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ABSTRACT 

This series of measurements with a mixed Pu-U nitrate 
solution (280g Wliter, 18Og Ufliter) in a 35.54-cm-diam 
cylindrical tank provides a wide variety of experimental 
data for subcritical configurations that can be used to 
verify calculational methods and nuclear data. The PU 
contained 7.85 wt?h 24@Pu and the uranium was natural 
uranium. The measurements performed were: inverse 
count rate, prompt neutron decay constants, inverse 
kinetics, and fiequency analysis by the '52Cf source 
driven method. These data are presented in sufficient 
detail that the results of the experiments can be 
calculated directly. For purposes of extrapolating to the 
delayed critical height the ratio of spectral densities was 
linear with height and thus provided the best estimate of 
critical height. 

I. INTRODUCTION 

An approach to delayed critical experiment was 
performed in 1981 at Pacific Northwest Laboratory 
critical experiments facility with a cylindrical tank of 
plutonium-uranium nitrate solution. During this 
experiment, various methods to determine the critical 
height were used, including ( I )  extrapolation of the usual 
plot of inverse count rate vs height. which estimates the 
delayed critical height (DCH): (3) the inverse count rate 
vs height divided by count rate. which corrects somewhat 
for the change in inherent source size as the height 
changes; (3) ratio of spectral densities from frequency 
analysis measurement by the Cf source driven method' 
vs height, which extrapolates to DCH; 
(4) extrapolations of prompt neutron decay constant vs 
height, which extrapolates to the prompt critical height 
(PCH); and ( 5 )  inverse kinetics rod drop (IKRD) 
methods,' which measure Ah'@ very accurately for a 
particular solution height. The problem with some of the 
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extrapolation methods is that the measured data are not 
linear with height, but, for lack of anything better, linear 
extrapolations are made. In addition to the 
measurements to determine the delayed critical height. 
subcriticality measurements by the 252Cf source driven 
frequency analysis method were performed for a variety 
of subcritical heights. In addition a variety of measured 
parameters are presented that can be calculated by Monte 
car10 neutron tran~p0rt.j.~ AH of these fiequency 
analysis parameters are related to hldk to some power 
and are useful for verification of calculational methods 
for criticality safety. The demonstrated high sensitivity 
of the calculations of these fiequency analysis parameters 
to nuclear data used in the calculation make them ideal 
for verification of calculational methods for criticality 
safety.' 

This paper presents the variety of measured 
parameters as a function of subcritical height, describes 
how the measured data were used to obtain the critical 
height of the cylindrical tank of plutonium nitrate 
solution. and describes how the subcritical neutron 
multiplication factor was obtained. The delayed critical 
configurations have been reported but this is the first 
publication of the results of the subcritical 
measurements. Sufficient detail describing the 
experimental configurations of the subcritical 
measurements is presented so that the measured 
parameters in the subcritical measurements can be 
calculated directly. 

11. FISSILE ASSEMBLY DESCRIPTION 

The fissile solution was contained in a 35.54-cm- 
OD. stainless steel 304 tank with wall thickness of 0.160 
cm and a bottom thickness of 0.952 cm. The 
experiments were performed in this tank with varying 
solution heights and the also in the same tank with a 
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were performed in this tank with varying solution 
heights and the also in the same tank with a central (on 
axis) Zircaloy pipe with an OD of 3.15 cm. ID of 
2.78 cm. and bottom thickness of 0.635 em. with the 
bottom of the Zircaloy pipe 1.59 cm from the bottom of 
the tank. This pipe was used to locate a Cf source on the 
axis of the cylindrical tank. This tank was located inside 
a square enclosure in the critical experiments facility. 
The concentration of plutonium in the fissile solution 
was 280 g/L? and that for uranium was 180 g'L with free 
acid normality of 2.8 and a specific -gavity of 
1.754 g/cm'. The uranium and plutonium isotopes in 
weight percent are given in Table 1. The mixed Pu-U 
solution basically contains natural uranium and 
91.5 wt % "%. The '% and are spontaneous 
fission sources that provide neutrons to the system at a 
rate of -2200 w'sec per liter of solution. For the 
experiments mth the tank without the axial pipe the 
solution height was varied from 17.93 to 53.09 cm and 
this variation for the experiments with the axial pipe in 
the tank was from 15.16 to 60.68 cm. 

