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[57] ABSTRACT 

A detec t ion system is disclosed herein fo r the meas-
u r e m e n t of power and breeding distr ibution inside a 
b reede r reactor . Small d iameter BeO balls comprising 
oxides of U2 3 5 and U2 3 8 are inserted into the reac to r 
for activation and withdrawn to be coun ted in a 
Ge (L i ) counter . Measurements of the activated fission 
and NP2 3 9 g a m m a rays yield the desired distributions. 

14 Claims, 8 Drawing Figures 
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APPARATUS FOR POWER AND BREEDING 
DISTRIBUTION MEASUREMENTS IN BREEDER 

REACTORS 

CROSS-REFERENCE T O R E L A T E D PATENTS 5 

This is a continuation of application Ser. No. 88,605 
filed Nov. 12, 1970 now Defensive Publication No. T 
901026. 

The present invention is an improvement in the in-
vention disclosed in R. A. Wiesemann et al. U.S. Pat. 10 
No. 3,263,081, issued July 26, 1966, entitled "Flux 
Mapping System For Measuring Radiat ion." The afore-
mentioned patent is assigned to the assignee of the 
present invention. 

15 
BACKGROUND OF THE INVENTION 

This invention relates in general to apparatus for 
measuring the in-core power distribution and fuel 
breeding rates within fast breeder power reactors, and 
more specifically, to such apparatus employing detec- ^ 
tors that utilize the principle of neutron activation anal-
ysis. 

For the economical and safe operation of modern 
and future reactors, it is desirable to measure the in-
core power distribution. In the case of a fast breeder 
reactor, the breeding distribution throughout the reac-
tive core and blankets is also of importance. In prac-
tice, information concerning the power distribution is 
usually derived by measuring the neutron flux. This can 3 0 

be achieved by either using fission ion chamber or acti-
vation detectors, both of which have been used in ther-
mal reactors. However, because of the severe environ-
mental operating conditions encountered in a modern, 
power breeder reactor, no suitable fission ion chamber 35 
or activation detector has as yet been developed. Thus, 
one object of this invention is to provide a suitable acti-
vation detector for breeder reactors which will survive 
its severe embodiment and at the same t ime yield infor-
mation concerning the in-core power distribution. In 40 
addition, the present invention provides apparatus and 
a method for measuring fuel breeding. The latter appa-
ratus and method also utilize the principle of neutron 
activation analysis but with constituents specifically se-
lected for measuring breeding. In this type of analysis 45 
an activant, comprising a radiation responsive material 
is irradiated by neutrons from a neutron source for a 
known time interval. The activant becomes radioactive 
upon irradiation and measurement of selective energy 
levels of this activity, called herein the activity of inter- 5 0 
est, yields information as to the power distribution and 
fuel breeding. The detectors of the present invention 
are formed f rom a substrate material which provides a 
solid mechanical structure in which the activant is em-
bedded. 5 5 

An activation detector for measuring the power dis-
tribution and fuel breeding in a fast breeder reactor 
must necessarily satisfy the following conditions: 

1. The activity of interest must be f ree of interfering ^ 
radioactivities f rom the substrate and impurities and 
must be measurable in a convenient time schedule; 

2. The resulting activity must yield an accurate indi-
cation of the power and/or breeding in the vicinity of 
the activation; 6 5 

3. The size of the detectors must be small enough so 
that the activation system does not significantly disturb 
the reactor flux; 
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4. The detectors must maintain their mechanical in-
tegrity under the severe temperature changes within 
the fast breeder reactor (room temperature up to 
300°-1000°C or higher) and high radiation fields (ap-
proximately 109 r/hr and approximately 6 X 1015 nvt) 
to which they will be subjected; and 

5. It is desirable that the detectors be capable of 
being used over and over again. This means that the in-
duced radioactivities should decay to a negligible level 
af ter a reasonable period of storage. 

SUMMARY O F T H E INVENTION 

In order to meet the aforementioned requirements 
imposed by the severe environmental conditions within 
the fast breeder reactor, apparatus has been developed 
for measuring the in-core power distribution and fuel 
breeding within fast breeder power reactors which re-
quires only a single activant irradiation. In accordance 
with this invention, an activant is irradiated by neutrons 
f rom a neutron source, such as a fast breeder power re-
actor, for a known time interval. The activant becomes 
radioactive upon irradiation and measurement of the 
activity produced thereby yields outputs representative 
of the neutron flux and thus the power distribution and 
fuel breeding. The activant may be placed in different 
regions of the breeder where these parameters need to 
be measured. 

