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ABSTRACT

Suberitical measurements of the WINCO alab tank
using the source-jerk technique are precented. This
techniqus determines subsriticality by analyxing the
transient respunse produced by the sudden removal of an
extransous neutron source (i.e., a source jerk). We have
found that the technique can provide an accurate means of
measuring k in coafiguraticus that are close to critical (i,
0.90 <k < 1.0). As the system becomes more subcritical
(l.e., k < 0.90), spatial offects introduce significant biases
depending on the source and detector positions. A
comparison between the measurements and Monte Carlo
code caloulations is also presented.

INTRODUCTION

Recent interest in measuring k in subsritical systems (or
whish k << 1.0 has spurred the developmen’. of several new
techniques and has reiticarnated an old, but celdem used
teshniquas, the "sourve jerk.” [n this tashnique, a neutren
soures is plased (nto a suberitisal system, and the neutron
density ls allowed to reash an equilibrium value proportional
to the source strength and inversely proportional to the
quantity (1 - k). The scurce is then rapidly ejested (or
Jorkad) from the system, and the resultant transient is
observed. The reactivity of the aystem is then infyrred from
the analysis of the transient data. In the past, thery have
been three analysis techniques: (1) the prompt-drop
appreximation, (3) the integral-Nlux method, and (3) the
semi-explicit inverse kinetie tachnique,

PROMPT-DROP APPROXIMATION METHOD

Although it is not known who originally derived the
prompt-drop approximation, the first reference to its use in
measuring the reactvity of a subcritical system via tho
source-jerk technique was made by Jankowaski, otall Usdng
the nomenclature of Hetrick,? it can be shown that the
reastivity of the system can bo related to the sudden drop in
powsr immaediately following the source jerk via
R,-n

—9—1] . (1)

..
B ny =R,

where p = reactivity (defined as (k - 1Vk), § = effective
delayed neutron fraction, Ry initial equilibrium neutron
density, 8, = nsutron density level obtained immediately
after source jerk, and a, = final equilibrium neutron density
(so0 Mg 1). In the derivatien of Bq.1, we assume that
aonremasble neutron souress may be present in the
synsm. These might inelude extranecus neutrons produced
by spontaneous flssioning, phote-neutrons, ste. Note that
the reastivity is measured in terms of "dollars” (.0, p
divided by B). This is an inherent characteristic of all
reastivity measurements based upon the dynamic response
of a reactor. The response is governed strictly by the ratio
oB, oot p. It should also be noted that Eq. 1 is derived from
the point-resstor model, and henoe n, and n, are interpretad
to be neutron denaities proportional to the fundamantal
modas of the transient bshavior of the neutron denaity.

Although this meihod works ir prineple, it has several
shortcomings that Lmit ita use. Mret, and foremost, it s
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Fig. 1. Neutron density as a function of time, illustrating o
source-jerh measurement of reactivity.

very susoeptible to spatial effects produced by the rapid
decsy of higher fluz harmonica present during the initial
pordwdmmdont..t.bopolntmumnwhhhnlh
measuwred. Henoe, a pootly positioned detector or soures will
yleld a biased n,, and an "apparent’ reactivity that ran be
cdgnificantly different from the trus reactivity of the system.
Second, for highly subcritical systams, n, will be several
orders of magnitude lower than a,. The counting statistics
at n, may beeome o low as to produce & large vnoertainty
in », and & subsequently large uncertainty in the calculated
p. And third, because the prompt drop approximation
assumes An instantanecus removal of the sourve, if the
source is not removed in a time that is short compared to
the shortest-lived delayed-neutron group, extrapolating back
in time to find 5, may become more tenuous, resulting again
in a large uncertainty for p.

INTEGRAL-FLUX METHOD

A vast improvement to the prompt-drop approximation
techniqus was introduced by 8chmid.' Rather than just
ocbssrving the initial behavior of the neutron density
following the source jerk, the intagral of the delayed-neutren
tail following .he source jerk ia measured and reiated to the
reactivity of the system. This relationship is derived as
follows.

