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Abstract 
Neutron flux, spectrum, and dose equivalent measurements were made 

for a prototype GPHS source. The total emission rate is (4.5 + 

0.4)10 n/s, and the average neutron energy is (1.64 + 0.07) MeV. 

The factor for converting from neutron fluence to dose equivalent 
-5 -2 

for this spectrum is (3.10 + 0.24)10 mRem/n-cm . The factor for 

converting from neutron fluence to tissue absorbed dose is (3.18 + 

0.26)10~^ mRad/n-cm~^. 

Introduction 
General Purpose Heat Sources (GPHS) are 

approximately 4500-W(th) power sources 

for radioisotopic generators (RTG) des

tined for use on board spacecraft. 

Sources are now being fabricated for use 

in RTGs for the Galileo and Ulysses 

missions. The Galileo mission will be a 

closeup investigation of the planet 

Jupiter and its environs. This mission, 

scheduled for 1986, will include a sepa

rate probe sent from the spacecraft to 

the planet. The Ulysses mission is also 

scheduled for 1986. In this mission a 

spacecraft will be sent to the vicinity 

of Jupiter v/here it will be accelerated 

by the gravitational field of the planet 

into an orbit which will pass over the 

poles of the sun. The plane of this 

"solar polar" orbit will be approximately 

perpendicular to the elliptic plane of 

the planets in our solar system. 

The GPHS fuel is PuO_ with the plutonium 

23 8 

being 8 3.6% Pu. There are both neu

tron and gamma radiation fields external 

to the RTG. In order to provide informa

tion for personnel dose assessments and 

to establish the radiation fields that 

the scientific packages aboard the space

craft would be exposed to, radiation 

measurements were made of the first or 

qualifying RTG assembly called Ql. This 

report describes the results of the 

neutron radiation portion of these mea

surements . 

Source description 
A 4500-W(th) GPHS source contains about 

9.9 kg of plutonium which had the follow

ing approximate isotopic composition at 

the time of fabrication: 

2 3 S u 
" 9 p , 

2^°Pu 

Pu 
242„ Pu 

83.6 wt 

14.0 wt 
2.0 wt 

0.4 wt 

0 .1 wt 

% 

% 

% 

% 

% 

For this composition 99.9% of the 
23 8 

a-activity is from Pu decay, and 

therefore, it is this isotope which is 

responsible for almost all of the thermal 

power of the source. 

The neutron emission from a GPHS comes 
17 18 from ' 0(a,n) reactions, spontaneous 

fission, and neutron induced fission. 
23 8 

Decay of Pu is responsible for almost 

all of the neutrons from the 0(a,n) and 

spontaneous fission reactions. Neutron 

induced fission results from reactions 

with all of the plutonium isotopes 

present. 

Of the three naturally occurring isotopes 

of oxygen, 0, O, and O, only the 

latter two can undergo (a,n) reactions 
238 with Pu a-particles. In order to 

reduce the neutron emission rate from 

0(a,n) reactions in a GPHS source, the 
17 18 

PuO_ has been depleted in O and 0. 

If PuO_ had oxygen of natural isotopic 
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abundance, the specific yield would be 

1.72 X 10^ n/s-g(^^^Pu). Of this, 1.46 x 

10 n/s-g is from ' 0(a,n) reactions, 
3 

and 2.65 x 10 n/s-g is from spontaneous 
238 

fissioning of Pu. The PuO_ used in 

the GPHS has a specific yield from both 

0(a,n) and spontaneous fission reactions 

of 'V'5 X 10^ n/s-g (''"̂ P̂u) . 

Figure 1 is a cutaway drawing of the RTG 

showing some of the 18 250-W heat source 

modules stacked along the longitudinal 

axis of the RTG. Figure 2 is a drawing 

of one such module. When stacked, the 

3.668 in. x 3.826 in. sides of adjacent 

modules are in juxtaposition making the 

dimensions of an 18 module assembly 

3.668 in. x 3.826 in. x 37.62 in, 

(9.32 cm X 9.72 cm x 95.55 cm). 

Each 250-W module contains four 62.5-W 

fueled clads. Two are shown in Figure 2; 

the other two would be below the raised 

plug on top. The individual clads are 

1.17 in. in diameter x 1.25 in. high 

(2.98 cm X 3.12 cm) with rounded edges at 

each end. 

The top (or bottom) ends of the two clads 

shown in Figure 2 are 1.43 in. (3.63 cm) 

apart. The distance from the axis of one 

set of clads to that for the other set in 

the same module is 1.72 in. (4.37 cm). 

The distance from either axis to the cor

responding axis of an adjacent module is 

2.09 in. (5.31 cm). 

Equipment 
A precision long counter (PLC) designed 

by De Pangherfl] was used for the flux 

moasuremenln. The PLC is suspended from 

a trolley and its axis is at the same 

height as the center of rotation for the 

RTG. 