The detectors of the present invention use, as an ac-
tivant, a mixture of fissile nuclides, such as Pu239, U235, 
U233 and Pu241 and fertile materials, such as U238 or 
Th232. The capture cross-section of these activants va-
ries with the energy of the incoming particles and gen-
erally peaks in one or more energy ranges. As may be 
noted f rom numerous graphical representations of cap-
ture cross-section versus energy, the various activant 
materials have substantially different capture cross-
sections for different energy ranges. The composition 
of the mixture of activants is chosen so that the energy 
dependence of its neutron interaction probability simu-
lates as well as possible, that of the fuel. By a simulated 
neutron interaction probability, it is meant that the 
capture cross-section of the mixture will have approxi-
mately the same statistical probability of capture, at the 
energy levels of the activity of interest, as that of the 
fuel. Af ter neutron irradiation, the activity f rom the fis-
sion products produced by the ( n / , ) reaction in 
counted first, counting mostly the delayed gamma rays, 
which yield information concerning the power distribu-
tion in the reactor. A day or so af ter the activity f rom 
the fission products has decayed to a low level, the ac-
tivity of Np239 or Pa233 produced by the: 

U238 («,y) U239 J b U N p 2 3 9 or 

Th(n,-y) U 2 3 3 -£» , Pa233 

reaction is counted, yielding the desired breeding infor-
mation. The subject invention also contemplates the 
use of fissile nuclides or intermediate nuclides, such as 
Ni®4 and Si30, as activants to measure the power distri-
bution in the reactor; and the use of fertile materials as 
activants to measure fuel breeding in the reactor. 

the detectors of the present invention are desirably 
shaped in the form of wires or small pellets or beads 
comprising small amounts of the desired activant iso-
topes embedded in a substrate material. The substrate 
is formed f rom a suitable material which produces low 
or negligible activities upon neutron irradiation and has 
good structural strength such as BeO, Cr, niobium or 
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tantalum. A very small amount of a known radioactive tivity f rom previous bombardments will gradually build 
material, such as Cs137 may be added to the substrate up and interfere with the radiation measurements or 
for calibration of the detectors. The wires or strings of counts f rom the most recent activation. In order to 
pellets are placed in different regions of the reactors minimize the ratio of this background to primary activ-
where the power distribution and fuel breeding are to 5 ity, the amount of activant per detector and the irradia-
be measured. tion time should be kept as small as possible. This is ne-

cessitated by the fact thaat the counting rate is limited 
BRIEF DESCRIPTION OF T H E DRAWINGS b y t h e m a x i m u m c o u n t i n g r a t e of the counter used to 

For a better understanding of the invention, refer- make the radiation measurements. Thus detectors with 
ence may be had to the exemplary embodiment shown 10 a greater amount of uranium or those suffering a longer 
in the accompanying drawings in which: bombardment time have a larger residual background, 

FIG. 1 is a schematic view of the counter assembly but are still limited to the same primary counting rate 
used in conjunction with this invention; as those detectors with smaller values of these parame-

FIGS 2A and 2B are graphical illustrations of the fis- ters. The difference is that in the former case a longer 
sion gamma ray energy spectra of natural uranium and 15 wait is necessary between irradiations until the back-
enriched uranium respectively, 24 hours af ter irradia- ground activity dies down to an acceptable level; that 
tion; is a level where the background radiation does not in-

FIGS. 3A and 3B are graphical illustrations of the fis- terfere with the counts f rom the most recent bombard-
sion gamma ray energy spectra of natural uranium and ment. Conversely, the density of activants per detector 
enriched uranium respectively, 100 hours af ter irradia- 20 has to be kept above a certain minimum because o f t h e 
tion; finite loading and unloading times of the detectors oth-

FIG. 4 is a graphical illustration of the ratio of the fis- erwise corrections will be required for the difference in 
sion background to the number of counts under the the length o f b o m b a r d m e n t suffered by the first and last 
Np239 278KeV peak as a function of time; detectors in each channel. The longer the irradiation, 

FIG. 5 is a schematic diagram of an operational sys- 25 the smaller the correction, so the bombardment time 
tem immplementing the instant invention; and should be made as large as possible, without violating 

FIG. 6 is a schematic diagram of the liquid sodium the other requirements. Therefore, the irradiation time 
separator illustrated in FIG. 5. and activant density selected below for this illustrative 

embodiment will be a compromise satisfying these 
DESCRIPTION O F T H E PREFERRED 3 0 three separate requirements. « m j—>r* m T-,» r I 

t M B U D i M t i N As mentioned previously the activants comprise a 
In order to operate a fast breeder reactor in the safest mixture of fissile and fertile materials. The gamma-rays 

and most economical way, it is desirable to know the from the ( « / ) reaction in the fissile materials are used 
in-core power and breeding distributions at all times. to determine the local power density while the charac-
Ideally, the power distribution could be determined by 3 5 teristic radiation from Np239 which results f rom a series 
inserting continuously recording monitors, such as min- of reactions following neutron capture in the fertile ma-
iature fission chambers, at many points within the reac- terials is used to determine the local breeding rate. The 
tor. However, the operating environment in a fast capture cross-section of these activants varies with the 
breeder is extremely hostile, due to the high tempera- energy of the incoming particle and generally peaks in 
tures and intense gammaray and neutron fields which 4 0 one or more energy ranges. The composition of the 
are encountered. Presently, available fission chambers mixture of activants is chosen so that the energy depen-
cannot operate effectively in this environment. Fur- denceof its neutron interaction probability simulates as 
thermore, it would not be possible to accurately deter- well as possible, that of the fuel. By a simulated neutron 
mine the breeding distribution within the reactor using interaction probability it is meant that the capture 
these devices. cross-section of the mixture will have approximately 

