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ABSTRACT 

A measurement of the yield of the aerated, 

ferxsus sulgare-sulfuzlc w i d  (Fricke) Qesisletrs f ~ r  I 
I 

I 
14.6 Mev neutrons gave a value of %,+3 = 11.5 + 1.8. - t 

GFe+ 3 is the number of ferric ions produced per 100 

ev deposited. The determination combined an analysis 

of the energy deposited by scattering and charged 

, particle reactions with a determination of the neutron 

flux by two independent means: (1) a "long counter" 

method and (2) an activation technique. The result 

is in reasonable agreement with a prediction for 

G 9 3  based on measured yields of the dosimeter to Fe I I 
I 

irradiations by monoenergetic charged particles. 

.. - - .  '. . - ' . . 
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I. INTRODUCTION 

Cheap, relatively copious supplies of fast 

neutrons are now available from small laboratory 

3 4 accelerators that utilize the H (d,n) He reaction. 

Such sources make possible a variety of experiments, 

including studies of radiation chemistry and radiation 

damage, in an essentially gamma-free environment, Where- 

as the dosimetry.of fast neutrons from nuclear reactors 

is difficult and inexact, the dosimetry of fast, mono- 

energetic neutrons is amenable to straightforward attack. 

I ' 

A previous paper (I) reported a study of the 

! radiation chemistry of fast neutrons impinging on mix- 

tures of liquid N2 and 02. For dosimetry the neutron 

flux was measured with a "long counter" -- a boron tri- 
fluoride proportional counter with a thick paraffin 

shield that provides a uniform response to 14 Mev 

neutrons and. to neutrons from a calibrating plutonium- 

beryllium source. The flux measurement was then c w -  

bined with cross section and nuclear reaction data, as 

well as a geometrical analysis, to give the dose. The 

method required constant monitoring of the neutron flux 

during irradiations and frequent instrumental checks 

and calibrations. Because such studies often involve 
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long irradiations during which the neutron flux varies 

appreciably, it would be most convenient to have a re- 

liable chemical dosimeter. 

The Fricke dosimeter (an air-saturated, dilute 

solution of ferrous ion in 0.8 N H2S04 with a small 

amount of NaCl added) has gained universal acceptance , 

for work in radiation chemistry tnat involves X-rays, 

gamma rays or energetic electrons. G +3, the number 
Fe 

of ferric ions produced per 100 ev deposited in the 

dosimeter, is a well-studied and monotonically decreas- 

ing function of ILET (initial linear energy transfer). 

GFe+3 decreases from 15.6 for minimum ionizing radia- 
. .. 

60 tioq such as the gamma rays from Co , to an assympto- 
tic value of about 4 for densely ioning particles such 

18 as the recoil alphas and lithium atoms from the B 

7 (n,a)Li reaction. Allen has summarized the work on 

the Fricke dosimeter through 1959 (2) , Other, more 

sensitive, chemical dosimeters, em&*, the quinine 

. dosimeter proposed by Barr and Starke (3, might 

ultimately serve better at the relatively low doses 

that are characteristic of monoenergetic neutron irra- 

' 1 diations . Nonetheless we chose the Fricke dosimeter 
• for initial study because of the abundance of data con- 

cerning it that is available. 
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11 INITIAL DEPOSITION OF ENERGY 

I N  WATER BY FAST NEUTRONS 

The previous paper i n  t h i s  ser ies  0,  herein- 

a f t e r r e f e r r e d  t o  as AB, contains a detailed discussion 

of the' processes by which f a s t  neutrons deposit energy 

i n  liquid N2 and 02. The same processes, i.e., e l a s t i c  

scattering, ine las t ic  scat ter ing and charged par t ic le  

1 reactions, are also responsible fo r  the t ransfer  of 

energy t o  water. The major difference between the 

I 

N2-O2 and water cases i s  that  for  H20 the largest  por- 

t ion  (ca, - 75%) of the energy i s  transferred v ia  e l a s t i c  

scat ter ing of the neutrons while i n  50-50 N2-O2 65% of 

the energy appears i n  the various charged par t ic le  re- 

actions. In the water case the velocity of the struck 

I proton generally exceeds the velocity of an o rb i ta l  

electron so tha t  the major energy depositing agents 

are  protons, 

A s  i n  AB we define ET, the average deposition 

energy per neutron col l i s ion  as 

C C N  a A E  
; ;  j i j  i j 

3 where li i s  the  number of atomslcm o f t h e  j,th nuclide, 
J 

a . .  i s  the microscopic cross section of the i t h  nuclide 
1J 
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for the - ith reaction and 
AEij is t h a  average .enetgy 