111. Cf SOURCES AND DETECTORS 

The intensities of the Cf sources used for the 
frequency analyses were of 6.29 x lo6 and 2.61 x 10" 
fissions per sec and were contained in 2.54-cm-diam 
parallel plate ionization chambers. The discrimination 
thresholds for the electronics of the ionization chamber 
containing the IE2Cf were set such that 4.06 and 2.04 x 
lo6 fissions per sec were counted and served as input to 
the frequency analysis system. Thus. the Cf ionization 
chamber electronics detection system detected 64.6 and 
78.2% of the spontaneous fissions of the two sources. 
respectively. The '*'Cf fissions not counted act as an 
additional known background source. 

The detectors used for frequency analysis 
measurements were a pair of 6Li enriched glass 
scintillators. These neutron and gamma sensitive 
scintillators consisted of a photomultiplier tube (RCX 
C7151Q) optically coupled to a 3.81-cm-dim.. 
2.54-cm-thick Li (6.6% lithium enriched in 'Li to 9506) 
glass scintillator (Nuclear Enterprises NE-905). The 
scintillator n-as surrounded by a thin polyethylene 
insulator and mounted in a thin AL can as shown in 
Fig. 1. The glass scintillators were located adiacent to 
the radial smace  of the tank usually at the center line 
vertically of the solution. For the tank without the 
central asial pipe the ---Cf source was also located 
adjacent to the radial surface ofthe tank. and for the tank 
with the central pipe it could also be located at various 
heights inside the pipe. In addition to the glass 
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scintillation detector for the frequency analysis 
measurements, a variety of 'He and B proportional 
counters were located externally to the tank for counting 
experiments. 

IV. EXPERIMENTAL RESULTS 

A variety of measurements were performed that can 
be used to verify calculational methods. The frequency 
analysis parameters will be described in more detail and 
the inverse count rate plots with extrapolation to critical 
will also be presented. 

A. Prompt Neutron Decay Constant at Delayed 
Criticality 

The prompt neutron decay constant a can be 
obtained from the frequency dependence of the cross 
power spectrai densities (CPSDs) since it is related to the 
breakfrequency (fb) of the CPSD by the relationship 
a = 2;if,. Measurements were performed for the tank 
with the central pipe with a height of 60.7 cm to obtain 
the prompt neutron decay at delayed criticality as 
follows. The break frequency at delayed critical fbdCcan 
be obtained from a measurement of fb at a known 
subcriticality state. (l-k)/k& A known subcriticality 
configuration was obtained using the inverse kinetics rod 
drop (IKRD) method of reactivity [(l-k)kP] 
determination. The IKRD measurement proceeds as 
follows. The solution tank was filled to the maximum 
reactivity configuration with the partial hydro, oeneous 
reflector and "'Cf source present. After allowing the 
delayed neutron precursors to reach equilibrium the 
reflector was removed quickly. decreasing the neutron 
flux level. A proportional counter outside of the 
solution tank was used to monitor the f l ~ u  level as a 
function of time before and after the step change in 
reactivin.. With this dependence of the flux as a 
function of time the neutron kinetics equations can be 
solved to obtain the initiai reactivity. source level. and 
final reactivity. The final reactivity after the reflector 
removai was used as the reference reactivity and for this 
configuration of the tank was -2.85 dollars. A 
frequency analysis measurement was then performed to 
obtain a break frequency of 475 5 13 sec-'. Correcting 
this value to delayed criticalin- using the result of the 
inverse kinetics measurement. the value of the prompt 
neutron decay constant at delayed critical is 775 k 
4 sec". This prompt neutron decay constant is a 
characteristic of this fissile solution and is independent 
of the configuration. As a result the value of a at 
delayed critical will be the same as that for the tank 
without the cenrnl pipe at the delayed critic31 height. 