Immaediately following the source jerk, it is aseumed that
the point-reactor equations for an arbitrury number of
delayed-neutron groups are applicable. That is,

iﬂ.[ﬂfﬂ)mzmcﬂq‘ ' @

and

ac; (B, ,
?- T n-l‘C‘ , for i=123,.4 . (3)

where & = nsutron density, t a time, C, = delayed- neutron
precursor denaity of it group, q, = the final effective source
strength, A, = decay constant of i® precursor group,

B = delayed-neutron yield of i* precursor group, § = number
of delayed-neutron groups, and [ = neutron-gensration time.
Integrating Eqs. 2 and 3 from ¢t = 0 to t = « yields the
following expression, which relates reactivity (in dollars) to
the integral of the neutron density occurring during the
decay of the uslayed-neutron tail (Fig. 2):

n.-n

T L i)

The first term in the bracket on the right-hand aide of
Eq. 4 represants the weighted harmonic-mean decay
constant for the delayed-neutron precursors. That s,

1_1v 5
A,'Bz:).l : 8)

It is obvious that A, is & function of both the effective
relative ylalds and the decay constants of sach delayed-
neutren group fo. the reactor systems upon which the source
jork is performed. Therefore, some additional knowledge of
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Fig. 3. Integral of the neutron density used in source jerh
analysia,



the reactor syst/m is required to perform a reactivity
measurement 1.4ing this techniqus. Table I shows the
typical values of X, , using the delayed-neutron parametars
measurad by Keepin, Wimatt, and Zaigler.*

TABLE . Delaysd-Neutron Harmonic Mean Decay l
Constant i
Energy Fuel ! A
Thermai 1 ™y ‘ 0.0767
Thermal Bpy 0.0648
Thermal By 0.0543
1.48 MeV Ay 0.0784
188 1%p, 0.0683
148 sy 0.0859

Because neutron generation times range from 107 o
10 for most reactors, tne second term in the bracket on the
right-hand xide of Eq. 4 is :1sually negligible i:n comparison
to L/A,. Contingent upon this condition being satisfled,

Eq. 4 can be simplified to

) n.=-n
B- - __I_V__g_ ) (8)
;‘A (n- nb)dt

Although this method represents an improvement over the
prompt-drop approximation, in some respects it still suffers.
Mrst, additional information (i.e., A, and ﬂl) must be known
to svaluate A Although the vast majority of reactor
systems normally encountered can be well characterized by
the valuss shown in Table I, the requirement ¢f knowing the
delayed-neutron parameters precludes using an integral-flux
technique on "black-box” type systems. This is in contrast to
the prompt-drop methed. [n that formulatien, the only
inft..mation necessary to measure the dallars suberitical {s
the initial equilibrium power level and the power level
immediately following the source jerk

Assuming that the additional information required is not
& constraint, the integral method is still based upon the
point-reactor model, and, as such, requires that the
measured nsutron densities n and n, must be proportionsl
w the flundamanta) mode of decay throughout the entire
tranaient if Eq. 6 ia to yic:d the correct anewer. This can
only be accomplishod by the judicious choice of both the
soures and detector position within the reactor system,
particularly if k {s well below 1.0. As with the prompt-drop

method, a poorly positioned source or detector will yield an
"apparent” reactivity that can be significantly biased from
the true reactivity.

Several methods have been proposed to convert from an
apparent (or spatially dependent) reactivity to the true
reactivity of the system. In general, there have bwen two
approaches. The first approach locates the source and
detector(s) where the first harmonic 1s nullified, thereby
allowing n and A, to be nearly proportional to the
fundamental mode. However, this method presumes thet
this node position is known. For asymmaetric systems, this
presumption may be questionanis. The second approach
relates the true reactivity to an apparent resctivity via

) ., M (2
[B). fﬁ(ﬂ)r . )

wheve the correction factor f is a spatially dependent
quaniity that must be determined from ei:hr a direct
measurement or a calculation of both the neuv-on and
adjoint fluxes. 7o date, the adequacy of Eq. 7 h s been
shown to be successful for subcritical systems with k of 0.85

or highor.“'“

Although Eq. 7 corrects for the problem that arises from
spatial effects, another potential problem plagues this
maethod of analysis. If the source is not removed
instantanecusly, the integral of the neutron density may be
altered significantly during the sourve-removal "ramp." For
systams that are highly suberitieal, the contAbution to the
integral during the source-removal ramp may be as large or
larger than the contribution from the entire delayed-neutron
tail This results in an erroneous calculation of reactivity.
To crecumvent this putential problem, Sprggs and
Pedersen'? proposed using a semi-explicit inverse-kinetic
tachnique.