It is convenient to define an "atomic mole 

fraction" as 

For water, of course, xH = 2/3 and xo = 1/3. It is 

then possible to obtain o i j as a convenient index of 

the fraction.of the total energy deposited that is 

transferred by the - ith reaction of the Jth nuclide 

The various AEi ' s were determined exactly as 

in AB except that the most recent revision by Kalos, 

et a1 of their periodic summaries of data on neutron -- 
interactions with oxygen (4) provided a consistent 

set of reaction cross sections and of Legendre poly- 

nominal coefficients for the anisotropic elas~ic.':. 

scattering of 14.6 Mev neutrons, 

The value of AE(el)H, the average deposition 

energy due to n-p scattering,is one-half the energy 

of the incoming neutron, Even though the scattering 

appears to be slightly anisotropic. in the neighbor- 
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hood of 14.6 Mev (5,6J, - the available cross section data 

fit a curve of the form 

so that AE 
(el) H 

would be the same as for isotropic 

scattering in any case. 

Table I gives the pertinent quantities in the 

energy deposition analysis of the interaction of 14.6 

Mev neutrons with water.' The energy deposition due to 

reactions kith other nuclides in the Fricke solution, 

e-g,, Fe, S, and C1, is negligible and has been ignored 

here. From the table, ET (Equation (1)) is 4.56 .Mev/col- 

lision of which all but 8% is accounted for by n-p scat- 

16 13 tering and the.0 (n,a)C reaction. 

111, ILET OF THE PRODUCTS OF THE NEUTRON 

INTERACTIONS: PREDICTED VALUE FOR GFe+3 

Since neutrons cannot transfer appreciable quanti- 

ties of energy directly, the radiation chemistry of fast 

neutron irradiations is determined by the charged partf- 

cle products of the various nuclear reactions. The 

chemical effects on water of all varieties of charged 

particle radiations are very similar -- the major dif- 
ference is due less to a difference in the chemical 
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species initially produced .than to the geometrical 

distribution of the energy that is deposited. Thus 

of equal or greater interest than the average energy I .  

lost by a 14.6 Mev neutron would be a measure of the 
' I 

1 ; 

resultant ionization density. The most readily avail- I 

able, if frequently misleading, such measure is the i .  
, I -  ' 

ILET, i . e . , - (dE/dx) xpo, the stopping power of the - 

medium for the various charged species evaluated at 

the beginnings of the particles' tracks. 

Allen has made a study of available data on the 

irradiation of the Fricke dosimeter with various mono- 

energetic charged particles and electromagnetic radia- 

tions (3. Figure l, which gives GFe+3 versus ILET, l 

I was constructed from Allen's compilation, Although the 

radiation that results from fast neutron bombardment of 

water is a composite of many charged particles; it 

should still be possible to use Figure 1 to predict a 

rough value of GFe+3 for 14.6 Mev neutrons. . 

The procedure we have used to predict GFe+3 

weights the average energy deposited by each product of 

a nuclear reaction with the G value, from Figure 1, 

for a monoenergetic particle of precisely the average 

energy, Thus 
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where Gn is the predicted value for GFe+3, Gk is the 

G +3 from Figure 1 for a monoenergetic particle whose Fe 

energy coincides with the average energy of the kth - 
particle that is a product of the ith reaction, and - 
'ik is the fraction of the total deposition energy 

that is deposited by the kth particle. For clarity - 
Equation (5) does not contain the nuclide index, i. The 

relationship between the w's of Equation (3) and the 

f Is of Equation (5) is simply w = X f 
j k k(j) • 

Equation (5) gives only a first order prediction, 

sufficient for our purposes. A more exact procedure 

would take into account the distribution of energies of 

the product particles, A trial computation,for the 

energetic protons from n-p scattering (which deposit , 

the largest portion of the energy) gave closely similar 

results and demonstrated that the more exact treatment 

was unjustified, 

Values for the ILET of the various energy-averaged 

charged particles were obtained either from Allen's data 

(1) or from the Bethe stopping power formula (8J. Use, 

of Figure 1 and Equation ( 5 )  then gave a predicted value 

for G +3 for 14.6 Mev neutrons in water of about 10. Fe 
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The dependence of ILET -- in water on neutron energy 
- 

parallels that of other nuclear radiations, .-J i e the 

greater the energy of the neutrons, the less the ILET. 

