in
good agreement with the previously obtained value for
this facility (when corrected to 20 MW power).> This
previously obtained value was confirmed by totally
independent measurements on the NIST RT-4 facility by
W. N. MCELROY et al., using fission foils and the
SAND-II 5th iteration integral solution.” As can be seen
from Table 2, the fast neutron component of RT-1 is
much larger than for the other two tubes, due to its
location near several fuel elements.
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Neutron variations within the rabbit

Results from iron foils used to measure the neutron
variations within the irradiation capsule can be seen in
Fig. 2. This figure shows the fluence rate as a function
of distance from the bottom of the capsule (i.e., end
closest to the reactor center line for the horizontal
capsule position). Over the 19 mm length of the rabbit
interior, the neutron drop off is 9.6%. The top and
bottom foils are fixed, and so represent known locations.
Based on what is known from the other NBSR
horizontal pneumatic tube irradiation facilities, the drop
off is expected to be linear. The data in Figure 2 shows a
slight deviation from linearity, up to a maximum of
about 1%. This deviation is most likely due to
movement of the middle foil positions as a result of the
very high travel speeds of this small rabbit and the
resulting sharp impact upon reaching the irradiation
terminal. These measurements will be further evaluated
to either confirm or correct the deviations from linearity.
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Fig. 2. Neutron fluence rate drop-off relative to height
in the RT-2 rabbit

Table 3. Results from the experimental determination
of elemental sensitivities in RT-2

Element Half-life, s  C/s/ug? Est. sensitivity,? ng
Selenium 17.4 11.4 0.05
Silver 24.6 3.1 0.2
Fluorine 11.0 0.11 5

2 Counts per microgram of element per second live time of the count (1
s irradiation; 4 s decay, 60 s count at approximately 20 cm away from
the detector).

b For irradiation times of 15 s for Se, 25 s for Ag, and 10 s for F;
detection limit was variable based on background levels.

Elemental sensitivities

Finally, measurement of experimental elemental
sensitivities was made for the elements Se, Ag, and F.

The results for these measurements are found in Table 3.
These data confirm the calculations in Table 1 as
providing ng/g level sensitivities for these elements. The
spectra obtained also confirm that irradiations of 1 to
25 s coupled with counts of one to two min will provide
adequate analytical sensitivities for rapid determination
in a variety of matrices.
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In situations where increased sensitivities are
required, the sample to detector distance could be
decreased if the induced matrix radioactivity were
relatively low. However, for general usage, it has been
found that the 20 cm distance used permits adequate
sensitivity while limiting the interference of background
radiation due to the matrix and/or the irradiation
capsule.

Conclusions

The data obtained on the new RT-2 rapid pneumatic
tube irradiation and analysis system shows it to be a
useful addition to the NAA facilities at the NBSR. In
particular, the very rapid transfer of the samples from
the reactor to the counting station will allow use of a
number of activation products for use in our studies that
were not previously available to us.
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