In order to obtain the aforementioned information, the same statistical probability of capture, at the energy 
an activation system has been developd to measure levels of the activity of interest, as that of the fuel. The 
both the power and breeding distributions within the energy levels of the activity of interest are those levels 
fast breeder reactor. In practice, the activation system to be counted, which will be more fully described here-
uses detectors in the form of small pellets or wires. A inafter. In this illustrative example of the invention, 
number of these detectors are introduced into a series one-sixteenth inch in diameter detectors are used com-
of columnar tubes running longitudinally through the prising fertile and fission materials of U238 and U 235 re-
various parts of the reactor. Following a short period of spectively in a ratio of 8.5 to 1 amounting to approxi-
neutron activation, the detectors are removed and their ^ mately 1 milligram of the activant mixture per detector, 
radioactivity counted. The aforementioned values are hereinafter used be-

The present embodiment illustrates the use of such a cause they most nearly approximate the fuel presently 
system in a fast breeder reactor. In accordance with under consideration for breeder reactors. Of course, it 
this invention, an activation detector is employed com- is to be understood that this invention is not limited to 
prising both fissile and fertile materials such as U235 and ^ these values and that the activants will vary in accor-
U238 respectively, embedded in a suitable substrate dance with the aforementioned criteria depending 
such as BeO, Nb, Ta or Cr. The substrate provides the upon the composition of the fuel in the breeder in 
solid mechanical structure in which the activant is em- which the invention is employed. Accordingly, the de-
bedded. In order to preserve the structural strength of tectors may include other fissile materials such as U233 

the detectors, it is desirable to introduce as little activ- 6 5 and Pu241 and fertile materials such as Th232. This inven-
ant as possible. Furthermore, as repeated power and tion fur ther contemplates the use of other fissile nu-
breeding distribution measurements are made, the de- elides such as Ni64 and fused quartz such as Si30, as ac-
tectors will be used over and over and the long lived ac- tivants. 
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As mentioned previously the detectors are connected 
f rom a suitable substrate which is a strong, high tem-
perature materia] which contributes very little interfer-
ing radioactivity to the detectors. BeO is such a mate-
rial and will be used in this example as the substrate in 5 
which the activant is embedded. Other examples of 
substrates which will perform the same funct ion are 
Nb, Ta and Cr. 

In order to make a refined determination of the 
breeding and power distribution the uranium content 10 
of the detectors should be determined before they are 
introduced into the reactor for irradiation. This may be 
accomplished by measuring the natural uranium activ-
ity of the detectors (or a very small amount of a known 
radioactive material such as Cs137 may be added to the 15 
substrate for this purpose) with a 1 X 1 inch Nal (Tl) 
counter. This calibration measurement may then be 
used as a standard against which the breeding and 
power determination are made. This makes it necessary 
to keep the detectors in the same order throughout 20 
their useful lives. 

For the actual irradiation a plurality of detectors are 
introduced into a series of columnar tubes running lon-
gitudinally through various parts of the reactor. These 
tubes or conduits may be constructed out of stainless 25 
steel and have an internal diameter which closely ap-
proximates the diameter of the detectors. The height of 
the detectors within each column is arranged so as to 
be coextensive with the height of the fuel. 

In present day thermal reactor systems that use a 3 0 

neutron activation system for flux mapping such as the 
system described in the aforementioned Wiesemann et 
al. patent , the detectors are driven in and out of the re-
actor with a pressurized gas. There are two reasons why 
a transfer fluid of this sort is undesirable in a breeder. 3 5 

First, the repercussions of accidentally introducing a 
void into the reactor coolant is so severe that extreme 
mechanical precautions against this possibility would 
be required. In addition, the gamma heating of the de-
tectors could be so severe that a gas medium would not 
be able to provide adequate cooling for them. This in-
vention resolves these problems by using a liquid trans-
fer fluid instead of a gas. As in the case of the substrate, 
this material would have to retain its chemical stability 
at high temperatures and be free of interfering induced 
radioactivities. Bi and Na are examples of such a fluid 
and Na will be used in this embodiment as the transfer 
medium. The use of a dense fluid such as this provides 
the additional advantage of moderating the impact be-
tween detectors when they are being transferred into 
and out of the reactor. 

After a short period of irradiation the detectors are 
transferred out of the reactor and stored in separate 
channels in order to maintain their original order. As 5 5 

mentioned previously, the actual period of irradiation 
will be limited by the density of the activants per detec-
tor and the counting limitation of the counter used to 
make the radiation measurements. In this example a 25 
cm3 Ge(Li) counter is illustrated which possesses an ^ 
efficiency of 3 percent relative to a 3 X 3 inch Nal(Tl) 
at 25 cm. The counter 62 is surrounded by a lead shield 
60, as shown in FIG. 1, containing a 1 inch diameter 5.5 
inch deep hole 64 through which the radiation f rom the 
detectors 4 reach the counter. A Ge(Li ) counter with ^ 
a fast amplifier 68 is capable of handling about 25,000 
CPS without noticeable losses. Therefore , in accor-
dance with the limitations of the components illus-
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trated in this exemplary embodiment , a 5 minute irradi-
ation time is used. Of course, this irradiation period is 
only illustrative of this embodiment and the invention 
is not limited to this value but only to the aforemen-
tioned criteria which was used to set it. 