This is not the case for substances in which deposition 

by charged particle reactions predominates over deposi- 

tion by elastic scattering (3. It was estimated in 

, AB that the average ILET of 14.6 Mev neutrons in 50-50 

mixtures of liquid N2 and O2 was in the neighborhood 
0 

of 20 e v / ~  whereas the same neutrons in H,O give an 

average ILET that is quite close to 1 ev/~. 

IV. EXPERIMENTAL 

A. Apparatus 

The experimental arrangement and equipment were 
I 

I generally similar to that described in AB. A new, 

larger laboratory permitted a less crowded geometry and 

decreased the possibility of significant effects from 

neutrons scattered off the walls. The emission rate 

from the neutron generator ranged from 1 to 4 x 10 9 I 
I 

neutrons per second during the experiments which lasted 

10 hours each. The neutron output was monitored by a 

paraffin-shielded BF3 counter located outside the 

irradiation room. The relationship between the monitor's 

output and the flux at the .sample location was established 
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by two independent methods: 

(1) a "long counter" calibration with a Pu-Be 

standard neutron .source, identical to that 

described in AB and 

I (2) an activation technique described below. 

Fricke dosimeter solution was made up 10 hours 

prior to each experiment according to Weiss' recipe (9 

that employs Fe SO4.7H20. The solutions were shaken 

vigorous,ly to saturate with air. 50 ml. samples in 

I round-bottomed flasks were fasteneed securely to the 

I front of the neutron generator's target assembly to give 

a geometry similar to that depicted in Figure 2 of AB. 

1 Considerably smaller volumes, 10 ml. or less, would 

I have been adequate for the subsequent chemical analysis. 

Room temperature during the irradiations was approximate- 

ly 2O0C. 

B. Chemical Analysis 

~ e + ~  concentrations were determined with a car$ 

1 Model 14 spectrophotometer which measured the absorbance 

solution was used as a blank. The spectrophotometer 

was calibrated with known solutions of ~ e + ~  in the 

7 0 

Fricke solution in the range from 1.5 x lo-' to 

c 

.i 

. 
of the ~ e + ~  ion at 3050 A, a procedure first suggested 

by Hardwick (3. A n  unirradiated sample of the same 



Page 13 
I, : 

1 x loo3 M. The calibration curve showed a slight i 
deviation from Beer's Law (log-log slope of 0.976) that i 

I 

has not been reported previously. hblished investiga- 

tions, however, have been limited to concentrations 1 
! 

above 2 x in ~e'~. In every case the absorbances I 
were determined immediately after, 10 hours after, and 

24 hours after irradiation, with identical results. 

C. Flux Calibration 

The second method for calibrating the BF3 

monitor in terms of flux at the Fricke solution involved 

fa9neutron activation of aluminum. Powdered C.P. A1203 

powder was compacted in a "~ucite" cylinder that was 

0.5" I.D. and 0.6" long and which was placed with one 

face 3-112" from the outside edge of the target assembly 

of the neutron generator. The oxide powder was irradi- 

ated for one hour during which the neutron output of 

the generator was kept constant and the output of the 

BF monitor was recorded. 3 

The irradiated capsule was counted with a NaI 

crystal whose efficiency for detecting gamma rays is 

1 .  known to about 10-15%. A multi-channel analyser that 

could be operated either in the pulse height mode or 

as a multi-scaler permitted (1) examination of the , 

gamma ray spectra to establish the absence of inter- 
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ferring impurities, (2) a check of the half-lives of 

the expected activities. Measurements of the .half- 

1ife:o.f M~~~ from the (n,a) reaction agreed with 

literature values to within 3%. The time analyser was 

then biased at 0.1 Mev and the Mg27 activity at 0 time 

after irradiation, corrected for the detector's response 

24 to the slower decaying Na from the (n,p) reaction, was 

determined. A straightforward geometrical correction 

related the Mg27 activity to the neutron emission rate 

of the generator. A value of 0.079 barn was used for 

the (n,p) cross section at 14.6 Mev. 