INVERSE.KINETIC TECFINIQUE

Rather than integrate Eqs. 1 and 2, it can be shown that
the solution to that system of differential equations for a
source-jerk trunsient in a systam suberitical by p/B
corresponds to

LI Y o N
Ry =My Ji o L, 5 AP
/B B, + 1.‘)2

where o, equals the j"‘ root of the inhour equation, L
repregents the sum from i = 1 to | = g, and L, represents the
sum from e 1 toju g+ 1. Equation 8 s validfortat,,
where ty Fepresents an arbitrary time shift. Fort < ty the
reactor is at its steady-state value of n,



Equation 8 describes the time-dependent behavior of the
fundamantal mode neutron dengity. It is noted that the
right-hand side of Eq. 8 is a function of the following
paramaeters: p/ﬂ.ﬂr/ﬂ,l‘.lndl@. The roots, ©,, are known
quantities that can be determined from the inhour equation
once the above parametcrs are specified. As with the
integrsl-flux method, this requires some additional
information about the system upon which the source jerk is
to be performed. If we assume that the delayed-neutron
paramsters are known, then the right-hand side of Eq. 8
becomas strictly a function of reactivity (in terms of dollars).
Henoe, given a power history produced by a source jerk in a
well-defined system, i: is p2asible to dets. mine the system’s
reactivity by sucosasfully iterating on o/p until the powaer
history predicted by Eq. 8 m+.'ches the cbserved power
history produced by the souree jerk. To perform this
itaration, a nonlinear least-squares fitting code ha’ been
adapted for this purpou.“ Figure 3 ahows an example of a
source-jerk transient analysis using this technique.

Performing an analywis of a source-jerk transient using
thia techniqus improve; the experiment in two ways. PFirst,
the result becomes orly naakly dependent on the
source-removal ramp time. This cocurs primarily because
the relative power, at times several seconds into the
transient, is essantially identical to the relative power
COrresponcu .J to & trus step removal of the source. Henocs,
for source-removal ramp times of 1 & or less, the
least-squares fit of the data following the souroe ramp will
yleld the same answer as if it were a trus step change in
source strength. Second, to perform an adequate
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Fig. 3. Example of analysis of source-ferh transient using the
inverse-hinatic mathod.
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least-squares fit, only a small portion of the total
delayed-neutron tail is necessary. Hence, rather than
having to observe the entire delayed-neutron tail as required
by the intagral-flux method, the initial portion of the
transient (first 80 s or 80) is more than sufficlent, and will
significantly reduce data acquisition time.

On the other hand, the inverse-kinetic method still
suffers from the problems that plague both the prompt-drop
and the integral-flux methods; namely, spatial effects can
significantly bins the reactivity measurement.

RESULTS

Subcritical measureme its wers performed on the
WINCO slab tank experim:nt at the Los Alamos Critical
Experiments Facility (LACEF). This assembly comprises
two "pancake” type tanks filled with highly enriched
uranyl-nitrats sclution (see Fig. 4). The reactivity of the
system is adjusted by varying the gup between the two
tanks

A series of source-jerk measurements were performed
using thres different detector locations and three different

&F"\r— nhn—
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source positions. A pair of detectors was placed in a
horisontal position approximately 10 in. above the top tank,
a second air of detectors was placed in a horizontal position
approximately 10 in. below the bottom tank, and a third pair
was placad in a vertical position along the side of the two
tanks.

Three source positions were used. All three positions
were between the two tanks. The "top” position was located
on the centerline of the tanks 1.25 in. below the top tank.
The "bottom” position was located on the centerline of the
tanks .25 in. above the bottom tank. The "canter” position
was located on the centerline of the tanks at the vertical
midpeint between the two tanks. Source jerks were
performed at five different gap positions, and the data were
analyzed using the irverse kinetic technique. Table II
shows the results of the measurements. The precision of
each of the measurements shown in Table II was
determined to be smalier than $.10. For cases in which k
was > .93 the precision was on the order of $.03.

TABLE I1. Reactivity ($) vs Air Gap (in.)
Air Gap Source Detactor Pogition
«in.) Position Top Side Bottom
Top 83 84 82
‘4 Center .87 .89 .86
Bottom 83 84 83
Top €.88 6.62 6.71
8 Conter | 6.85 8.82 6.83
Bottom | 6.68 8.73 6.93
Top 11.7 11.3 11.0
8 Center | 118 118 114
Bottom | 10.9 11.1 119
Top | 33.4 28.2 19.7
1882 | Conter | 22.6 26.0 23,8
Bottom | 19.0 28.1 24.3
Top | 30.0 30.8 27.8
884 | Conter | 287 382 283
Bottom | 22.3 28.8 29.4