After the detectors are removed f rom the reactor, 
following irradiation, the activity f rom the fission prod-
ucts produced by the (n,f) reaction is counted first, 
counting mostly the delayed gamma-rays to determine 
the power distribution. After the activity f rom the fis-
sion products has decayed to a low level, the activity of 
Np239 or Pa233 produced by the 

U238 (n,-y) U2:ra - 2 — Np23S or 

Th(n ,7) U233 -^-*, Pa233 

reaction is counted to determine the desired breeding 
information. 

In this illustrative example, the power density deter-
mination is described by measuring the fission gamma 
rays f rom U235 and U238 while the breeding rate deter-
mination is illustrated by measuring the activity f rom 
Np239. In order to appreciate the procedures involved 
in making the power and breeding measurements it is 
necessary to understand the neutron activated spectra 
of the fissile and fertile materials employed and the 
time delay properties of their activity. For this purpose, 
FIGS. 2A and 2B and FIGS. 3A and 3B illustrate the 
neutron activated spectra taken with a Ge(Li) counter 
of the activity which resulted f rom the bombardment of 
1 milligram samples of natural uranium (99.28% U238, 
0.72% U235) and enriched uranium (93.2% U235 by a 
thermal flux of 6 X1012 n c m - 2 sec - 1 . Because of the 
large thermal neutron cross-section of U235, the natural 
uranium sample produced about the same ratio of Np 
to fission activity as would be expected f rom the expo-
sure of a combined U235 -U23S detector to a breeder 
spectra. The data f rom the U235 sample is used to deter-
mine which lines f rom the natural uranium belong to 
Np and also provides a more refined indication of the 
amount of fission background under each of the Np 
peaks as will be more fully described hereinafter. 

FIGS. 2A and 2B show a comparison of the natural 
and enriched uranium spectra 24 hours a f te r bombard-
ment. FIGS. 3 A and 3B show the same comparison 100 
hours later, on different energy scales. From these fig-
ures it will be seen that the lines attributable to the 
Np239 activity are those at 106, 209, 228, 278, 315 and 
235 KeV. The discriminator setting of the counter for 
counting the fission gamma rays has to be set above the 
highest energy Np peak. From these figures it will be 
observed that 0.4 MeV is satisfactory. Therefore , with 
respect to the specific activants chosen as an example 
of this invention the delayed gamma rays above the 0.4 
MeV energy level is the activity of interest and the 
counts in this energy range are used to determine the 
power distribution. The most basic requirement of this 
system is that the data obtained have good statistical 
accuracy and map the power and breeding with an ac-
curate spatial resolution. Because of the relatively long 
mean f ree path of the fast neutrons in a breeder reac-
tor, a spatial resolution of 1 inch is adequate for this 
system. Thus, for the one-sixteenth inch diameter de-
tectors illustrated in this example, the system is ar-
ranged to count 16 detectors one integration time and 
then more to the next 16, or as an alternative the detec-
tor may be continuously moved passed the counter. If 
the latter arrangement is utilized then the product 
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171 = 16 

must be satisfied; where r is the integration t ime and n 
is the number of detectors/sec. passing the counter . 
This latter ar rangement is preferable and is used in this 5 
example since it provides statistical advantages and is 
more easily incorporated into an on-line system. With 
a 5 percen t statistical accuracy requi rement set for this 
example an 8 second integration t ime is used. There-
fore, the detectors pass the counter at the rate of two 10 
per second. Because of the maximum permissable 
counting rate of 25,000 CPS of the Ge(Li ) coun te r 
used in this example, the density of activants per detec-
tor and the five minute irradiation t ime herein speci-
fied, the detectors will have to be stored for approxi- 15 
mately 15 hours to allow for their associative radioac-
tive decay before the first power measurements can be 
made. It is to be unders tood that these values are limi-
tations of the specific components chosen to illustrate 
a working embodiment of this invention and are not 20 
limitations of the invention pract iced thereby and here-
inafter claimed. 

In order to obtain the breeding measurements de-
sired, it is necessary to determine: (1 ) which Np line is. 
the most suitable to count ; and (2 ) how long a delay 25 
following bombardment is required for the fission 
background under this peak to be a minimum. The rea-
son that a minimum occurs is that the N p decays expo-
nentially while the compton background does not , 
since it consists of contr ibutions f room many fission 
gamma rays of di f ferent half lives. 

Referr ing back to FIGS. 2A and 2B and FIGS. 3 A 
and 3B it can be observed that with re fe rence to the 
specific activants illustrated in this example the most 
prominent Np lines occur at 228 and 278 KeV. How- 3 5 

ever, the former lies at the same energy level as one of 
the fission lines and so canno t be used. Thus, the activ-
ity of interest with respect to the breeding measure-
ments, lies at the 278 KeV energy level. Therefore , in 
order to de termine the breeding measurement the de- 4 0 

tectors are counted again and the pulses f r o m the 
Ge(Li ) counter are fed into a single channel analyzer, 
set on the 278 KeV Np2 3 9 photopeak; such instruments 
are well known in the ar t and are readily available. T h e 
counting speed is again about 2 de tec tors per second. 4 5 

A period of storage has to be provided before these 
breeding measurements can be made , so that the de-
layed gamma rays used to determine the power distri-
bution measurements can decay to a negligible level. 
FIG. 4 graphically illustrates the fission background 
under the 278 KeV peak in a U235-U238 de tec tor as a 
funct ion of time. It can be observed f r o m this figure 
that the contr ibution of the fission background reaches 
a minimum of about 9.5 percent a t about 100 hours ^ 
af ter bombardment and does not increase until a f te r 
150 hours. Thus, any convenient t ime within this inter-
val can be used to moni tor the amoun t of N p fo rmed . 
For a more accura te measurement , the contr ibut ion 
f rom the fission gamma rays can be remeasured and ^ 
subtracted f rom the observed Np counts . 

