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ABSTRACT

Gamma heating measurements have been made in a low-Z lattice

irradiated with 1̂ -MeV neutrons and (n,n') gammas produced by a Texas

Nuclear Model 9*100 neutron generator. Heating measurements were made in

the mid-line of the assembly using a proportional counter operating in

the Continuously-varied Bias-voltage Acquisition (CBA) mode. The

neutron-induced signal was separated from the gamma-induced signal by

exploiting the signal rise-time rate differences inherent to radiations

of different Linear Energy Transfer (LET), which are observable in a

proportional counter. The operating limits of this signal separation

technique were explored by observing the effect on the signal as the

neutron spectrum is shifted from a D-T spectrum to a softer though still

fast neutron spectrum as the counter is placed further into the

irradiation lattice. The experiment was modelled using the one-

dimensional radiation transport code ANISN/PC. The cross-section set

used for these calculations was derived from the ENDF/B-V library using

the code MC2-2 for the case of D-T neutrons slowing down in a low-Z
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lattice. The calculated neutron and gamma spectra in the slab and the

relevant mass-stopping powers were used to construct weighting factors

which relate the energy deposition in the counter fill-gas to that in

the counter wall and in the surrounding material. The total energy

deposition at various positions in the lattice is estimated by applying

these weighting factors to the measured gamma energy deposition in the

counter at those locations. The overall utility of this measurement

technique for fusion blanket neutronics is discussed.

I. INTRODUCTION

The measurement of heating in fusion blanket test assemblies can

provide valuable engineering data for the design of fusion blankets. In

the present generation of test assemblies, the energy deposited is

insufficient for a direct measurement of the heating. The total heating

in these blanket assemblies is composed of two components: (1) heating

resulting from neutron interactions with the blanket materials, and

(2) gamma ray interactions with the blanket materials. An estimate of

the total heating in a given system can be made if one multiplies the

measured gamma heating by the ratio of the total heating to gamma

heating derived in a radiation transport calculation that models the

neutron and gamma propagation in that system.

A method to measure the gamma energy deposition in a broad energy

mixed gamma and neutron environment with a proportional counter was

developed at the Argonne National Laboratory, USA (ANL).[1,2] A cubic

lattice formed of 144 (5cm x 5cm x 60cm x 2mm thick) magnesium sleeves

filled with rectangular graphite pieces was assembled to provide low-Z

test stand, in an attempt to simulate the radiation environment in a



fusion test blanket. A Texas Nuclear Model 9t00 (TN9100) neutron

generator was used to proviaa a neutron source similar to that of D-T

fusion. A schematic of the lattice and the neutron generator is

presented in Fig. 1. The data from a series of gamma heating

measurements made in the central drawer-line of the lattice are

presented here. The methodology for neutron and gamma signal separation

and gamma heating are briefly reviewed.

The one-dimensional transport code ANI5N/PC[3] was used to

calculate the expected neutron and gamma spectrum along the central

drawer-line of the lattice. A coupled neutron and gamma cross-section

library collapsed with a D-T neutron spectrum in a format readable by

ANISN/PC was not available. The interaction cross-sections of carbon,

magnesium and iron were collapsed from the ENDFB-V library using a

spectrum of 14-Mev neutrons. The utility Me -2 was used to carry out

this operation.^ ' The resulting cross-section libraries were were

compiled into a 21 equal lethargy group format, with a group width of

0.5 lethargy units. The top of group 1 corresponds to an energy of m.2

MeV. The gamma interaction cross-sections were taken from the FLUNGP

photon library that was supplied with the ANISN/PC code package.

Heating values were derived from the calculated gamma flux in the mid-

line of the lattice by multiplying the appropriate Klein-Nishina cross-

sections and recoil electron energies to the calculated flux. The ANISN

results provide a framework to relate the measured gamma heating in the

counter fill gas to the gamma heating experienced by the counter wall

material.



where:

E(I), is the energy deposited for event I

EI(I), is the ionization resulting from event I

PC(V,p), the proportionality relation, a function of the electronic

properties of the counter fill-gas at bias voltage (V)

CAL, the absolute energy calibration constant

The values of PC(V,p) of a range of bias-voltage (V) and the value of

CAL are tabulated in the calibration procedure for each counter. The

signal reported by the proportional counter is the product

EI(I)*PC(V,p). the energy deposition for an event (I), E(I) can be

obtained by plugging the reported signal into equation 1.

A proportional counter can be made to conform to the small cavity

limit of cavity ionization theory (Bragg-Gray conditions).[2,5,6,] This

is possible by carefully choosing the fill-gas type and pressure.

Furthermore, by selecting as gas mixture that approximates the effective

atomic number Z of the counter's walls, the charged-particle response in

the gas can be made equivalent to the charged-particle response in the

counter's walls.[8]

In conducting a measurement over a broad energy range the bias-

voltage applied to the proportional counter should be adjusted so that

the gas-amplification of the counter provides sufficient boost for weak

signals, yet avoids the Geiger-Mueller region. That is, the counter is

kept in a operating region where equation 1 is valid. In



practice this is achieved by utilizing the Continuously-varied Bias-

voltage Requisition (CBA) mode.[1,2] The CBA mode is a data acquisition

procedure that sweeps the counter bias-voltage between predetermined

minimum and maximum values corresponding to the minimum and maximum

allowable gas-amplification settings. The CBA then records the magnitude

of the signal and the rate of the sign rise-time (with respect to the

magnitude). A block diagram of the necessary components of the CBA

appear in Fig. 2.