Energy spectral measurements were made 

using a 5 cm diameter x 5 cm high NE213 

liquid scintillator. The basic reaction 

being exploited for the spectrum determi

nation is elastic neutron scattering by 

hydrogen. NE213 is sensitive to both 

neutron and gamma radiation. To separate 

neutron events from gamma events, a pulse 

shape discrimination circuit utilizing 

space charge limitation at the anode of a 

14-stage photomultiplier is used, [2] The 

recorded pulse height spectrum is an 

integral spectrum and must be reduced to 

achieve the desired differential neutron 

spectrum. The data reduction procedure 

is described in Reference 2. 

A set of neutron dose equivalent measure

ments was made using a 10 in, Bonner type 

(polyethylene) sphere with a LiF crystal 

at the center. 

For all of the radiation measurements the 

PLC was mounted on a lightweight alumi

num support shown in Figure 3. This 

enabled the RTG to be rotated both about 

its longitudinal axis and about an axis 

in its mid-plane. 

In order to describe the source-detector 

orientation, angles 6 and (^ were defined. 

Angle 6 is the angle between the GPHS 

axis of symmetry and a line joining the 

center-of-rotation of the GPHS and the 

detector. This angle is shown in Figure 

3, In this figure, if the RTG were 

rotated 90° counter clockwise so the end 

now on top were closest to the long 

counter, then e would be equal to 0°. 

Angle i^ is the angle of rotation about 

the axis of symmetry. 

All measurements were made in a 30 ft x 

20 ft X 15 ft (9.1 m X 6.1 m x 4.6 m) 
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Heat Source Support Outer Shell Assembly 

Pressure 
Relief 
Device 

-Multlfoi l 
Insulation ^—Unicouple 

RTG 
Mounting Flange 

• Gas Management Assembly 

FIGURE 1 - A cutaway drawing of the RTG. 



Graphite 
Reentry Shell 

Graphite 
Impact Shell 

1 of 4,62.5W 
Fueled Clads 

FIGURE 2 - One 250-W heat source module, 

C^ 

-Precision Long 
Counter 

FIGURE 3 - Equipment setup for the long counter measurements showing the RTG mounted on 
its lightweight aluminum support. In the orientation shown, ifi = 90°. 
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room. The walls are constructed of 

hollow cement blocks, and the ceiling is 

sheet metal covered with tar and gravel 

roofing materials. The floor is concrete 

except for a pit in the center of the 

room. The pit is 20 ft x 10 ft x 5 ft 

(6.1 m X 3.0 m x 1.5 m) deep and is 

covered with h in. (0.6 cm) steel. The 

bottom of the pit is concrete. The hori

zontal axis shown in Figure 3 is 5 ft 

(1.5 m) above the steel plate. 

To account for room-scattered neutrons, 

shadow shields were used. These shields 

were made of polyethylene or were paraf

fin-filled metal cans. The shield used 

for measurements with M591 is 46 cm long 

and has the shape of a truncated cone 

which obstructed a minimum solid angle. 

Two large shields were used for the GPHS 

flux measurements. A cylindrical shield 

18 in. in diameter x 12 in. long was used 

for all measurements when the GPHS longi

tudinal axis and the PLC axis were colin-

ear. A rectangular shield 18 in. x 

36 in. X 12 in. was used for the other 

orientations. The GPHS spectral measure

ments were made using a combination of 

the cylindrical shield and some addi

tional polyethylene discs in order to 

make a longer shield. The longer shield 

provided better attenuation of higher 

energy neutrons and, therefore, it was 

possible to better define the higher 

energy portion of the neutron spectrum. 

Because these neutrons constitute only a 

small portion of the total source yield, 

this precaution was not deemed necessary 

for the flux measurements. 

Because the large rectangular shield 

obstructed a large solid angle, correc

tions to the scattering measurements were 

necessary. These distance dependent cor

rections, based on measurements with a 

smaller shield, varied from 4 to 17%. 

Calibrations 
A Pu-Be source, M591, was used for both 

the neutron flux and neutron energy cali

brations. This 1.3 in. in diameter x 

2.4 in. high (3.3 cm x 6 cm) source 

contains 80 g of plutonium and has twice 

been calibrated for total neutron emis

sion rate at the National Bureau of 

Standards. The plutonium in this source 

at the time of manufacture (3/29/60) was: 

239 
Pu 94.8 wt % 

240 
Pu 4.8 wt % 

241 
Pu 0.43 wt % 

241 241 
Since Pu decays to Am with a 

14.4 yr half-life, the neutron emission 

rate has been increasing with time. This 

increase has been well documented by 

neutron flux and calorimeter measure

ments. [3,4] 

The neutron energy spectrum for this 

source has been measured many times and 

has been reported in the literature.[5,6] 

This spectrum is used to determine 

certain parameters for the NE213 spec

trometer. The spectrum of this source 

was remeasured prior to the Ql measure

ments to ensure the NE213 spectrometer 

was functioning properly. The spectra 

for M591 and Ql were used to establish an 

energy response factor for intercomparing 

PLC counts for these two sources. 