Again it is to be unders tood that the specified values 
ascertained and the specific p rocedures here inbefore 
described to ascertain those values a re limited to the 
materials illustrated as being exemplary of this inven- 6 5 

tion and are not mean t to be limitative thereof . T h e 
specific materials used to pract ice this invention in spe-
cific applications will vary in accordance with the com-
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position of t he fuel employed. Accordingly the proce-
dures employed to ascertain those values will vary in 
accordance with the specific activants used. 

From the data obtained in the two count ing cycles, 
one can deduce both the power and breeding distribu-
tions with the aid of a computer . Such mathemat ica l 
techniques are well known in the art and have been 
previously employed with reference to the neut ron ac-
tivation system disclosed in the a forement ioned R. A. 
Wiesemann et al. patent for measuring the power distri-
bution in thermal reactors. With respect to the breed-
ing distribution, the series of react ions involved in 
breeding are as follows: 

U238 (n v ) U239 23 5 mi",Np2- i3 2 3 d a l \ Pu239 

The amount of U238 bred into Pu239 per unit volume 
in the reactor a t position r, may be expressed as: 

B{r) ~ Nb(r) | cj> (£,r) crr, (E) 

where N,,(r) is the number of U238 a toms per unit vol-
ume in the fuel elements a t position r, 

crc(E) is the neutron capture cross-section of U238. 
</>(E,r) is the neutron flux per unit energy level at po-

sition r. 
The U238 which is present in the de tec tor undergoes 

the same react ion and so a measurement of the Np2 3 9 

gamma rays which result f rom the decay of U239 pro-
vides an experimental measurement of the breeding ra-
tio. By using the equation for the induced activity re-
maining in the act ivant at t ime t af ter a bombardmen t 
of durat ion T given by: 

E 
A(r,t) = Nda F (T,t) £ <j> (r,E) ard (E) dE 

O 

where: 
N(t is the number of activant nuclei present in the de-

tector , 
a is the number of 7-rays or /3-rays of interest en-

riched per fission of per disintegration of the radioac-
tive nuclide formed, 

F(T,t) is a funct ion depending on the bombardmen t 
t ime, working t ime, and the decay characterist ics of the 
radioactive nuclide fo rmed, 

<rd (E ) is the neutron cross-section of t he detect ing 
react ion. 

Setting cra (E) equal t o crc (E) t he expression for the 
experimentally measured breeding ratio at position r 
can be given by: 

B(r) A/„(r) A'(r) 

B(.0) ~ N„(0) A'(O) 

(0 refers t o an arbitrary re ference position, such as 
center of the reactor core) , 

where A'(r)/A'(0) refers to the measurement of Np 
gamma rays f r o m the detector . 

Since N 6 ( r ) /N 6 (0 ) is well known when the reac tor is 
first s tarted u p and since A'(r)/A'(0) can be measured 
accurately as here inbefore described, t he breeding 
ratio can be determined with minimal error, thus by 
using the detectors described herein the power and 



B{r) A(r) 
B(0) ~ A(0) 

X 2 
E <HE,Q) cr„(£) Nb(r) E <j>(E,r) cr<(E) 
5 ME,r) o-„(E) X WO) J <t*E.O) <rr(E) 
E E 
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breeding distributions can be de te rmined with one fill its respective spindle 16 t o a height coextensive with 
bombardmen t cycle. the height of the reactive region 11. 

As an alternative, a l though a less accura te one , it is Af te r the required period of i rradiat ion, valve 14 is 
possible to de te rmine the breeding distr ibution f rom moved to couple the spindle 16 with the sodium separa-
the activation measurements used to de te rmine the 5 tor 18 ( to be descr ibed) and valve 12 is moved to cou-
power distribution. In tha t case, the breeding ra t io is pie the sodium supply tank 24 with the spindle 16. The 
de te rmined f rom the equat ion: pressurized sodium f r o m the sodium tank 4 passes into 

the lower por t ion of the spindle 16 communicab ly cou-
pled to valve 15 through a small condui t ne twork asso-

10 ciated with each spindle and running coextensive there-
with. W h e n valve 15 is moved to couple a par t icular 
spindle 16 t o valve 14 it also couples the condui t net-
work associated therewith to the sodium condui t 17 so 
tha t t he pressurized sodium can drive the de tec tors in 