Two .separate aluminum oxide activations gave 

calibrations of the BF3 monitor that agreed to 10% 

7 with an average value of 9.2 x 10 neutrons emitted 

from the target per monitor count. The long counter 

calibration, performed as described in AB, gave 8.2 x 

7 10 neutrons per monitor count, 

The long counter method is probably the more 

accurate method for calibrating the flux. The chief 

uncertainty lies in the assumption that the Graves 

niodification (9 of the long counter responds equally 

to 14.6 Mev neutron flux and to Pu-Be neutrons -- an . 

assumption that has not been checked explicitly but 

which is probably in error by no more than 5-10%. 
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Graves did establish that the counter responds equally 

I 
! to 14 Mev neutrons and to Ra-Be neutrons (9. 
I 

The activation analysis, on the other hand, 
~. 

, involves ,an uncertainty in the neutron cross section 

I of about 10% as well as an uncertainty in the effi- 

ciency~ of the NaI crystal that may be as high as 15%. 

The final value taken for the BF3 monitor cali- - 

7 
I bration was 8.6 i- 0.8 x 10 neutrons emitted per moni- - 

tor count. 

V. RESULTS AND DISCUSSION 

Two separate irradiations of Friclce solutions 

I gave values of GFe+3 that agreed within 3%. A careful 

error analysis (12) leads to a final value of GFe+3 = 

11.5 - -1- 1.8 with the..major portion of the uncertainty 

I due to the cross sections of the oxygen reactions. 

I Gn from Equation (S),  was 10 in reasonable 

1 agreement with the measured value. No attempt was made 

to estimate the error of the predicted value since it 

was based on observed G 93's for monoenergetic parti- Fe 

I - 
cles. Further, the recoil atoms from the oxygen 

I scattering and charged particle reactions in the fast 

1 neutron irradiation of water are undoubtedly multiply 

charged. Allen has pointed out (14) that at a given 

LET, the ratio of radical to molecular yields in watei 
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is somewhat greater in such circumstances because the 

influence of the multiply charged ions extends further 

from the traclc and the ferrous ion oxidation yield is 

consequently somewhat higher also, Thus G .  should be n 

, 
raised in a direction that would improve the agreement. 

In conclusion, the yield of the Fricke solution 

for 14.6 .Mev neutrons is sufficiently high that it can 

be used as a reliable chemical dosimeter in .fast neu- 

tron irradiatior~in the region of nvt's readily attain- 

able with laboratory neutron generators. Whereas the 

I emission rate during the present work averaged only 

9 2 x 10 neutrons/sec for a ten-hour irradiation, recent 

2 improvements in tritium targets for neutron generators 

H hold hope that.average emission rates an order of mag- 
' 

nitude or so better may be realized. 
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TABLE I 

Deposition of Znergy i n  H20 by Reactioris of 14.6 Kev Neutrons 

Q~ 3 
Jc 

Reactioi.1 cf X 
i j j 'ij x .a  .AE... 

(MeV) (MeV) (barns) (barns) (MeV) 3 i~ 1J 
%j 

016(n,n)0 l6 0.0 0 .O 0.73' 0 ;24 0.39 0.095 0.021 

16 
0 (n ,n f )0  1 6  

-8 .O 8.0 0.51' 0.17 1.15 0.194 0.043 b 

o ~ ~ ( ~ , ~ ) N ~ ~  -9.6 1.8 b 0 .04lc , 0.14 4.7b 0,064 0.014 

16 
0 (n,a)C 

l3 -2.2 4.6b 0.31' 0,104 7.8 0.81 0.181 

- Oxygen Sub-totals 1,59 0.53 1.16 0.26 

H(n, n) H 0.0 I 0.0 0 . 6 8 ~  0.454 7 . 3  3.31 0.74 

Grand Totals 0.982 4.47 1.210 

a 1960 Nuclear Data Tables, "Consistmt Set of Q Values I. A 66", National Research 
Council, 

b See Ref. 1 
C See Ref. 4 

d ~ ~ ~ - 3 2 5  
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FIG. 1 GFe+3 of Monoenergetic Charged Particles 

versus ILET after Allen (a. 