238 
A PuO_ source, HPG, was used to cali
brate the neutron dosimeter. It was used 
rather than M591 since its energy spec
trum [7] is closer to that for Ql than 
that of M591, 

Results 
The neutron energy spectrum for source Ql 

was measured at 8 = 90° and 522 cm from 

the source axis, A single NE213 scintil

lator was used for the ^1.3 MeV portion 
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of the spectrum. The <1.3 MeV portion of 

the spectrum was determined by a differ

ence measurement utilizing results from 

both the NE213 and from the PLC (used for 

flux measurements) . All data have been 

corrected for room scattering. These 

data are plotted in Figure 4, and they 

have been normalized so that the area 

under the curve is unity. Representative 

error bars for the NE213 data are from 

counting statistics at the 1 a level. 

The spectrum is as expected for a source 

with neutrons from the 0(a,n) reaction, 

spontaneous fission, and neutron induced 

fission. The average energy E, defined as 

E = 

14 
f E N(E)dE 
£ 

14 
f N(E)dE 

(1) 

is 1.64 + 0.07 MeV. 

The factor for converting from neutron 

fluence to dose equivalent is (3.10 ± 

The factor for -5 -2 
0.24)10 mRem/n-cm 
converting from neutron fluence to tissue 

absorbed dose is (3.18 + 0.26)10~ 
-2 

mRad/n-cm 

The neutron flux measurements, corrected 

for room scattering, are summarized in 

Table 1. Also included in Table 1 are 

calculated dose equivalent rates. The 

distance "x" is the separation between 

the effective center of the PLC and the 

center of rotation for the GPHS. Angle 9 

was defined in Figure 3. For most of the 

data shown in Table 1, the RTG was not 

rotated about its longitudinal axis; that 

is, angle <j) was equal to 0°. However, at 

x = 316 cm and i(i = 90°, data were ob

tained at * = 45°, 90°, and 270° in addi

tion to <)> = 0°. These data showed no 

dependence on angle i)i, and all were 

combined. 

The data for x = 316 cm were used to 

determine the total neutron emission rate 

for Ql by Simpson's Rule. The result is 

(4,5 + 0.4)10^ n/s on August 29, 1984. 

The uncertainty in the emission +0.4 x 

10 n/s was determined from the following 

individual uncertainties: 

Counting statistics for M591 0.6% 

Counting statistics for Ql 0.8 

Energy response factor (0.96) 2, 

Total emission rate for M591 2, 

Estimated uncertainty due to Ql 5, 

and M591 having different 

geometries 

The first four factors were combined as 

the square root of the sum of the 

squares, and the estimated geometry 

uncertainty was added directly. 

The specific neutron emission rate, in

cluding neutrons from induced fission, is 

5900 n/s-g(^^^Pu), 

The inverse square relationship. 

y = (x + c) 
(2) 

where y is the neutron flux and b and c 

are constants, has been fitted separate

ly, by weighted least squares, to both 

the 6 = 0 ° and 6 =90° data sets. 

The results of these fits are: 

_e b 

0° (7.6 + 0.3)10^ n/s 

90° (4.2 + 0.1)10^ 

-(42 + 5) cm 

-(3 + 1) 

Figure 5 is a plot of equation 2 for 6 = 

0° and e = 90° using the data in Table 1. 
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FIGURE 4 - Neutron energy spectrum for GPHS source Ql. 



X 

(cm) 

416 
316 

215 

316 

416 

316 

215 

316 

— Table 1 
AS A 

e 
(deq) 

0 

0 

0 

45 

90 

90 

90 

180 

- NEUTROI 
FUNCTION 

J FLUX 
OF (X, 

Neutron 
(n/cm2-

5.5 + 

9.7 

24.8 

33.8 

24.6 

43.0 

93.3 

9.2 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

Flux 
-s) 

0.2 

0.4 

0,8 

1.1 

0.8 

1.4 

3.0 

0.4 

AND 
6) 

DOSE EQUIVALENT r 
FOR SOURCE Ql 

Neutron Dose Equivalent 
(mRem/hr) 

0.61 

1.09 

2,78 

3,79 

2,75 

4,82 

10.45 

1.03 

+ 

± 

± 

+ 

+ 

+ 

± 

+ 

0.05 

0.09 

0.22 

0.30 

0.22 

0.37 

0.81 

0.08 

Figure 6 shows the same data converted to 

dose equivalent rates using the fluence 

to dose equivalent conversion factor 

given earlier. 
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1000 cm 

Separation from Effective Center of Q l (the Factor 
X+C Where C = - 4 2 cm for 9=0° and C = - 3 cm 
for 0=90°) 

100 1000 cm 

Separation from the Effective Center of Ql (the 
Factor X+C where C = - 4 2 cm for 9=0° and 
C = - 3 c m f o r e = 9 0 ° ) 

FIGURE 5 - Dose equivalents plotted to 
demonstrate the inverse square relation
ship from the effective centers of Ql. 

FIGURE 6 - Neutron fluxes plotted 
demonstrate the inverse square relatio 
ship from the effective centers of Ql. 
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FIGURE 7 - Neutron dose equivalent measure
ments using a spherical dosimeter. 
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