The weakness of this me thod is tha t the m a t c h be- 1 5 t h a t s p i n d i e 1 6 o u t o f t h e reac tor . Valve 15 is sequen-
tween crc(E) and <rd(E) will no t be part icularly accu- t i a l l y posi t ioned so tha t the de tec tor 4 can be driven 
rate since the de tec to r is chosen primarily to ma tch the o u t o f t h e reac tor 5 and into the sodium separa tor 18 
fission cross-section of the fuel . This means that the i n t h e s a m e c o i u m n a r o rder as they were in t roduced 
breeding ratio de te rmined in this m a n n e r will no t pos- i n t o t h e r e a c t o r . Valve 2 2 is then closed and valve 20 
sess the accuracy of the power ratio because of the less 20 is moved t o communicab ly couple the sodium separa-
comple te cancellat ion or er rors in 4> which results. tor exit conduit 5 8 with condui t 13. T h e detec tors 4 ex-
Nevertheless, the applicat ion of this equat ion does not i t i l l g from t h e s o d i u m separa tor 18 then falls into the 
provide a means of de termining the breeding distribu- condui t 13 by gravity feed . Condu i t 13 is desirably con-
tion using one count ing cycle. s t ructed so tha t its height is coextensive with the height 

The mechanics for implement ing such an activation 25 of the de tec tors 4 in each spindle 16. T h e separa ted so-
system as described herein already exist and may be d ium exiting f r o m the sodium separa tor is s tored in res-
found in the R. A. Wiesemann et al. pa t en t which is in- ervoir 70 until the reactive sodium decays and can be 
tentionally incorpora ted by re fe rence herein. T h e me- re tu rned to the sodium tank 2 4 via condui t 72 and so-
chanics of that system a r e sufficient to implement the d ium p u m p 74. When condui t 13 is filled, valve 20 is 
present system except fo r those changes specif ied here- 30 posi t ioned to close the exit condui t 58 and couple the 
in, which include a separa te delay and count ing cycle a i r supply 2 6 t o condui t 13 via air condui t 25. Then 
for measur ing the act ivated fission p roduc t s and those valve 2 2 is opened so tha t the pressurized air f r om the 
end produc ts which result f r om the neu t ron activation a ; r supply 26 drives the count ing s torage coils 28 via 
of the fert i le material . condui t 19 and valve 27. Valve 27 is provided to se-

3 5 quentially couple the respective s torage coil 2 8 to b e 
filled, with condui t 19. Af t e r each storage coil 28 is 

Referr ing now t o FIG. 5 of t he drawings, an opera- filled valve 27 is moved to communicab ly couple the 
tional explanation of an explanat ion of an exemplary n e x t coil 2 8 within condui t 19 and the sequence of fill-
system employing this invention is given, the de tec tors j n g and emptying condui t 13 is repea ted until all the de-
4 are initially stored in the s torage coils or por tholes 2, 40 t e c t o r s 4 a r e s tored in the coils 28 in accordance with 
three such por tholes being employed in this example. t he array originally established in the por tholes 2. 
To load the de tec tors 4 into the reac tor 5 the valve 8 pr ior t o detec t ing the radiat ion counts fo r making the 
is closed and valve 6 is opened t o communicab ly cou- power measurement , t h e de tec to r dispenser 30 is 
pie the dispenser 10 with condui t 7. T h e valve 3 is closed and the dispensers 3 2 a re sequentially opened to 
moved to communicably couple one of the por tholes 2 4 5 fin the count ing condui t 3 4 with the de tec tors 4 in the 
to the de tec tor dispenser 10. T h e de tec to r dispenser 10 same order in which they were in t roduced into the coils 
is then opened and the de tec tors 4 move into condui t 28. T h e count ing process consists of not ing the count -
7 between valves 6 and 8 by gravity f eed until t he first ing ra te f r o m the counte r 36 as the de tec tors are passed 
por thole coupled by valve 3 is empt ied . Then valve 6 o n e a t a t ime by the double dispenser 30. T h e coun te r 
is moved to cause communica t ion be tween condui ts 9 will see 16 de tec tors a t a t ime and count fo r one-half 
and 7, valve 12 is moved to communicab ly couple the second as previously descr ibed in this embodimen t , 
sodium supply tank 2 4 t o condui ts 9 and 7, and valves T h e line of de tec tors is then sequentially advanced by 
8 and 14 are opened to pass the de tec tors in to a p rede - one in the m a n n e r just descr ibed and ano ther V2 second 
te rmined irradiation spindle 16 th rough valve 15. T h e ^ integrat ion is made . While this process is occurr ing 
pressurized liquid sodium drives the de tec tors 4 in con- valve 3 8 is moved t o pass the de tec tors 4 exiting f r o m 
duit 7 into the reac tor spindle 16 coupled by valve 15. dispenser 3 0 into condui t 39 while valve 4 0 is closed. 
T h e reac tor 5 is provided with a n u m b e r of like spindles There fo re , as each de tec tor is passed th rough the dis-
16 equal to the n u m b e r of por tholes 2. This process is penser 3 0 it will fall by gravity feed into condui t 39 . 
then sequentially r epea ted for each of the por tholes 2 Condui t 3 9 is desirably cons t ruc ted so tha t its height is 
so as to fill each of the reactor spindles 16 in substan- coextensive with the height of condui t 13. W h e n con-
tially the same manner . T h e valve 3 is provided to con- dui t 3 9 is filled valve 3 8 is posit ioned to close the dis-
nect the next por thole 2 to the de tec tor dispenser 10 penser exit condui t 37 and couple the air supply 26 via 
when all t he de tec tors 4 f r o m the p reced ing por thole 2 air condui ts 35 and 25. Then valve 4 0 is opened to cou-
are loaded into the cor responding spindle 16. Similarly, 6 5 pie condui t 39 with recycle condui t 21. T h e pressurized 
valve 15 is provided to sequentially connec t the next air f r o m air supply 26 then drives the de tec tors 4 f rom 
spindle 16 a f te r the p reced ing spindle 16 has been condui t 3 9 th rough recycle condui t 21 to the s torage 
filled. Each por thole 2 conta ins enough detec tors 4 t o coils 2 8 via valve 27 which is posi t ioned to couple con-