The value of the prompt neutron decay constant can be 
calculated by time dependent transpon theory methods 
or by static codes using the fact that for exponentially 
varying flux (ea1) the time dependent term in the 

transport equation - - is proportional to u v. 
1 dn 
v dt 

B. Prompt Neutron Decay Constant for Subcriticai 
Heights 

The prompt neutron decay constant was obtained 
for a variety of subcritical heights for the tank both with 
and without the central pipe. The values for the tank 
without the central pipe are given in Table 2. For these 
measurements the source and two detectors were at the 
half height of solution in the tank and 120" apart 
adjacent to the outer surface ofthe tank. A plot of the 
prompt neutron decay constant vs height is given in 
Fig. 2a where the extrapolated prompt critical height of 
57.7 cm is obtained. Similar data for the experiment 
with the central zircalloy pipe with the source at the 
vertical center of the solution height and the hvo 6Li 
glass scintillators adjacent to the outer surface of the 
tank 180" apart are given in Table 3. 

C. Ratios of Spectral Densities 

D. Extrapoiated Critical Height 

Some of the better extrapolations to critical for the 
experiment without the central tube are plotted in Fig. 2. 
and the results of the extrapolations are given in Table 4. 
The results produce a variety of critical height 
extrapolations. The extrapolations were performed 
linearly to obtain the height. The variations in critical 
height are -1%. The most linear parameter with height 
is the ratio of spectral densities, and this provides the 
best parameters for extrapolation to From the 
extrapolation of the prompt neutron decay constant to 
PCH and the ratio of spectral densities to DCH. the 
change in height associated with plus one dollar in 
reactivity is 1.02 cm. 

V. CONCLUSIONS 

A variety of measured parameters fiom subcritical 
measurements with a subcritical tank of mixed Pu-U 
nitrate have been presented that can be used to veri& 
calculational methods. Some of these parameters have 
been used as a function of height to extrapoiate to the 
delayed critical height. The ratio of spectral densities is 
the most linear with height and provides the best 
extrapolation to delayed criticality. 

The ratio of spectral densities is defined as R = GI:* 
G,J GI,  G, where * designates complex conjugate. G,,  
is the auto power spectral density of the ':'Cf ionization 
chamber electronics. GI2 and G!; are the cross power 
spectral densities between the detection channels 2 and 3 
and the source detection channel 1. and G, is the cross 
spectral density between the two detector channels. 
From this measured ratio of spectral densities. the 
subcriticality can be determined using simple models 
where appropriate and Monte Carlo models which are 
general and apply to all measurements. The ratio of 
spectral density from the measurements without the 
central pipe are given in Table 2. These measurements 
were performed with the source and detectors external IO 
the tank adjacent to the radial tank surface af the half 
height of the solution. all I20"apart. The ratios of 
spectral densities for the measurements with the source 
in the central pipe and the detectors ( 1 SO" apart) ad-iacent 
to the outer radial surface are given in Table 3. These 
~ a l u e s  are presented here to provide data to veri@ 
calculational methods and will be interpreted to obtain 
subcritical neutrons multiplicities factors in the oral 
presentation. 
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TABLE 1: URANIUM AND PLUTONIUM ISOTOPIC COMPOSITIONS 
~~ I URANIUM ISOTOPES WEIGHT% I 

0.013 f 0.002 

0.010 f 0.002 

0.724 f 0.007 

0.030 k 0.002 

99.223 f 0.010 

PLUTONIUM ISOTOPES 

0.030 +_ 0.004 2 3 S p u  

91.500 f 0.050 

7.89 k 0.050 

0.509 f 0.005 

0.600 k 0.010 X2pu 

rABLE 2. PROMPT NEUTRON DECAY CONSTANT AND RATIO OF SPECTRAL 
DENSITIES AS A FUNCTION OF SOLUTION HEIGHT FOR THE TANK 

WITHOUT THE CENTRAL PIPE 

SOLUTION PROMPT NEUTRON RATIO OF SPECTRAL 
HEIGHT DECAY CONSTANT" DENSITIESb 

(CM) (SEC') x 10" 
53.09 3072,3016 1.20 f 0.04 

1.07 f 0.04 

52.30 13739 I 1.35 f 0.04 I 
49.38 I 5466 I 2.1950.08 I 
44.50 8980.8680 3.67 f 0.10 