A charged particle losing energy in a proportional counter will

generate a cloud of secondary electrons as it interacts with the fill-

gas. This induced secondary electron avalanche then migrates along

field lines to the anode of the counter. The reported signal is the

voltage change experienced by the anode as the electron avalanche impact

onto the anode. The strength of the signal is dependent upon the energy

loss of the initiating event. The rate of the signal rise-time is

directly dependent on the spatial dispersion of the electron avalanche

along the field lines and is dependent upon the energy loss per unit

path length in the fill-gas. The point being that the rate of the

signal rise time depends directly on the Linear Energy Transfer (LET)

coefficient of the initiating event. An examination of the Bethe-Bloch

equation for differential spatial energy loss:
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where

z, is the atomic number of the projectile,

Z, the atomic number of the target atom,

A, the atomic mass of the target,

p, the density of the target,

I, the ionization potential of the target atom,

indicates that the energy loss per unit path length (LET) differs for

particles having the same initial kinetic energy, but of different

masses and atomic number. In the most severe case, where the mass and

atomic number of a charged particle comes closest to that of an

electron. The ratio of the LET for an electron and a proton scales as

the ratio of their rest mass. The applicable result being that signals

arising from neutron-induced (high LET events) and gamma-induced (low

LET events) secondaries are separable with high confidence for data

taken with a proportional counter, if the rate of the signal rise time

was observed.

In collecting data with the CBA mode, the signal strength and the

signal rise time of each initiating event were recorded. The rate of

the signal rise time for each event is taken to be the ratio of the

output of a fast amplifier (50 nano-second time constant) and that of a

slow amplifier (200 nano-second time constant) connected in parallel to

the output of the counter pre-amp. In the software routines that

analyze the output of the CBA mode, all the signals are sorted by energy

(magnitude of the signal) and rise time rate, the high rise time rate



events are tagged and removed from further processing.

III. EXPERIMENTAL ANALYSIS

The signal separation methodology is illustrated in Fig. 3- In

Fig. 3, the bottom axis represents the rate of the signal rise time, the

right hand axis represents energy and the vertical axis gives the

integrated count for the exposure. The right most events on the rate of

the rise time axis correspond to the white noise spectrum used to

calibrate counter live time. The left most peak corresponds to gamma

induced events. A clear separation of the data is possible. At each

energy the distribution of signal rise time rates is examined, and the

neutron-induced secondaries are removed from further processing.

The experiment consists of irradiating a cubic lattice formed of

144 (5cm x 5cm x 60cm x 2mm thick) magnesium sleeves filled with

rectangular graphite pieces with the output of a TN94OO neutron

generator placed 50cm from the front face of the lattice. Heating

measurements were made with the proportional oounter placed in the mid-

line positions labelled by a reference number in Fig. 1.

The measured heating data are presented in Fig. 4. The data are

normalized by the total neutron yield of each individual exposure as

measured by a BF3 counter encased in polythelene situated in the far

corner of the vault (5m away from the source) and plotted on a

logarithmic scale. This normalization was necessary to reconcile the

measurements with one another as the output of the TN940O varied over

each exposure. The measured data represents the gamma induced energy

deposition in the counter fill-gas: Ar (90?) and C02 [10%). The

heating is just the energy deposition divided by the mass of the fill



gas. The heating values are then plotted as a function of counter

position. The deviation of the measured heating from a straight line in

the logarithmic plot at counter positions 2 and 1 resulted from changes

in the relative orientation of the MgC lattice to the D-T generator.

The data for positions 1, 3, 5 and 6 were taken in November of 1990

before the TN94OO was dismantled for repairs. It was necessary to

remove the MgC lattice from its position during the service period. The

initial location of the lattice was marked, but there may be a

displacement of 3 cm in the repositioning of the lattice after the

service period. The experimental error assigned to each measurement is

just the sum of the experimental error in measuring the mass of the

fill-gas, the uncertainty in the live-time and the statistical error at

each energy bin weighted by the relative importance of that bin. The

expression for the experimental error is:

I {(/N(i)/N(i)) * ETTT
 } ^ ( i ) / Etop^

AH = — ; + em + es

where

em, is the experimental error in determining the fill-gas mass

es, is the error assigned to the signal separation

E(i), is the energy of events falling into the ith channel

Et0_, is the energy of the highest channel

de, is the error in the absolute energy calibration constant

N(i), is the number of events falling into the ith channel



I, the total number of channels.

A summary of the measured heating and the associated experirental error

evaluation appears in Table 1.