Opera t ion of the Disclosed Neut ron Activat ion System 
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duit 21 with the respective coil 28 being filled. Af t e r 
each storage coil 28 is filled valve 27 is moved to com-
municably couple the next coil 28 with recycle condui t 
21 and the sequence of filling and emptying condui t 3 9 
is repeated until all the detectors 4 are again stored in 5 
the coils 28 in accordance with their original array and 
the power measurement is complete . While this se-
quence is recurring and during the interim that valve 3 8 
is closed the detectors 4 that are being continually dis-
pensed by dispenser 3 0 are stored in condui t 37 until 10 
valve 38 is again opened to pass them into condui t 39 . 

The aforement ioned process is repea ted af te r the 
specified time for decay in order to make the breeding 
measurement ; except that during the sequence of emp-
tying condui t 39 valve 4 0 is positioned to couple reload 15 
condui t 4 3 so that the pressurized air f rom air supply 
26 drives the detectors back into their respective por t -
holes 2 via valve 41 . Af ter each por thole 2 is filled 
valve 41 is moved to communicably couple the next 
por thole 2 with reload condui t 4 3 and the sequence of 20 
filling and emptying condui t 39 is repeated until all the 
detectors 4 are again stored in the por tholes 2 in accor-
dance with their original array and the breeding meas-
urement is complete. 

The liquid sodium separator 18 described with refer- 25 
ence to FIG. 5 is illustrated in detail in FIG. 6. T h e ex-
posed detectors 4 and the sodium transport ing me-
dium, which has now b e c o m e radioactive, en ter the so-
dium separator 18 through input condui t 42. Af te r the 
highest point 44 is reached, the de tec tors 4 roll down 30 
the separation condui t 46 over a fine mesh screen 48. 
The radioactive liquid sodium drains through the mesh 
48 into a catch basin 50. At the same t ime, non-
radioactive liquid sodium 52 enters f r o m the top and 
passes vertically through the condui t 54 into the basin 3 5 

50 and washes any adheren t radioactive sodium f r o m 
the detectors 4. The sodium collected in the basin 5 0 
is drained through condui t 56 into the sodium reservoir 
70 where it is allowed to decay. Af te r the sodium has 
decayed to an acceptable level it is re turned to the so-
dium tank 24, illustrated in FIG. 5, via sodium pump 74 
and condui t 72. The detectors 4 pass through the sepa-
rator 18 by gravity feed and travel through the exit con-
duit 58 and valve 20 to the condui t 13 illustrated in 
FIG. 5. The conduits, valves and dispensers set fo r th in 
this embodiment a re well known in the ar t and a more 
detailed showing of their s t ructure and operat ion may 
be found in the R.A. Wiesemann e t al. patent . T h e con-
duits employed in this example may be made of stain-
less steel and have an internal d iameter which closely 
approximates the d iameter of the detectors as herein-
before described. The air tubing may be made of steel, 
aluminum, or o ther compatible metals o r plastics and 
the sodium tubing can be made of steel or any o ther 5 5 

compat ible material as will readily be recognized by 
those skilled in the art. 

Af te r the detectors 4 are re turned to their initial 
array in the portholes 2 as previously described with 
re ference to FIG. 5, and a period of storage is provided ^ 
for to allow for their decay, this p rocedure may be re-
peated to provide successive breeding and power de ter -
minations. Because of the bui ldup of residual activity 
f rom previous bombardments under the fission activity 
f rom the most recent irradiation it is desirable t o use 
five sets of detectors cyclically. If a set of detectors is 
used once a month for 5 years the residual activity a t 
the end of that period will amount to 15 percent of t he 
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primary counting rate measured twenty hours af ter the 
last bombardment , while if five sets of detectors are 
used cyclically this level could be reduced to less than 
1 percent . 

It will, therefore , be apparent that there has been dis-
closed a neutron activation system which permits the 
determinat ion of the neutron flux mapping and fuel 
breeding in a fast b reeder reactor . This system is effi-
cient, flexible and economical . 

While there have been shown and described what are 
at present considered to be the prefer red embodiments 
of this invention, modifications there to will readily 
occur to those skilled in the art. Fo r example, the se-
quence of valve operat ions can be altered, the detec-
tors can be arranged to pass by the counter on a turnta-
ble or the counting conduits can remain fixed while the 
counter assembly is made movable so that the counter 
assembly moves over the counting condui t t o deter-
mine the activation of the detectors within the conduit . 
Alternatively, the counter assembly can be mounted on 
a t runnion so as to be rotatable. The counting condui t 
can then be circular in shape and held in a fixed posi-
tion with the counter assembly mounted in the center 
of the conduit . The counter assembly is then rotated 
within the circular condui t at a constant speed to deter-
mine the activation of the detectors within the conduit . 