As can be notad, for separations of 8 in. or less (k > .9),
the measurad reactivity is relatively insensitive to detector
and source positions. Ho'wever, as k is decreased, spatial
effects become more evident. This is most pronounced with
the results obtained via the "side” detectors. This is to be
expectad for any source/detector positions in which the
neutron source shines directly onto a detector (poor
source/detector geometry), particularly at low multiplications
(i.e., < 8). Poor source/dstector geometries result in a
significant change in detector efficiency following the source
jerk, since most of the neutrons being counted by the
detector originate from the source as opposed to originating
from the assembly. On the other hand, at high
multiplications (i.e., > 30), most neutrons being counted
originate from the assembly, resulting in only minor changes
in the detector efficiency when the source is jerked away.
Henece, at high multiplications, poor geometriss can be used
with only minimal impact on the results.

When the source is located at off-cantar locations, spatial
offects also become more pronounced at low multiplications.
For example, at a spacing of 15.83 in. (see Table II), with
the source located at the top of the eir gap, the top detectors
measure] a reactivity that was $3.7 more subcritical than
the bottom detectors measured. By comparison, when the
source was located in the center, the difference between the
top and bottom detectors was oaly $.20. This decrease in
disparity can be explained by changes in the initial
distribution of the delayed-neutron precursors. When the
source is located at the centar of the air gap, the flux in both
tanks is aqual, and hence, the initial precuraor density in
both tanks is squal. When the ource is jerked out of the
systam, the ‘“ix in both tanks decreases at an equa! rete
and eventu..: / assumes the fundamental mode decay rate.
In contraet, if the source is locatad off-center, the iniviai flux
in one of the tanks ia higher than the initial flux in the
other tank. This creates an initial non-symmetric precursor
density. Following the source jerk, the tank with the higher
initial precursor density "faeda” the other tank extra
neutrons throughout the transient. Consequently, detactors
located near the tank witly the kower initial precursor
density will moasure a smaller reactivity relative to
detectors located near the tank with the higher initiel
precursor density, In this situation, a trus fundamental
mode decay may never be obtained in either tank.

If the multiplication of the system is relatively high
(i.0., > 30), then regurdless of where the source is placed,
multiplied neutrons will constitute the majority of the
neutrons in the system, and as such, will establish a nearly
fundamental mode flux distribution acroes the entire
system. Under this condition, each tank starts with a
nearly equal precursor denaity, resulting in both the top and
bottom devectors measuring sssentially equal reactivities.



As previcusly mentioned, reactivity measured via the
source-jerk technique is meesured in dollars (§). To convert
$ to an abesctute k, an effective delayed-neutron fraction
must be determined or assumed.

For the case of the WINCO slab tanks, f was calculated
using the method described by Keepin.'* In this method, B
is dependent upon the delayed-neutron energy spectrum and
the buckling of the assembly (ie., k). Because of the
uncsrtainty associated with the measured delayed-neutron
spectrum, a bounding calculation was performed for this
assembly using two spectra: a “saft” sprctrum as measured
tqu-g.“mdl'hud'mumbdin
ENDFR/V databasse. The results of this calculation are
shown in Fig. 5. Using thess values and the measured § as
shown in Tuble II (average of top and bottom detestors with
source in centsr), k was determined for each gap separation.
The results are plotted in Pig. 6 agninst results obtained
from Monte Cario code calculations for this system.

As can be seen from Mig. 6, the source-jerk results (in
conjuncton with the f calculation) show good agreement
with two of the three Monts Cario code results. For the case
in whish the results differ, it ahould be noted that the Monte

Carlo calculations were low by ~0.02 Ak at critical. This
bias remained coasistant throughout the range of the
calculations. Henos, correcting for the bias causes these
data to agree with the other two Monte Carlo code
oaleulations, which, in turn, agres with thie sourve-jerk
measuremants
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Fig. 0. Comparison atween source-,«rh measurements and Monte Carlo
cods calculations.



CONCLUBIONB

Masasuring reactivity of a subcritical systsm by way of a
source jerk is an sasy and viable techniqus. [t requires very
little olectronic equipment and can be performed in leas than
30 min Depending on the method chosen to analyze the
transient data (i.e., the prompt-drop, the intagral-flux, or the
inverse-kinetic method), the results can be accurats for
k > 0.90 and can be reasonably accurate in the range of
0.8 < k < 0.90 if good source/dstector geomaetriss are chosen.

The only serious limitation to the use of the source-jerk
techniqus arises primarily from bisses introduced by spatial
offects in far subcritical systams. However, with proper
choice of source and detector position, thess hiases can be
reduced to within acceptable limuts.
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