4.1 1 k 0.12 

40.3 1 12050, 12110 5.06 f 0.20 

4.98 f 0.20 

36.58 16130 6.26 k 0.36 

33.15 19420 7.61 f 0.14 

28.45 I26090 I 10.55 k 0.030 I 
24.89 31900 1 1.77 f 0.030 
'Obtained by least squares fitting the cross power spectral densities. Uncertainties on 

bSource and detectors were located at the half height of the solution with the Cf source 

I 
these values are 3 to 5%. 

and detectors 120" apart adjacent to the outer surface of the tank. 
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TABLE 3. PROMPT NEUTRON DECAY CONSTANT AND RATIO OF SPECTRAL 
DENSITIES AS A FUNCTION OF SOLUTION HEIGHT FOR THE TANK 

WITH THE CENTRAL PIPE 

SOLUTION PROMPT NEUTRON RATIO OF SPECTRAL 
HEIGHT DECAY CONSTANT" DENSITIES~ 

(CIW (SEC') x 
I I 60.68 I 2985 f 13 1 1.31 fO.01 

I 2.71 fO.03 I I 55.37 I 5340 f 2 5  

I 4.16 k 0.04 I I 50.65 I 8068f63  

45.47 10440 f 70,10510 f 95 

10440 f 83, 106502 70 

4.06 f 0.05,3.86 f 0.05 

3.77 ?c 0.06 

40.64 15830 It 250 7.62 k 0.06 

1 35.56 1 20890 k 3 10,22060 k 800 I 1 1.5 f 0.3, 10.4 k 0.2 - 1  
I 30.48 I31100f380 1 13.4f0 .2  I 
125.15 I45690f500 I 18.1 f 0 . 2  I 

20.32 69800 f 650 22.6 f 0.30 
a Obtained by least squares fitting the cross power spectral densities. 
bSource and detectors were located at the half height of the solution with the Cf source 
and detectors 120" apart adjacent to the outer surface of the tank. 

I 

TABLE 4: EXTRAPOLATED CRITICAL HEIGHTS FOR PLUTONIUM-URANIUM SOLUTION 
IN A 35.54-CM-OD CYLINDRICAL TANK WITHOUT THE CENTRAL PIPE 

Extrapolation Method 
Height" 

Source and Location (cm) 

Spectral Densities Radial DCH = 56.64 

Inverse Count Rate (CR-') 

Prompt Neutron Decay Constant 

Inverse Count Rate 

Radial 

Radial 

None 

DCH = 56.10 

PCH = 57.66 

DCH = 56.13 

Height/CR None DCH=57.4 
"DCH designates delayed critical height, and PCH designates prompt critical height. The 
measured (k - I)/kp = -2.98 dollars for a height of 53.2 cm by the inverse kinetics rod drop 
method. For p = 0.00283, this implies k = 0.9916 at 53.2 cm. 



POLi ETHI LESE l3Sl  LaTOR / 
,/ \YAC\ETICSHIELD 

SCISTULATOR SLTPORT C 4 

POLl€THllESE LYSVL4TOR 

BLKK ELECTRICAL TAPE 

PHOTOW L LTIPLIER TL BE 

E T f M D  \ \ m G  BOARD I 

ETCHED \\ IRLIC BO- 2 

I 

Fig. 1. 6Li Glass Scintillator 
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Fig. 2. Extrapolation of Some of the Measured Parameters to Obtain the Critical Heights 

for the Cylindrical Tank Without the Central Pipe 
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