IV. NUMERICAL RESULTS

The goal of the numerical analysis presented here is to estimate

the 1/f factor of cavity ionization theory for the counter. The 1/f

factor will relate the measured heating in the counter fill gas to the

expected heating in the counter wall material. As the experiment

involved taking data in the mid-line of the MgC lattice, and that the

mid-line of the lattice was aligned to the axis of the deuterium beam

some simplification to the modelling was possible. These simplifying

assumptions were: (1) that the fill gas is argon only, (2) that the

counter wall material is iron only, and (3) all measurements were in the

mid-line of the lattice (as they were) were made. A one dimensional

analysis; ANISN/PC was believed sufficient. In this analysis, the 1/f

factor is the ratio of the gamma induced energy deposition per unit mass

in an iron filled cavity of a given geometry, to the gamma induced

energy deposition in an argon filled cavity of the same geometry,

irradiated by the same gamma spectra.

In these calculations, the lattice is treated as an 60 cm thick

slab of homogeneous graphite and magnesium irradiated at the left

boundary. The neutron spectrum irradiating the lattice was obtained by

calculating the propagation oC 14.8 MeV through a 5 mm thick slab of

iron with ANISN to simulate the passage of DT neutrons through the

target housing of the TN 9400. The resulting neutron spectrum was



divided by the geometric dispersion factor 4*pi*(5O cm) to account for

the lattice being 50 cm away from the DT generator. The gamma spectra

used as the shell source for the calculations were derived from

tabulating the expected gamma emission for iron from file 15 of the

ENDFB-V library, weighted by the result of an ANISN/PC calculation for

gamma production rates for 1').8 MeV neutrons passing through 5 mm of Fe

then divided by the geometric dispersion factor 4*pi*(50 cm) .

The gamma spectra throughout the mid-line of the lattice were

calculated. The kinetic energy released (KERMA) in a cylindrical cavity

filled with argon due to gamma interaction with argon at mesh points

corresponding to counter placement positions were calculated. The KERMA

for argon was calculated by summing over all energy bins the product of

the gamma spectrum and the appropriate Klein-Nishina cross sections and

the expected energy of the recoil electron. The KERMA values for iron

were tabulated in the same way. A plot of the ratio of iron KERMA

values to argon KERMA values at the six counter positions are presented

in Fig. 5. This ratio is of course the estimated 1/f factor for the

counter at the six positions.

Gamma heating values in iron representing the estimated heating to

the counter wall material were made by multiplying the 1/f factor at

each counter position by the measured heating value in the counter fill

gas. A summary of these calculations is presented as Table 2.

V. SUMMARY

The gamma heating in a low fluence, mixed fast-neutron and gamma

field was measured. The methods for signal separation and data

collection were highlighted. The error analysis for the measurement was
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presented. A rudimentary calculation of the 1/f factor relating the

measured heating in the counter fill gas to the heating of the counter

wall material was made.

VI. CONCLUSIONS

The utility of the CBA mode is demonstrated in this measurement.

The signal separation technique used is found to be sound. Although it

tends to over-estimate (5* dependent on the spectral shape in energy)

the gamma heating when the DT neutron spectra softens below 2 MeV for

this particular counter. A counter built with a higher-Z wall material

and a matched fill-gas would provide a stronger response to gamma

effects while decreasing the response of the neutron induced effects

(provided that the fill̂ -gas contain no hydrogen).

The rudimentary calculation used was valuable as it provided a

method to estimate, the gamma heating value for the counter wall material

as a function of the measured heating in the fill-gas. The simple

geometry of the experiment made the results of the 1-D calculation

plausible. However, it must be stressed that better numerical analysis

are possible, and will be used in future application.

This measurement technique may prove valuable when the engineering

properties of proposed structural materials are examined for a fusion

•radiation environment.
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Table 1. Normalized Measured Heating Rate and Experimental Error

Heating
Position (J/kg*source n»sec) em es

(J/kg»source n«sec) (J/kg«source n«sec)
AH

(J/kg«source n«sec)

1

2

3

4

5

6

2.37e-21

1.63e-21

9.06e-22

6.20e-22

2.79e-22

1.98e-22

±2.37e-23

±1.63e-23

±9.O6e-2'l

6.2e-2U

±1.19e-22

±8.15e-23

3.1e-23

1.t0e-23

9.9e-2l4

±2.05e-22

±1.11e-22

±7.91e-23

±5.62e-23

±2.6He-23

+2.03e-23



Table 2. Estimated Heating Rate in the Counter Wall Material

Position

1

2

3

H

5

6

Measured Heating
Rate in Ar

(J/kg*source n*see)

2.37e-21

1.63e-21

9.06e-22

6.20e-22

2.79e-22

1.98e-22

1/f-factor
(KERMA Fe/KERMA Ar)

1.033

1-033

1.033

1.033

1-033

1.033

Estimated
Heating Rate

in Fe

2.1»5e-21

1.68e-21

9.36e-22

6.4ie-22

2.88e-22

2.05e-22
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Counter positions are donoted by P1...P6

Texas Nuclear 9400

P1 P2 P3 P4 P5 P6

•50 cm
144 5cm x 5cm x 60cm x 2mm

1 Mg sleeves filled with rectangular
graphite pieces

Note: drawing not to scale
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