It should also be noted that this system may be used 
to measure breeding alone, in which case the detectors 
need only contain the ferti le material f rom which the 
Np counts are made. Alternatively, the power density 
measurements may be made separately, in which case 
the detectors need only contain fissionable material. 

W e claim as our invention: 
1. Appara tus for measuring the breeding distribution 

within a liquid metal cooled fast breeder power reactor 
having a fuel inventory including fertile material , said 
appara tus comprising a plurality of detectors fo rmed in 
par t f rom neutron flux sensitive fertile material , said 
flux sensitive material having substantially the same en-
ergy dependence of its neutron interaction probability 
as the ferti le material in said fuel inventory, means for 
inserting and distributing said detectors within said re-
ac tor in a predetermined ar rangement so as to be acti-
vated by said reactor , means for withdrawing said de-
tectors f r o m said reactor , wherein said inserting means 
and withdrawing means employ a liquid t ransfer me-
dium compat ible with the reactor coolant to drive said 
de tec tors and means for measuring in confo rmance 
with said a r rangement the radiat ion emit ted f r o m the 
end products p roduced by the activation of sensitive 
fertile material. 

2 . T h e appara tus of claim 1 wherein said flux sensi-
tive material is embedded in a substrate. 

3 . T h e appara tus of claim 2 wherein said substrate 
material is selected f r o m the group consisting of BeO, 
Nb, Ta , and Cr. 

4 . T h e appara tus of claim 1 wherein said flux sensi-
tive ferti le material is selected f rom the group consist-
ing of U238 and Th232 . 

5 . T h e apparatus of claim 1 wherein said flux sensi-
tive material comprises U238 and said end products 
f r o m which said radiation measurements are made 
comprise Np239. 

6 . T h e appara tus of claim 1 wherein said flux sensi-
tive material comprises Th232 and said end products 
f r o m which said irradiation measurements are made 
comprise Pa233. 
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7. The apparatus of claim 1 wherein said means for 
inserting and distributing said flux sensitive material 
within said reactor and said means for withdrawing said 
flux sensitive material f rom said reactor comprises con-
duit means extending into and out of said reactor em- 5 
ploying the liquid transfer medium for transporting said 
detectors through said conduit means into and out of 
said reactor in an orderly sequence. 

8. The apparatus of claim 7 wherein the liquid trans-
fer medium employed for transporting said detectors 10 
through said conduit means comprises a driving fluid 
selected f rom the group consisting of Bi and Na. 

9. The apparatus of claim 1 for measuring both the 
power and breeding distribution within a fast breeder 
reactor wherein said detectors fur ther comprise flux 15 
sensitive fissile material including means for measuring 
in conformance with said arrangement the radioactivity 
emitted f rom the activation of said flux sensitive fissile 
material. 

10. The apparatus of claim 1 wherein said detector 20 
material is a fertile material selected f rom the group 
consisting fo nichrome and fused quartz. 

11. The apparatus of claim 9 wherein said flux sensi-
tive fissile materia! is selected f rom the group consist-
ing of U235, U233 and Pu241. 25 

12. The method of determining the breeding distribu-
tion within a liquid metal cooled fast breeder power re-
actor having a fuel inventory including fertile material, 
comprising the steps of arranging a plurality of detec-
tors formed in part f rom fertile material in a predeter- 30 
mined array, transporting said detectors in said array 
using a liquid transfer medium compatible with the re-
actor coolant to drive said detectors into a reactor core 
so that said detectors in said reactor core conform to 
said array, irradiating said detectors in said reactor 35 
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core for a predetermined period of time, transporting 
said detectors using the liquid transfer medium from 
said reactor core to a radiation measuring station, and 
measuring each of said detectors in said array for the 
radioactivity emitted f rom the end products produced 
by the activation of the fertile material therein. 

13. Thee method of claim 12 wherein the power dis-
tribution within the fast breeder reactor is also deter-
mined f rom the single irradiation of the detectors, said 
detectors formed at least in part f rom both fertile and 
fissile material including the additional steps of measur-
ing each of said detectors in said array for the radiation 
emitted f rom said fissile material to determine the 
source distribution within said reactor and storing said 
detectors prior to measuring the activity f rom said fer-
tile end products until the radioactivity from the fission 
products has decayed to a relatively low level. 

14. The method of determining the breeding distribu-
tion within a liquid metal cooled fast breeder power re-
actor having a fuel inventory comprising fertile mate-
rial, comprising the steps of arranging a plurality of de-
tectors comprising fissile material in a predetermined 
array, transporting said detectors in said array using a 
liquid transfer medium compatible with the reactor 
coolant to drive said detectors into a reactor core so 
that said detectors in said reactor core conform to said 
array, irradiating the fissile material in said detector in 
said reactor core for a predetermined period of time, 
transporting said detectors using the liquid transfer me-
dium from said reactor core to a radiation station, and 
measuring the induced radiation emitted f rom the end 
products formed from the activation of each of said de-
tectors in said array. 

* * * * * 
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